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A Characterization of Seal Whisker Morphology and the

Effect of Angle of Incidence on Wake Structure

AIDAN WALKER RINEHART

ABSTRACT

Seal whiskers have been found to produce unique wake flow structures that

minimize self-induced vibration and reduce drag. The cause of these wake features

are due to the peculiar three-dimensional morphology of the whisker surface. The

whisker morphology can be described as an elliptical cross section with variation of

diameter in the major and minor axis along the length and, angle of incidence, rota-

tion of the elliptical plane with respect to the whisker axis, α at the peak and β at

the trough. This research provided a more complete morphology characterization ac-

complished through CT scanning and analysis of 27 harbor and elephant seal whisker

samples. The results of this study confirmed previously reported values and added a

characterization of the angle of incidence finding that the majority of angles observed

fall within ±5◦ and exhibit a random variation in magnitude and direction along the

whisker length.

While the wake effects of several parameters of the whisker morphology have

been studied, the effect of the angle of incidence has not been well understood. This

research examined the influence of the angle of incidence on the wake flow structure

through series of water channel studies. Four models of whisker-like geometries based

vi



on the morphology study were tested which isolate the angle of incidence as the

only variation between models. The model variations in angle of incidence selected

provided a baseline case (α = β = 0◦), captured the range of angles observed in nature

(α = β = −5◦, and α = β = −15◦), and investigated the influence of direction of

angle of incidence (α = −5◦, β = −5◦). The wake structure for each seal whisker

model was measured through particle image velocimetry (PIV). Angle of incidence

was found to influence the wake structure through reorganization of velocity field

patterns, reduction of recovery length and modification of magnitude of Tu. The

results of this research helped provide a more complete understanding of the seal

whisker morphology relationship to wake structure and can provide insight into design

practices for application of whisker-like geometry to various engineering problems.
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CHAPTER I

Introduction

1.1 Biomimicry

The area of biomimicry has gained a heightened level of interest as engineers

and biologists seek to understand how different features in nature have evolved over

time to optimize various functions and abilities observed in nature. In particular the

aerospace community has found this field to be particularly enlightening looking at

aerodynamics, materials, and control theory [6, 8, 65]. A few examples are provided

to give the reader a glimpse into biomimicry breadth with focus on the aerospace

community.

One of these areas revolves around the unmanned aerial vehicles (UAVs) and

micro UAVs. Due to the scale of some designs, typical aircraft design philosophy

does not scale appropriately. In an effort to address some of the design challenges

researchers have looked to nature, specifically birds and insects, to understand how

different features observed in nature address the challenges of flight.

One example of this is found in the hummingbird wing design and wing stroke
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pattern which have been studied extensively due to the bird’s ability to hover and the

incredible rate of flapping required. The wings pass through a figure 8 that generates

lift in both down and upward strokes [20,21,28]. It is often referenced that the famous

helicopter designer Igor Sikorsky was inspired by the hummingbird and more recently

helicopter designers have returned to look at hummingbird design to gain efficiency

in rotor blade design [44].

Similarly general research into the unique rotations and morphing associated

with insect flapping wings has been investigated as these flight mechanics are far more

complex than conventional aircraft flight dynamics [15]. Micro UAVs have found great

inspiration through the study of various insects. High speed cameras have been used

to observe the various twists and rotations present in the bumblebee flapping motion

with follow on work to extract how those motions contribute to lift generation [16,17].

One specific research group has recently focused on bumblebee flight mechanics and

have successfully replicated the flight dynamics in a micro air vehicle [68].

Another insect to gain interest in the aerospace community is the dragonfly.

Research on the dragonfly wing can be traced as far back as 1975. The comparatively

large size of the dragonfly made it a good candidate for optical analysis. In addition

the dragonfly’s unique corrugated wing features, shown in Fig. 1, have been found

to reduced flow separation and increased lift. These features have been applied to

small UAVs requiring lightweight wing design while also addressing flow separation

[42,56,69].

Still within the aerodynamic realm of interest is the humpback whale flipper.

Tubercles, bumps along the leading edge of flippers, have been understood to aid

in maneuverability of the humpback whale known for its sharp turning and rotating

capabilities. These designs features have been applied to the leading edge of wing

profiles and found to increase the maximum angle of attack achieved before stall and

2



Figure 1: Drawing of dragonfly wing with cross section profiles identifying corrugation
[42]

improved lift features [19, 34, 40, 47, 49, 71]. An example of the test articles used to

identify the aerodynamic features of tubercles is shown in Fig. 2.

Figure 2: Wind tunnel test articles studying the effect of tubercles observed on hump-
back whales flippers [49]

3



1.2 Seal Whisker Sensing

The previously mentioned list is a very limited survey of a few areas where

biomimicry has yielded some fascinating results and insight into how nature addresses

various design challenges. Going forward an in depth review of research surrounding

the unique features of seal whiskers will be provided as a foundation for the focus of

this paper.

Pinnipeds or more commonly, seals, are a class of semiaquatic mammals. There

exist a wide range of characteristics defining the different species of seals, but for

this research focus will be given to the vibrissae or whiskers. Seals posses one of

the most highly developed array of whiskers which has lead to various studies to

define their capabilities and understand how the seal utilize their whiskers for sensing.

Whiskers among seal species vary and can be grouped into two categories smooth and

undulating [23]. Figure 3 shows an example of some undulating and smooth whisker

species.

Figure 3: Examples of seal whisker morphology in undulating (Phocid) and smooth
(Otariids) surface features [23]
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All seals posses whiskers that are useful in various methods of sensing and

communication [2]. Seals split their time living on land and in water which provide

vastly different environments. It is postulated that different sensory systems are

utilized in these different environments allowing seals to operate effectively in a wide

range of environments [58]. Harbor seals have an ability to sense how fast they are

traveling in water that is believed to be discerned with their whiskers [59]. Optic

flow analysis, the pattern of apparent motion elicited on the retina during movement,

has been observed within seals. Finding that the seal could use particles in the flow

to deduce flow direction within 1◦ of heading direction [25]. Harbor seals have also

been found to effectively navigate to precise locations for breeding over long distances

even with human intervention and disorientation suggesting that their overall sensory

abilities are finely tuned [39].

Seals typically hunt by periodic diving and surfacing; they can be observed to

dive as low as 350 m deep and typically the water is covered with ice producing low

visibility for the seal [48]. Whiskers have been postulated to be necessary for hunting

in these low light environments. Seals often have visibility limited to 2 meter in the

areas they hunt. Whiskers could possibly be used to sense sound and compression

waves [36]. Early investigations to understand exactly what role the whiskers play

included experiments with captive harbor seals. Seals were successful in locating

an air hole in a frozen tank while blindfolded, eliminating visual cues; yet when

their vibrissae were obstructed the same seals struggled to locate the air hole [57,66].

This observation of the vibrissae’s role in detection was evaluated even further when a

captive seal was trained to track a toy submarine and showed equal capability to follow

the hydrodynamic trail created by the toy submarine when the seal was equipped with

a blindfold and earmuffs, shown in Fig. 4, canceling out visual and audio cues [10].

Follow on studies had California sea lions, whose whiskers are smooth consistent
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cross sections, perform the task of tracking a toy submarine. It was observed that the

California sea lion were equally successful in locating the submarine when no initial

wait was required; however, the California sea lion were far less successful than the

harbor seal in locating the submarine when requiring an initial delay [26]. These

studies suggested there was an enhanced ability to sense due to the unique geometry

of the harbor seal vibrissae.

Figure 4: Harbor seal with blindfold and ear muffs preparing for wake tracking ex-
periment [10]

A similar study was conducted to discern the interplay between visual and

tactile sensory input for navigation. Grey seals, another beaded seal specie, were

trained to navigate mazes in various lighting conditions. It was observed that under

well light situations seals rely predominantly on visual cues while in dim settings

tactile cues from the whiskers play a dominate role in navigation [53]. This reliance

on whiskers for navigation during low light situations is not limited to seals. Hyvarinen

has conducted various studies identifying how vibrissae over a range of mammals are

used to aid nocturnal and limited light hunters [36–38].

Experiment have also shown that while blindfolded various species of seals are
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capable of differentiating size of various object through vibrissae tactile sensitivity.

This is accomplished through comparison of the Weber fractions, a measure of tactile

acuity. Harbor seals were found to have size discernment sensitivity on the same

range as hands [11–13, 41]. Tactile sensitivity for the harbor seal was examined in

both air and under water environments with no discernible difference in sensitivity

observed suggesting that the sensitivity is not limited or impaired significantly in by

the operating medium [14].

Specifically looking at the whisker of beaded seals and their unique ability to

provide superior sensing has been established through various studies as described

in the following section. Harbor seals are among the longest vibrissae making them

some of the largest known animal active flow sensors [64]. Growth rate and shedding

rate of the vibrissae were captured for harbor and grey seals finding that vibrissae

shedding did not occur with annual molting and the seals employ other methods for

ensuring sufficient coverage of vibrissae [27,35]

In a comparison of various mammal mystacial vibrissae, whiskers located near

the mouth and nose, it was observed that beaded seal vibrissae showed a significantly

higher rate of response to both low and high frequency vibrations that are not uniquely

tied to an aquatic adaptation [18]. In addition beaded seal whiskers show more

flexibility when compared against non-beaded vibrissae [24]. The combination of the

reduced vibrations associated with beaded and the increased flexibility likely function

to enhance sensitivity of the vibrissae.

The ring seal, a beaded seal, posses 2-5 times the number of Merkel cells

within the sinus when compared to cats thus suggesting that the role of the vibrissae

in the seal is of greater sensory significance [37, 38]. The increased sensitivity is

observed in seals ability to resolve vibrations in the range of 50-1000Hz [50,60]. The

natural frequencies calculated for harbor and harp seals are in the range of 20-200Hz
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suggesting that different whiskers may be tuned to be excited at different frequencies

[33,63].

More specifically how these whiskers are able to resolve wakes and fluctuations

of incoming flow have been observed in other species such as the catfish. Investigation

into the use of wake for tracking prey has also been investigated in catfish and guppies

[54]. These same abilities were hypothesized to exist within the seal. The wakes left

by prey fish has been described by their respective wake size as well as how long the

wake persist. Various studies have quantified wakes left by fish ranging in size from

38 mm to 100 mm these wakes can last up to 5 minutes after the fish has left [30,31].

These quantities are helpful in grounding how likely it would be for seals to be able

to sense and track the wakes left by prey.

Developing on these observations others identified that the undulating geom-

etry helps to breaks down and suppresses vortex induced vibration shown in Fig. 5.

This lead to the hypothesis that the beaded vibrissae provides greater sensitivity to

incoming flow disturbances and aids in the ability to track hydrodynamic trails [29].

Delving even further into the fundamentals of the vibrissae flow physics was a decom-

position of the undulating features and their relationship to generated forces on the

vibrissae finding that both undulations on the major and minor axis are necessary for

the disruption of strong von Karman vortex street [32]. A comparison of whisker-like

geometry to similar non-undulating circular and elliptical cross-section and an undu-

lating circular cylinder found the whisker-like geometry to reduce the recirculation

zone and disrupt organized vortical structures [70]. Other studies have focused on

quantifying the sensitivity of the beaded whisker to detect fluctuations as well as the

impact of the angle orientation of the whisker to flow [52].

As the ability to reduce self-induced vibration was realized some efforts shifted

to applying this function to enhance performance of various engineering problems.

8



Figure 5: Comparison of wake Q-criterion (rotational strength) of circular, elliptical,
and whisker-like cylinders. Showing the whisker’s ability to break coherent vortex
structures [29]

One of which involved designing novel flow sensors that utilize the geometry observed

in the beaded seal whiskers [5]. In addition to novel flow sensors the geometry’s

ability to reduce drag has inspired investigation into modifying the geometry of gas-

turbine blades for enhanced performance [65]. Other possibilities for the beaded seal

vibrissae geometry include structures in consistent flow paths such as wind turbine

towers, sensor mounting supports on aircraft frames, and offshore oil drilling rigs.

This range of potential application provides a rich environment and motivation for

developing a more complete understanding of the unique geometry of beaded seal

whiskers.

The beaded seal whisker has proven to be a very interesting area of research

with many nuances. Due to the complex morphology of the seal whisker there are

several areas that have not been fully understood as research has simplified the geom-

etry to establish baseline understanding for some of the associated phenomena. One

of the areas that has not been fully understood is the influence the angle of incidence
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has on the whisker’s wake structure. Previous studies that have focused on describing

the morphology of the whisker have mostly focused on length parameters and little

attention have been given to characterizing the angle of incidence. When the angle of

incidence has been reported the sample size is small and does not provide sufficient

evidence for generalization. Furthermore when computational and experimental fluid

dynamic research has been conducted on whisker-like geometry the angle of incidence,

α and β, have always modeled as a constant value. Where these prior research efforts

have left off this study will pick up. This study will address the limited data available

on the occurrence of the angle of incidence by analyzing the morphology of a larger

sample size of beaded seal whiskers. The results of the morphology study will guide

the design parameters of the whisker-like geometry used in the wake flow study. Fi-

nally the flow study of various whisker-like geometries will inform how the angle of

incidence affects the wake structure.

1.3 Outline of Current Study

The aim of this paper is to provide a more complete characterization of two

species of beaded seal, the harbor and elephant, vibrissae geometries that could pro-

vide design guidelines for applying this geometry to various engineering applications.

Then using those geometry characterizations build on the present flow physics research

of the beaded vibrissae whisker by characterizing the effect the angle of incidence has

on the wake structure.

Chapter 1 provided some background on how biomimicry has been used in

the past to gain greater insight into adaptations within nature. It also established a

baseline and framework for the research that has already been conducted in the realm

of seal whisker morphology and wake structures.

Chapter 2 establishes the nomenclature needed to define the morphology of
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beaded seal whiskers. A CT scanner and image processing are used to characterize

the morphology of 27 harbor and elephant seal whiskers. Observations of morphology

characterization and trends are presented for the whiskers sampled.

Chapter 3 defines the fluid dynamic study experiment. Four models with

different angle of incidence patterns are used to observe the wake structure created

by the whisker-like geometries. This survey of different angle of incidence details

how the angle of incidence contributes to the unique wake structure observed in seal

whiskers.

Chapter 4 provides a summary of the key findings obtained trough this re-

search.

Chapter 5 outlines whisker-like wake structure features that are still not well

understood as well as potential areas for extending the research presented within this

thesis.
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CHAPTER II

Characterization of Whisker Morphology

2.1 Introduction

Seal whiskers that possess undulating surface features have been identified as

early as 1977 and remained a source of interest and study to today [23,43,46]. Some

of their basic morphology has been characterized and even shown to provide a distinct

indicator of the species of seal [23]. Beaded seal whiskers can be thought of as a series

of ellipses that are lofted about the length of the whisker. These ellipses vary in the

major and minor axis along the length of the whisker producing smooth undulating

features in both the major and minor axis. In addition to the variation in major

and minor axis diameters the plane on which the ellipse reside experience a rotation

with respect to the axis of the whisker. This rotation of the ellipse plane will be

referred to as the angle of incidence which produces a variation between the location

of the leading and trailing edge of the whisker along the major axis. Finally the axis

of the whisker also exhibits curvature that is minimal near the root and increases

towards the tip of the whisker. For the purposes of this paper we will be adopting the
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Figure 6: 7 Parameter Whisker Definition provided by Hanke et al. [29]

parameterization outlined by Hanke et al. where he used a seven parameter system

to completely define the Harbor seal whisker geometry [29].

As indicated in the figure the above the ellipse defined at the peak location

is characterized by a major axis radius of a and minor axis radius of b and an an-

gle of incidence α. The trough geometry is defined by the major axis radius k, the

minor axis radius l and the angle of incidence β. Finally the half wavelength, or

distance between the peak and trough location is defined by M. While some of these

parameters have been measured for various beaded seal whiskers other have limited

data sets available. Primarily the angle of incidence is not a strongly reported fea-

ture when beaded seal whisker geometry studies have been conducted in the past.

13



Previous studies that have reported these values have had limited sample sizes mak-

ing definitive characterization impossible [51]. The intent of this section is to build

off the available data sets characterizing beaded seal whisker geometry and add to

the publicly available datasets to provide greater confidence in generalizing features of

beaded seal whiskers particularly in the area of characterizing the angle of incidence.

2.2 Methodology

Previous research to this point has focused on whisker models that have a

constant angle of incidence [5,29,32,65]. Often within these studies no explanation of

why a particular angle was chosen is provided by the author. This research conducted

a morphology study of seal whiskers to establish how the angle of incidence occurs

within nature with the intent to use the results to inform and bound the follow on

flow study. The expectation being that if certain magnitudes, patterns or direction

are more beneficial than others they might be observable in nature. The measurement

of the seal whiskers was accomplished through a three step process; the whiskers were

subjected to a CT scan, those scanned images were processed with ImageJ to identify

the surface of each whisker, the ImageJ surface feature extractions were reconstructed

and processed to capture the seven identifying parameters with a custom Matlab code.

2.2.1 Measurement Tool Selection

The characterization of the whisker geometry began with investigation into

which method would yield the most reliable results. Several key features were con-

sidered for the morphology study. First the whiskers are highly three dimensional

therefore the measurement tool and process need to accommodate these variations.

The whiskers need to be mounted in a secure fashion that does not distort the natural

geometry of the whisker. The measurement tool needs to have spatial resolution that
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provides finer resolution that the smallest detail of the whisker. Differences in the

whiskers are assumed to be small and easily corruptible by human error. Finally a

large sample size is required for generalized observations and therefore speed and effi-

ciency of measurement is also important. These requirements will be used to evaluate

three different measurement options available to this research.

Initial measurements were obtained through a Zeiss Axioscope microscope, Fig.

7, at the NASA Glenn Research Center [74]. This method required mounting the

whisker on a flat plate with aid of putty securing the whisker during measurement.

Measurements were taken along the major axis and then the whisker was rotated

90◦ to measure the minor axis. Using the associated software guide lines were over

laid to provide measurements of the 7 whisker geometry parameters defined in Fig.

6. This method was found to be impractical due to the high reliance on operator

discernment. The operator discernment manifested itself in the selection of points

that defined the peak and trough locations on the leading and trailing edges as well

as mounting the whiskers on their proper axis. Another deficiency of the microscope

is the lengthy time requirements to capture measurements. Due to the dependence

on the operator discernment it was determined if this method were to be pursued

measurements would need to be repeated multiple times and an average value taken

from the repeated measurements to limit error introduced by the operator.

An Asylum MFP-3D-IO Atomic Force Microscope located at CSU was used

to measure a sample whisker for determining which measurement technique to se-

lect [3]. This microscope is designed for analyzing biological material and captures

high resolution topographical images. Similar issues observed while measuring with

the electromagnetic microscopes at NASA were still present with this method al-

though the features were slightly more readily identified due to the topographical

feature of the microscope. The ability of the microscope to capture images at multi-
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Figure 7: Zeiss Axioscope Microscope at NASA Glenn Research Center

ple focal points and then reconstruct them to provide a depth sensitive image yielded

greater confidence to selection of true peak and trough locations as well as reduced

the skill needed to position the whisker precisely on the major and minor axis for

measurements. An additional constraint provided by this tool was the requirement

of a trained expert to operate the machine.

The final option tested was the computer-tomography scanner (CT Scanner).

This method provided high resolution available through the x-ray cross-sectional

slices. Perhaps the greatest advantage provided by the CT scanner is minimizing

the operator influence. The CT scanner provides the user with complete surface

geometry with the re-assembly of the cross-sectional slices which lends this method

more easily to the use of computerized methods identifying the peak and trough lo-

cations instead of the human eye. One of the down side of the CT scanner is that
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Figure 8: Asylum MFP-3D-IO Atomic Force Microscope at Cleveland State Univer-
sity

is requires a highly trained operator to select appropriate settings to ensure surface

features are properly resolved. The time required to conduct a scan due to the detail

required by the size of the whisker was long. In addition the cost to operate the CT

scanner is significantly higher than operation of the microscope options available to

this research task. Further details about the particular CT scanner will be provided

in the following section.

These observations on techniques for characterizing whisker morphology are

similar to those experienced in other efforts to characterize vibrissae. Where Ginter

et al. conducted measurements with a SLR camera and a dye to enhance the con-

trast between the whisker and the mounting background [23]. Those images were

then processed utilized multiple imaging software tools to that either extracted the

outlines of the whisker through threshold analysis or traditional techniques of oper-

ator selection of points of interest were identified. Murphy et al. obtained measure-

ments through CT scanning and image processing tools to extract various surface

features [51]. Finally DeArmon et al. investigated multiple techniques including; 3D
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scanner, microscope and CT scanner finally selecting the CT scanner as the method

of choice [9].

After exploring the three options available to this research effort the CT scanner

was selected as the method of choice. The sample measurements obtained while

using the microscopes at NASA Glenn revealed that too much of the measurement

process depended on operator discernment and might not be readily reproducible.

The microscope located at CSU did not provide sufficient improvement from the

results and operator dependency experienced at NASA Glenn. In addition it was

found that even with the long time required for the CT scanner to scan the length

of the whisker measurements were obtained much faster than those obtained through

microscope measurements through the automation of computer code. The result of

this initial investigation was selection of the CT scanner as the tool for characterizing

the whisker morphology.

2.2.2 CT Scanner

CT scanners have become increasingly common in the field of non-destructive

evaluation due to the advancement of the key components critical to CT scanners [61].

The CT scanner’s rise at a tool for analyzing material is linked to their ability to

capture fine detail from large scale items on the order of 1 m down to the sub 1 µm.

CT scanners provide a wide range of function including but not limited to; evaluating

build quality of new manufacturing techniques, assisting in medical diagnosis, reverse

engineering, inspecting fatigue, and general 3D digitization for measurements [7]. CT

scanners are measurement tools that function by emitting x-rays through an object

of interest and collecting the emitted x-rays on the opposite side of the object. The

collected x-rays create a grey scale image. The values of the grey scale image can

then be interpreted to understand features of the object of interest by relating darker
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areas in the grey scale image as areas of high density. The dark areas on the grey

scale image received little to no x-rays on the detector plate. In constrast the areas of

lighter grey indicate that more or most of the x-rays were able to pass through with

little to no interference from the object of interest. This relates to low density in the

object of interest.

The particular CT scanner used for the whisker characterization is a custom

designed North Star Imaging Inc. machine [1] located at the NASA Glenn Research

Center. It is comprised of three primary components; the emitter, object platform,

and detector. The emitter is an XRayWorX emitter; it operated at a voltage of 90

kV and current of 60 µA. The object platform is simply a rotating pedestal allowing

images to be captured from every angle and then reconstructed. The detector plate

is a Dexela 2923; it operated at 4 frames per second with a pixel pitch of 75x75 µm.

The distance from the emitter tube to the detector plate was 760 mm. Below is a

figure depicting the layout of the CT scanner used in characterizing the seal whisker

geometries.

The whisker samples were mounted in a Styrofoam cylinder providing a stable

position for the whiskers to be accurately scanned without shifting during the scan-

ning process. The Styrofoam also provides a drastically different density than the

whisker; this is key to being able to clearly distinguish between the two materials

being scanned. Whiskers were pressed in thin slits cut in the Styrofoam cylinder.

The cylinder with whiskers was then mounted to the CT scanner platform. Below

is one of the Styrofoam cylinder whisker mounts created for the CT scanning. This

particular mount held eight unique seal whiskers.

A summary of the different scanning cases is presented below. These scanned

whiskers will provide the data necessary to characterize the geometry of the seal

whisker.
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Figure 9: CT Scanner at NASA Glenn Research Center

Table I: CT Scanning Summary

Number of Whiskers Number of Cross Sectional Slices Voxel Size (µm)
Case 1 3 2595 4
Case 2 8 2290 4
Case 3 10 2254 4
Case 4 8 2750 10.5
Case 5 8 2745 10.7
Total 37 12634

The range of voxel size is due to the different windows of interest. The smaller 4

µm voxels relate to scans where a small length of the whisker was in frame capturing

2-3 peaks and trough features per whisker. The smaller window allowed for the

surface detail to be observed; however, this is not the focus of our study and will not

be discussed further. The larger 10.5 and 10.7 µm voxel sizes focused on much longer

length sections of the whisker samples and captured up to 10 peak and trough features

per whisker. The different cases were conducted to provide a range of species, seals,

and when possible multiple whiskers from the same seal. The cost of running the CT
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Figure 10: Whiskers Mounted in Styrofoam

scanner and availability of seal whisker samples were limiting factors for this study.

The total number of whiskers measured with the CT scanner is 37; however, 10 of

those whiskers are California sea lion whiskers which do not feature an undulating

surface and will not be discussed within this study leaving 27 whisker that posses

undulation to be characterized within the remainder of this study.

The CT scans were also compiled in a 3D viewing executable that was not

sufficient for extracting measurements, but still provides a helpful understanding of

the CT scan setup and results. A reconstruction of one of the cases with 8 whiskers

mounted radially about a styrofoam cylinder is provided in Fig. 11.

2.2.3 Image Processing

The images created by the CT scanner were then processed with ImageJ [4].

ImageJ is an image analyzing software suite that provided the resource of identifying

the edge of each whisker within the images. This was accomplished by identifying

a threshold value for the grey scale that accurately categorized the Styrofoam and

whisker as two separate object. ImageJ provides a features called ’Analyze Particles,’

this tool is designed to identify separate objects in the provided image based on the
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Figure 11: Whisker Reconstruction from CT Scanner

user provided threshold value. A script was written to automate the process for

the thousands of images representing each cross sectional slice of the whiskers. The

thresholds were manually identified for each CT scan as the intensities varied and

needed to be fine tuned to produce the best results for batch of CT scanned images.

The final part of the script created data files providing the x and y coordinates for

each whisker outline. An example of the raw image produced by the CT scanner and

the first stage of processing done by ImageJ is show below. Where the grey scale CT

scan image is on the left and the two tone image in the center is the result of ImageJ

applying the threshold then finally on the right the outlines of each whisker identified

by the analyze particle tool.

After the outlines of each whisker have been identified the x and y coordinates
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(a) Whisker Cross Section
Image from CT Scanner

(b) Results of ImageJ
Threshold Analysis

(c) Results of ImageJ Par-
ticle Analysis

are saved to data files for further processing with Matlab. There parameters of

interest; a,b, k, l, M, α, and β will be extracted at the peak and trough locations

along the length of the whisker samples.

2.2.4 3D Reconstruction and Parameter Extraction

The next step was to process the x and y coordinates data files generated by

ImageJ. Each cross sectional slice contained multiple whiskers which needed to be

properly identified so that the each individual whisker could be reconstructed. Once

the whiskers were reconstructed the seven geometry parameters could be extracted

for the entire length of the whisker that was scanned. This was accomplished with

a custom Matlab code that identified the four end points defining the major and

minor axis of each whisker at each cross sectional slice. The end points were identi-

fied by calculating the distance of each outline point to the centroid of the outline.

The largest distance was identified at the major axis and from the major axis the

minor axis was identified being perpendicular to the major axis. The major axis was

broken into leading and trailing edge data sets. The distances were smoothed using

the combination of an outlier removal followed by a moving window average and a

Savitzky-Golay filter function [62]. The Savitzkt-Golay filter applies a polynomial
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fit to the data set with the advantage of maintaining the integrity of the peaks and

troughs within the smoothing process. This is of critical importance for identifying

the correct location of the peaks and troughs along the whisker length. The following

three equations define the moving window averaging followed by the Savitzky-Golay

filter function.

hi =
hi−2 + 2hi−1 + 3hi + 2hi+1 + hi+2

9
(2.1)

Yj =
∑i=(m−1)/2

i=−(m−1)/2
Ciyj+1 (2.2)

m+ 1

2
≤ j ≥ n− m− 1

2
(2.3)

Here yj+1 is the raw data and Ci is the coefficient of the polynomial fit, m is

the order of the polynomial and n is the data sample size. Finally Yj is the smoothed

data. Equation 2.3 is the range over which the Savitzky-Golay filter is allowed to

operate.

The following two figures show an example whisker being processed. The figure

on the left is the reconstruction of a whisker displaying the centroid in green, leading

in red and trailing edge in blue along the length of the whisker no smoothing has

been applied to the coordinates of the whisker outline at this stage of the processing.

The figure on the right shows the same whisker after calculating the distance from

the centroid for the trailing edge and identifying the peaks and troughs of the trailing

edge. The displacement is show in the blue line where the peaks are identified by red

squares and the troughs are identified by green squares.

The peak and trough locations are stored then the seven geometry properties

that define the whisker are calculated. It should be noted that the overall whisker

experiences varying degrees of curvature along the length of the whisker as well as

from sample to sample. The approach taken in this measurement method was to focus
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(a) 3D Reconstruction of Leading and Trail-
ing Edges

(b) Trailing Edge Peak and Trough Identifi-
cation

on scanning the mid sections of the whisker where curvature is limited. In addition it

was assumed that due to the measurements being conducted in a piecewise fashion,

that is to say lengths calculations are only performed between two adjacent peak of

trough points, that the curvature would have a minimal effect on the measurement

and could be ignored. This assumption was shown to be acceptable as the wavelength

measurements obtained in this study show strong agreement with literature explained

in greater detail in the next section [23].

Once all of the whisker data sets were processed a statistical analysis was

performed on the extracted properties to identify trends and patterns in the whisker

morphology. The results of the morphology study are summarized in the following

section.

2.3 Results

This section will present the results of the whisker measurements identifying the

geometry features of the seal whisker. As a brief recap the following data represents

the findings of the 27 whiskers analyzed by the above process. Of primary interest in

this study was to determine how the angle of incidence occurs in nature. This ques-

tion was prompted due to multiple studies utilizing scaled up models of harbor seal
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whiskers that defined a constant angle of incident. These angles of incidence choices

were often not explicitly explained. As a result it was deemed prudent to conduct

our own study to see of these angles appeared in nature and then moving forward we

would be better equipped to make decisions on how to design representative whisker

models for the flow study.

Whisker samples were provided by The Marine Mammal Center, a nonprofit

veterinary research hospital and education center located in Sausalito, California.

Whisker sample were collected from deceased seals that were found by the research

center or brought to the center for rehabilitation, no seals were harmed in the collec-

tion of these whisker samples. Each seal was given a unique identifier consisting of

two letters defining the species of seal followed by a four digit number distinguishing

the seal from others. Multiple whiskers from each seal were packaged in plastic bag

and shipped to the NASA Glenn Research Center.

Figure 14: Whisker Shipping Packets

What this means is that each seal has a unique identifier but the whiskers
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themselves do not; therefore, in the following results if an identifier appears multiple

times it should be understood that multiple whiskers from the same seal have been

measured. Below is a break down of the seal samples provided for this study and

some basic information about the seal.

Table II: Seal Information

Field ID Name Sex
Cause of
Death

Length
(cm)

Weight
(Kg)

Class
Age

HS-2355 Maia Female
maternal

separation
79 11

Pup
0-1 month

HS-2372 Stalwart Female abscess 78 9.3
Pup

0-1 month

HS-2347 Myclovio Female prematurity 77 7.8
Pup

0-1 month

HS-2357 Dooby Male
maternal

separation
81 8.6

Pup
0-1 month

HS-2373 Golfball Male unknown 76 11.5
Pup

0-1 month

HS-2343 Rowdy Neal Male
pneumonia
(aspiration)

71 10.5
Pup

0-1 month

ES-3527 Vartha Female trauma 138 102
Weaner

1-12 months

ES-3531 Ares Female
shark bite
neoplasia

obstruction
138 111

Weaner
1-12 months

ES-3546 Endara Female
euthanasia

malnutrition
120 31

Weaner
1-12 months

ES-3600 Muir Male unknown 137 42.5
Weaner

1-12 months

ES-3636 Ross Co Male otostrongyliasis 135 51
Weaner

1-12 months

ES-3645 Neemo Male unknown 120 30.5
Weaner

1-12 months

In designing the morphology study it was initially intended to include samples

covering the whole demographic of both the harbor and elephant seal population. We

were successful in obtaining both sexes for each species, but were limited to young

seals, none reaching ages beyond 1 year. It is possible that further morphological
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distinctions could be observed in relationship to age and sex of the samples. It was

deemed sufficient for this study to characterize the whiskers by species alone not

seeking to extract further distinctions.

2.3.1 Mean Value and Standard Deviations

The whiskers measured can be summarized by the following chart displaying

the mean and standard deviation of each parameters measured for the elephant and

harbor seal whiskers. The values were calculated from the 27 whisker samples from

these samples 120 peak locations and 119 trough locations are captures providing a

grand total of 239 data points for characterizing the whisker geometry.

The parameters included in the following table are described as follows; angle

of incidence at peak α, a major axis length at peak, b minor axis length at peak, M

distance from peak to trough, angle of incidence at trough β, k major axis length at

trough, l minor axis length at trough, Dm is the average of the of the four diameters

defining the ellipse cross section at the peak and trough location defined by equation

2.4.

Dm =
a+ b+ k + l

2
(2.4)

The average distance between peaks or troughs is defined by lambda, λ. Due

to the complex geometry there are two wavelengths per feature, a distance between

peaks on the leading edge of the whisker as well as the trailing edge. This is also true

of the trough wavelengths, as such and due to their similar spacing the four values

can be combined as a single parameter to define the spacing between features defined

in equation 2.5.

λ =
λpeakLE + λpeakTE + λtroughLE + λtroughTE

4
(2.5)
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Hanke et al. defined M as the distance between adjacent peak and trough

locations [29]. This measurement is equivalent to half of the average λ as defined in

Eq. 2.6.

M =
λ

2
(2.6)

Both species of whiskers studied displayed variations in their cross section

profiles where the peaks exhibited more elliptical shapes in comparison the trough

locations while still elliptical tended more towards circular cross sections. For this

study the eccentricity, ε, will be the measure used to quantify the difference in cross

sectional shape defined by equation 2.8. Where values of 1 signify a perfect parabolic

shape and values of 0 signify a perfect circle.

εpeak =

√
a2 − b2
a2

(2.7)

εtrough =

√
k2 − l2
k2

(2.8)

The measured parameters were compared to previously reported values to en-

sure the measurement methods utilized produce accurate results. Ginter et al. pro-

vided the most exhaustive analysis of beaded seal whiskers available at the time [23].

Their analysis contained 92 whiskers spanning 11 different seal species. The only over-

lap in species between their study and this study was the harbor seal. A comparison

between Ginter et al. and the results of this study are shown in table IV.

It can be seen that each measurement in common falls within one standard

deviation of the other study providing confidence that the methods used in this study

produce accurate measurements in agreement with results accepted within the field

of expertise.

The whisker geometry summary table, Table IV, shows the length measure-

ments for the whiskers tend to be consistent. However, the angles α and β vary
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Table III: Whisker Morphology Summary

Harbor Seal
α

(Deg)
a

(mm)
b

(mm)
M

(mm)
εpeak εtrough

Mean 0.299 0.525 0.178 1.724 0.924 0.836
Std Dev 5.266 0.118 0.067 0.364 0.115 0.121

β
(Deg)

k
(mm)

l
(mm)

Dm

(mm)
λ
Dm

Mean 1.218 0.416 0.219 0.664 5.257
Std Dev 5.838 0.094 0.083 0.083 0.918

Elephant Seal
α

(Deg)
a

(mm)
b

(mm)
M

(mm)
εpeak εtrough

Mean -5.092 0.599 0.282 1.931 0.856 0.751
Std Dev 17.359 0.186 0.104 0.432 0.120 0.165

β
(Deg)

k
(mm)

l
(mm)

Dm

(mm)
λ
Dm

Mean -9.604 0.560 0.330 0.886 4.657
Std Dev 21.049 0.224 0.132 0.275 1.115

Table IV: Whisker Geometry Study Comparison

Harbor Seal
λTop

(mm)
λBottom

(mm)
2a

(mm)
2k

(mm)
a

k
Ginter et al. [23] 3.27 ± 0.39 3.26 ± 0.40 0.92 ± 0.13 0.73 ± 0.12 1.28

Rinehart 3.44 ± 0.72 3.45 ± 0.73 1.05 ± 0.24 0.83 ± 0.19 1.26

significantly and cannot be characterized by a mean value. The leading and trailing

edge wavelength values show similar results as well. This corroborates with the results

shown later that the angle of incidence α and β tend to be small in magnitude requir-

ing that the difference in length between the leading and trailing edge be relatively

small. The peak locations tend to have a more pronounced elliptical cross-section

where the trough location features a slightly more circular cross-section. A study

conducted by Lin et al. concluded that an optimal λ/Dm of 6.06 for reduction of lift

and frag forces acting on the sinusoidal wavy cylinder [45]. The seal whiskers show

similar values, the harbor seal within one standard deviation and the elephant seal

within two standard deviations of the optimal value this suggests that there may be

some natural optimization occurring in the whisker undulation sizing.
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The length parameters are all represented well by mean values. This allows for

an easy transition into experimental design, where whisker models can be constructed

with the mean values observed in the whisker samples. This also provides confidence

that it is reasonable to design an experiment that isolates the angle of incidence as the

only design change, while ensuring the unique features of the seal whisker wake will

not be compromised. Whisker models used for the flow experiment to be described

in greater detail later will only vary along the length with respect to the angle of

incidence. This will allow easier isolation of angle of incidence study noting that only

varying the angle of incidence will still be an appropriate representation of the seal

whisker. Also limited uncertainty and complexity is introduced by variations in the

geometry outside of the parameter of interest, the angle of incidence.

2.3.2 Variations in Morphology as a Function of Length

This section will focus on depicting how key parameters vary along the length

of the sample whiskers. Each whisker has a different length and the CT scans vary

in the exact location captured on each whisker, although each scan focused on the

mid section, as a results these data sets will be presented with length representing

the distance from the first cross section scan captured for each whisker even though

the zero location does not represent the same absolute distance from the root of the

whisker. This will allow the different whiskers to be more readily compared.

Figure 15 shows how the major axis radii, a and k vary along the length of the

whisker. Two representative whiskers are shown one harbor and one elephant seal

to give the reader an understanding how these parameters vary with length. Four

data sets are provided in Fig. 15 with color distinguishing the species of seal whisker,

square symbols depicting peak data points and circles depicting trough data points.

It can be observed in Fig. 15 that both a and k decrease with increased distance
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Figure 15: Major axis radii (a,k) as a function of length examples from harbor and
elephant seal

from the root. There is consistent undulation along the length of the whiskers in the

measured section observed by the distinct separation of a, squares, and k, circles.

Figure 16 shows how the minor axis radii, b and l, vary along the length of the

whisker. The same representative whiskers shown in Fig. 15 are used again to give

the reader an understanding how minor axis radii vary with length. Four data sets

are provided in Fig. 16 with color distinguishing the species of seal whisker, square

symbols depicting peak data points and circles depicting trough data points.

Figure 16 shows minor axis radii decrease with increased distance from the

root of the whisker. This shows that overall there is a tapering of the whisker from

root to tip due to reduction in major and minor radii. Similar to the major axis radii
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Figure 16: Minor axis radii (b,l) as a function of length examples from harbor and
elephant seal

clear distinction is visible in between b and l data points. The undulation observed

in the minor axis is less dramatic than that observed in the major axis with roughly

0.05 mm variation in the minor axis radii, b and l, and 0.1 mm variation in the major

axis radii, a and k. Finally it can be noted from these variations of radii along the

length that average values could be skewed depending on which section of the whisker

is sampled, for this study all data resides in the mid section of the whiskers providing

reasonable overall averages.

Figure 17 shows how eccentricity of the whisker varies as the distance from

the root increases. The same two example whiskers are used here again. For both

harbor and elephant seal whiskers the peak locations tend to be more parabolic and
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Figure 17: Eccentricty as a function of length examples from harbor and elephant
seal

the trough locations are more circular. The elephant seal whiskers show slightly more

circular cross sections when compared to the harbor seal. Both harbor and elephant

seal whiskers show greater tendency towards parabolic cross sections as the distance

from the root increases.

After establishing that the angle of incidence is not a consistent value across

whisker samples or even along the length of an individual whisker in the previous

section; we shift focus to answer two main questions; is there a typical magnitude of

the angle and are there any distribution relationships? First we will look at how the

angle of incident is distributed along the length of the whisker. The next sequence

of plots will show the values of angle of incidence at the peak and trough locations
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along the length of the whisker.

Figure 18: Harbor Seal Angle of Incidence as a Function of Length

Figure 18 shows the harbor seal angle of incidence, α and β, as a function of

length. Twelve unique whiskers are presented in Fig. 18. It can be observed that

both α and β show variation along the length of the whisker. None of the harbor seal

whiskers observed show angle of incidences that are all positive or all negative. There

does not appear to be any pattern in direction along the length either; some whiskers

flip back and forth between positive and negative direction while others transition

direction only once. No clear distinction can be observed between the α and β, nor

does there appear to be a pattern that arises from alternating between peak and

trough angle of incidence. Multiple whiskers from sample hs2373, hs2347, hs2357,

and hs2372 are presented in the data set. Comparing these samples show no pattern
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or trend among whiskers from the same seal. The only strongly observable feature is

that both α and β remain within 20◦ magnitude centering around 0◦.

Figure 19: Elephant Seal Angle of Incidence as a Function of Length

Thirteen elephant seal whiskers shown in Fig. 19 exhibit similar characteristics

to the harbor seal. Slightly larger extreme angle of incidence values, 30◦, are observed

in the elephant seal which may be due to the overall larger size of the elephant seal

whisker. Again most whiskers show both positive and negative values for the angle

of incidence. There does not appear to be any observable trends from whiskers taken

from the same seal. Similar to the harbor seal no strong relationship between angle

of incidence and distance from the root are evident from this analysis.

These angle of incidence results obtained within this study show strong agree-

ment with those found in Murphy’s 2013 work shown in Fig. 20 and 21 [51].
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Figure 20: Harbor Seal Angle of Incidence as a Function of Length Murphy [51]

Figure 21: Elephant Seal Angle of Incidence as a Function of Length Murphy [51]

A brief comparison shows that both the harbor and elephant seal angle of

incidence magnitudes center around zero degrees. The elephant seal whiskers show

slightly larger deviations from a zero degree angle of incidence. There does not appear

to be a relationship with distance from the root to angle of incidence observed within

Murphy’s data set which was also confirmed within this study. The strong agreement

of these results provides added confidence in the individual findings as well as validates

a broader claim that these characterizations of angle of incidence are repeatable and

not unique to either sample set of whiskers analyzed.
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One area to note for this study is that two elephant seal whiskers exhibited

abnormal morphology features when compared to the rest of the sample set. These

two whiskers deviated from the pattern of the leading and trailing edges undulating in

unison away from the center line and then towards the center line. The two whiskers

in question instead near the root of the whisker exhibited a pattern where the leading

and trailing edges would move in the same direction. This resulted in the the leading

edge moving away from the center line while the trailing edge moved toward the

center line. As a result of this abnormal behavior the angle of incidence measured

in this region showed large magnitudes in excess of 60◦ for some cases. Below is a

reconstruction of the CT scanned files for one of the whiskers described above; it can

be observed that on the far right side of figure 22a the abnormal feature is visible

and returns to more typical undulations towards the left side of the figure. Due to

the inconsistencies observed in these whiskers they were excluded from the results.

Another whisker showing typical undulation behavior is provided for comparison in

figure 22b.

(a) Abnormal elephant Seal Whisker Undulation

(b) Typical harbor Seal Whisker Undulation

Figure 22: Comparison of Abnormal to Typical Undulation

These instances of abnormal undulation patterns have been treated as outliers

and not representative of a typical whisker. It is interesting to note that this feature
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was only observed with the elephant seal and were whiskers from two different seals.

Unfortunately the overall sample size does not allow for generalized conclusions to be

made about this interesting anomaly.

2.3.3 Angle of Incidence Frequency of Occurrence

To evaluate the other question regarding the angle of incident it is more appro-

priate to analyze how often different angle of incidence occur within the sample set.

Below are the results of grouping angle of incidence into 5◦ increments and analyzing

the frequency of their occurrence.

Figure 23: Angle of Incidence Frequency of Occurrence

Here it becomes more obvious that the predominate trend among the whiskers

is that the magnitude of the angle of incidence found in nature is small with the bulk

of the samples falling within −5◦ and 5◦. This is of particular interest in comparing to

previous studies where representative whisker models had angle of incidence around

15◦ [5,29]. A summary of other flow studies investigating the undulating seal whisker

geometry are provided here for comparison.
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Table V: Previous Whisker Flow Study Angle of Incidence

Study α β
Hanke et al. [29] 15.27◦ 17.60◦

Wang et al. [70] 15.27◦ 17.60◦

Beem [5] 15.27◦ 17.60◦

Hans et al. [32]
0◦

17.6◦

15.27◦

0◦

17.60◦

17.60◦

Shyam et al. [65] 5◦ 5◦

One thing that should jump out from this summary of previous studies is the

limited focus given to the angle of incidence. It appears that some of the initial work

conducted by Hanke et al. has had a strong influence on experimental design choices

carried out in the follow on studies. Hans et al. study provided the most depth of

study with three different combinations of angle of incidence evaluated. Even those

three choices seem to be based more on previous work than a systematic study of

various magnitude and orientations of angle of incidence. The findings of this study

show that while the angles used in other studies do fall in the range of observed

natural tendencies they are on the extreme edges of this sample set. This suggests

that results found in previous work may not accurately characterization of the wake

features produced by seal whiskers. Since research has not been conducted with a

range of angle of incidence studied it cannot be know at this point if having an angle

of incidence on the larger end of the spectrum enhances the effect it has on the wake

structure or detracts from the angle of incidence effect. The flow section of this

research will set out to clarify the relationship of the angle of incidence to the wake

structure.
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2.4 Conclusions

This morphology characterization study has shown that of the seven parame-

ters used to describe the seal whisker shape, five can be accurately described by the

mean value of the sample whiskers investigated. These parameters are the major and

minor axis lengths located at the peak and trough, a,b,l, and k as well as then distance

between peak and trough, M. This shows that these values remain consistent along

in the middle section of the whisker as well as between different whiskers of the same

species. The remaining two parameters, α and β could not be characterized by their

mean values due to the random variation in direction and magnitude observed along

the length of each whisker. These variations in magnitude and direction could not

be correlated to distance from the root of the whisker either. The angle of incidence

were able to be understood in terms of the frequency in which different magnitudes

occurred within the sample set. Here it was found that the majority of the whiskers

fall between −5◦ and 5◦ angle of incidence. As noted in the introduction interest

in applying the geometry of the beaded seal whiskers to various designs to improve

performance could utilize the relationships observed in this study as a baseline for

design practices. The results found here will inform the rest of this study. The mean

values for the length parameters will be used to design a scaled up model of the seal

whisker where various angle of incidence will be applied to different models allowing

the angle of incidence affect on the wake structure to be studied.
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CHAPTER III

Wake Dynamics

3.1 Introduction

The study of the beaded seal whisker wake structure was inspired by observing

the the seal whisker’s unique shape and speculation that this shape contributed to it’s

ability to hunt prey under low visibility conditions. Research has concluded that the

undulating surface of the whisker helps to suppress vortex induced vibrations [29].

Previous studies have investigated the how the undulations in the major and minor

axis contribute to this phenomena; however, have not investigate how various angle of

incidence observed in nature contribute to the reduction of vortex-induced vibration

and overall wake structure [32]. The following section will address this knowledge gap

through the use of particle image velocimetry measurements taken downstream of 3D

printed seal whisker models possessing various angles of incidence. The remained of

this chapter will be organized as follows; an explanation of the experimental design

and setup, a presentation of the measured results, followed by a discussion of the

experimental results.
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3.2 Experimental Setup

3.2.1 Scaled-up Whisker Models

The influence the angle of incidence has on the wake structure is not well

understood. To address this knowledge gap an in depth study of the whisker geometry

was conducted in the previous chapter. The results of morphology study supplied the

parameters to define and construct representative whisker models. The following

flow study will focus on the harbor seal geometry. The mean values found in the

morphology study were used to define the values for major and minor axis at the peak

location, a and b, the major and minor axis at the trough location, k and l, and the

distance between the peak and trough M. These values were scaled up approximately

8 times the size of real harbor seal whiskers to maximize the number of undulations

within the water channel test section while remaining within the resolution of the 3D

printer. Four models were constructed defined by Tab. VI.

Table VI: Whisker Model Angle of Incidence

Model α β
Model A 0◦ 0◦

Model B 5◦ −5◦

Model C −15◦ −15◦

Model D −5◦ −5◦

The models were designed with the selected angle of incidence based on the

results of the morphology study. Model A was selected to serve as the baseline.

Models C was selected based on the observation that the vast majority of the angle of

incidence observed in this sample of whiskers falls within ±5◦. Model D was selected

to define the extreme edges of the angles observed. Finally model B was selected

with the hypothesis that if the angle of incidence can influence the wake structure

an alternation of direction along the whisker length could expect the most significant

deviation from the baseline model A.
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These models were generated using SolidWorks tool. Elliptical cross-sections

were created on planes that provided the proper angle of incidence to the centerline

of the model and were spaced to maintain the correct half wavelength defining the

distance between the peak and trough locations observed in the whisker morphology

study. The loft feature was applied to the different cross-sections to create the three

dimensional whisker models.

Table VII: Whisker Model Geometry

a
(mm)

b
(mm)

l
(mm)

k
(mm)

M
(mm)

λ/Dm # undulation

Whisker Model
Parameters

7.73 2.62 6.20 2.92 12.70 5.22 4.5

Provided in Tab. VII is the parameter Dm. Research involving seal whiskers-

like geometry and wavy cylinders have used the parameters Dm and hydrodynamic

diameter, Dh, for nondimensionalization. has coalesced around this parameter for

nondimensonalization in visualization of results and providing the length scale for

Re [73].

An example of one of the SolidWorks files used to design the whisker model is

provided in figure 24. This model is for the α = 5◦ and β = −5◦. One peak and one

trough cross section have been highlighted and annotated for reference.

Whisker models were printed using the Stratasys uPrintSE Plus 3D printer

located at the Cleveland State University Additive Manufacturing Lab [67]. The

models begin to lose some of the precision near the end of the model due to orientation

required for printing. The ends of the models where the surface begins to degrade

were trimmed and not exposed to the flow and therefore did not influence the flow

study. The whisker models were then painted with a black flat matte paint to limit

reflections from the laser that might corrupt the illumination of particles near the

whisker model. This corruption occurs through a processed called ”blooming” where

44



Figure 24: CAD whisker model showing construction dimensions at representative
peak and trough cross sectional planes
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Figure 25: 3D printed whisker models produced with Stratasys uPrintSE Plus 3D
printer. Three models shown before application of matte black paint and one after
application.

the light reflecting off the model can over expose certain areas of the image making

identification of individual particles impossible and producing dead spots within the

image where velocity vectors can not be calculated.

3.2.2 Water Channel Facility

A water channel provided the flow environment used to study the wake struc-

ture created by the seal whisker models. The water channel is constructed with plex-

iglass sheet. The water channel consists of a stacked flow path were water is pumped

into the upper channel containing the test section and returns to the reservoir by a

return path immediately underneath the test section flowing in the opposite direction.

The test section for the water channel consisted of a 0.14 m× 0.20 m× 0.61 m volume.

The water channel used a constant speed pump that generated a mean flow of 0.1 m
s
.
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The flow was conditioned by six honeycomb flow conditioning devices upstream of

the test section visible in Fig. 27. The water channel is characterized by a turbulence

intensity of 4 %. The flow can also be characterized by the non-dimensional quantity,

Reynolds number, a ratio of the viscous forces and inertial forces acting on the fluid.

Reynolds number is defined in Eq. 3.1. For this research the characteristic length

term is Dm. The water channel has a Reynolds number of 630.

Re =
UoDm

ν
(3.1)

The Characterization of the water channel was conducted through PIV at the

three measurement planes where whisker model flow data was captured. The follow-

ing figures will characterize the mean velocity fields as well as the mean turbulence

statistics for the three measurement planes.

Figure 26 the two normalized velocity fields with their corresponding turbu-

lence intensity fields. Figure 26 shows that in the vertical plane the the flow is well

conditioned with the bulk of the u velocity within 2% of the free stream velocity.

The w velocity is relatively low as well showing less than a percent of the free stream

velocity. The turbulence characteristics generally fall within 3-5% Tu and less than

3% for Tw. The streaks of high intensity are the results of these measurements taken

at the early stages of the experiment process. While the test was running bubble

would accumulate on the top panel of the water channel and slowly migrate. The

result of the bubbles caused some inaccurate measurements. A procedure for bubble

checking and remove was implemented for later test cases to minimize the corruption

of data.
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(a) Mean u/Uo Velocity Field (b) Mean w/Uo Velocity Field

(c) Mean Tu Field (d) Tw Field

Figure 26: Water channel flow characterization: velocity and turbulence fields in the
vertical centerline plane (x-z )

3.2.3 Particle Image Velocimetry Measurement

Particle image velocimetry is a non-intrusive measurement technique for mea-

suring flow conditions. The task is performed by seeding the flow being studied with

particles of consistent size. These particles are then illuminated with laser light that

has been constructed at a specific wavelength. The laser is pulsed twice in a short

amount of time, dt. A camera that is fitted with a wavelength bandwidth filter speci-

fied to only capture the light from the laser captures two images timed with the laser

48



Figure 27: Experimental setup at CSU water channel displaying vertical measurement
plane setup: honeycomb flow conditioners, ND:Yag laser, and CCD camera

pulses. The illuminated particles in each image are used in conjunction with dt and

the pixel’s physical size to compute a velocity field. There are numerous variations to

PIV setups the one used in this research is a simple two dimensional two component

setup. This means that a single camera captures a two dimensional image and from

those two dimensional images two velocity components can be resolved. The PIV sys-

tem is comprised of the following components. The laser is an Evergreen Dual-Pulsed

neodymium-doped yttrium aluminum garnet (ND:Yag) laser with 14.7 Hz. The light

output is characterized by 532 nm wavelength and 600 mJ energy output. The camera

used is a Pro-Imager SX CCD 5 MP camera fitted with a Nikkon 60 mm lens and a

532± 5nm wavelength filter. The water was seeded with glass spheres from LaVision

these spheres have an average of diameter of 10 µm. The camera and laser were con-

trolled with the LaVision DaVis software package version 8.2, this software was also

used to process the captured image pairs.

The laser and camera are mounted on the adjustable platform. The laser

is mounted on the top section of the platform with optic extending over the water
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channel and positioning the laser to direct the light sheet down the center line of the

water channel. The camera is mounted below the laser between the platform legs.

The 3D printed whisker models were mounted in the center of the water channel

test section and aligned to have zero angle of attack with respect to the incoming flow.

Images were captured for three setups for each whisker model including; a vertical

plane along the centerline of the whisker, a cross-sectional plane located at the peak

of the whisker model and a cross-sectional plane located at the trough of the whisker

model. These different measurement planes are depicted in Fig. 28. Measurements

of the highly three dimensional flow would ideally be captured with a tomographic

PIV system allowing all three velocity components to be captured simultaneously in

a volume behind the whisker models. For this research that measurement technique

was not available; therefore these measurement planes were selected to capture all

three velocity components with the two dimensional two component PIV setup and

provide a representative measurements at critical locations.

For each test case 2000 image pairs were captured. These images were pro-

cessed with the DaVis software. A multi size interrogation window scheme was used

starting with a two pass 32 pix× 32 pix with 50 % overlap this was followed by an-

other two pass window interrogation size of 16 pix× 16 pix with 50 % overlap. The

images were also post processed with a filter that removed windows with less than

5 vectors and a single pass filter that removed and replaced vectors that exceeded 2

standard deviation from neighbors threshold. Once the image pairs were processed a

custom Matlab script calculated the ensemble average of each test case. The results

of the ensemble averaging will be reported in the following sections.
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(a) Horizontal measure-
ment plane

(b) Vertical measurement
plane

(c) vertical measurement
plane

Figure 28: PIV measurement plane schematics showing vertical, peak and trough
measurement planes and coordinate system

3.2.4 Ensemble Averaging

The wake dynamics of the whisker models are highly unsteady, but with a

sufficiently large sample of instantaneous velocity data sets an average value can

be obtained this is the premise of the PIV measurement technique. Each pair of

images obtained yields an instantaneous velocity field. Furthermore velocity fields

calculated from the image pairs are considered statistically random due to the low

sample rate of the image pair acquisition. From these random samplings statistical

analysis can be performed on the dataset. Reynolds ensemble averaging is a statistical

method for obtaining steady state flow properties at discrete points in a velocity field.

Equations 3.2-3.2 define the ensemble average velocity component equations. Where

ui(x, y, z), vi(x, y, z), wi(x, y, z) are instantaneous velocity components at a specific

spatial locations.
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u(x, y, z) =
1

N

N∑
1

ui(x, y, z) (3.2)

v(x, y, z) =
1

N

N∑
1

vi(x, y, z) (3.3)

w(x, y, z) =
1

N

N∑
1

wi(x, y, z) (3.4)

Velocity components are not directly measured in the PIV analysis; instead

particle displacements must be transformed into velocities through knowledge of the

pixel to real world scale and the time step, dt, between laser pulses. These ensemble

averaged velocity components will be presented in the results normalized by the free

stream velocity.

In addition to obtaining the Reynolds average velocity components further

work can be done to extract the turbulence statistics. This is accomplished through

the Reynolds decomposition method. Here fluctuations from the mean velocity value

are calculated for each instantaneous velocity field as defined by Eqs. 3.5-3.7.

u
′

i(x, y, z) = ui(x, y, z)− ui(x, y, z) (3.5)

v
′

i(x, y, z) = vi(x, y, z)− vi(x, y, z) (3.6)

w
′

i(x, y, z) = wi(x, y, z)− wi(x, y, z) (3.7)

After the instantaneous velocity field fluctuations have been calculated the

root-mean-square of the fluctuations is calculated through Eqs. 3.8-3.10.
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urms(x, y, z) =

√√√√ 1

N

N∑
1

(u
′
i(x, y, z))2 (3.8)

vrms(x, y, z) =

√√√√ 1

N

N∑
1

(v
′
i(x, y, z))2 (3.9)

wrms(x, y, z) =

√√√√ 1

N

N∑
1

(w
′
i(x, y, z))2 (3.10)

Defining how steady or unsteady the flow is often characterized by turbulence

intensity. Turbulence intensity is a single velocity component quantification of how

much the flow fluctuations with respect to the free stream flow conditions. This is

accomplished by taking the root mean square of the velocity component and dividing

by the free stream velocity as seen in Eqs. 3.11- 3.13.

Tu =
urms

Uo

(3.11)

Tv =
vrms

Uo

(3.12)

Tw =
wrms

Uo

(3.13)

Reynolds shear stress is another valuable measurement that can be obtained

trough Reynolds decomposition. Reynolds shear stress provides a measure of the

transport of momentum due to the velocity fluctuations. Here for a given plane the

two measured instantaneous velocity fluctuations are multiplied and time averaged

as defined in Eq. 3.14 and 3.15. The density term has been assumed constant and

neglected for normalization purposes.

τ
′′

xy = −u′
i(x, y, z)v

′
i(x, y, z) (3.14)

τ
′′

xz = −u′
i(x, y, z)w

′
i(x, y, z) (3.15)
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The final flow quantity used to characterize the wake structure in this study

is vorticity, an evaluation of how much rotation is present within the flow. Vorticity

is defined as the curl of the velocity field defined by Eq. 3.16 and 3.17. For our

experiments only two velocity components are captured for each measurement plane

the out of plane velocity component is treated as zero.

ωy = (
∂

∂x
,
∂

∂y
,
∂

∂z
)× (u, 0, w) (3.16)

ωz = (
∂

∂x
,
∂

∂y
,
∂

∂z
)× (u, y, 0) (3.17)

3.2.5 Convergence and Uncertainty

The results that will be presented in subsequent sections are the ensemble

average of the 2000 image pairs collected during each test case. These results will be

presented as averages it is important for the results to converge. Convergence was

assessed for each test case by averaging limited ranges of the total set of velocity fields

and observing how the ensemble average changed with increases data set size.

Figure 29 shows the maximum absolute value change in the velocity field be-

tween different numbers of image pairs used for ensemble averaging normalized with

the free stream velocity as defined in Eq. 3.18. Where the same ensemble average

format as Eq. 3.2 is used but j is the number of image pairs used for the ensemble

averaging.

∆umax = | 1

j + 1

j+1∑
1

ui(x, y, z)− 1

j

j∑
1

ui(x, y, z)| (3.18)

It should be noted that Fig. 29 shows data for all three velocity components

while the y-axis is labeled as ∆umax/Uo where u is understood to be a generic velocity

component so that the axis is not cluttered. Figure 29 shows data from two different
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Figure 29: Convergence of ensemble averaged velocity fields in vertical centerline,
peak and trough measurement planes

whisker models at all three measurement planes to ensure convergence is obtained for

all test cases.

It can clearly be observed in 29 that all velocity components in all three mea-

surement planes converge well before the full complement of 2000 image pairs are used.

Most of the data converges once 700 image pairs are used for the ensemble averaging.

This yields strong confidence that the ensemble averaged velocity fields presented in

the following section do accurately represent the mean value of the velocity field.

A similar method is used to check the convergence of the turbulence statistics.

The maximum change in the root-mean-square of the velocity fluctuations is tracked

as the number of image pairs used for the ensemble averaging is increased. The change

in the maximum root-mean-square value is defined in Eq. 3.19.

∆urms,max = | 1

j + 1

j+1∑
1

u
′

i(x, y, z)− 1

j

j∑
1

u
′

i(x, y, z)| (3.19)

Again the y-axis in Fig. 30 is defined by ∆urms,max/Uo where u is understood
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Figure 30: Convergence of ensemble averaged root-mean-square velocity fields in the
vertical centerline, peak and trough measurement planes

to be a generic velocity component. Figure 30 shows that for turbulence statistics

more image pairs are required for convergence. Here most of the data converges once

1250 image pairs are used for the ensemble averaging process.

The uncertainty of the measurement process should be evaluated in addition

ensuring convergence of the data. Quantifying the uncertainty associated with PIV

is a young field and many new methods and ideas are currently being presented each

with unique advantages and disadvantages. Several methods have been suggested for

measurement error evaluation. One method called ’uncertainty surface’ compares;

particle image size, particle density, displacements and shear for each image pair.

Another method utilizes the two highest peak correlation values to define uncertainty.

The main principle used to quantify this error in any method relies on maximizing

the correlation between the image pairs through the intensities of the images. Error

levels within PIV have been reliably bounded between 0.02px to 0.3px [72]. The

measurement errors rarely drop below 0.02px due to the stack up of source errors. If
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errors exceed 0.3px there is strong indication that a more fundamental setup error is

present within the experiment. The results of the experiments in this research fall

within this range of uncertainty.

3.3 Results

The results will be presented for three representative planes: a vertical plane

and two cross-sectional planes one at the peak and one at the trough for each of the

models similar to Wang and Liu [70]. Results of the measured flow structures will

be presented as mean velocity fields, vorticity, as well as turbulence characteristics

of the wake. Model A will serve as the baseline case for the following results and

analysis. As seen in the morphology chapter most whiskers found in nature contain

angle of incidence that reside near 0◦. The deviations from the 0◦ observed in each

of the remaining models will inform how the angle of incidence influences the wake

structure. The schematic 28 defines the orientation of the models for each test case

as well as the axis labeling that will be used to present the results.

3.3.1 Vertical Centerline Plane

This subsection will characterize the flow properties along the centerline of the

whisker model parallel to the x-axis. Results will be presented in composite figures

with the results for a particular quantity displayed for all four models. The models

will appear within the composite figure in the following order starting in the top left

and moving clockwise; Model A (α = 0◦, β = 0◦), Model B (α = 5◦, β = −5◦), Model

C (α = −15◦, β = −15◦), Model D (α = −5◦, β = −5◦). General observations about

each model will be provided with a more detailed comparison between the models

provided in the conclusion section.

Figure 31 displays the mean u velocity field normalized with the free stream
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velocity. The flow is moving from the left of the figure to the right. Half of the whisker

model is in frame indicated by the black object on the left most edge. In addition

black lines have been overlaid to indicate peak and trough locations extended further

downstream from the model based on the angle of incidence to aid in comparisons

between the different models. In addition to the color contour of normalized u velocity

a dashed line is provided to indicate the recovery length, r, and a ’dashed-dot-dot’

line indicates the edge of the reversed flow region of u = 0.

(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 31: Normalized mean u velocity fields in the wake of whisker models A-D
(Vertical center x -z plane)

58



The u velocity field behind the model A is characterized by a reversed flow

region immediately following the whisker model varying between 2.25 at the trough

and 1.5 X/Dm at the peaks. The flow then begins to recover and shows mirroring of

the whisker geometry. The flow recovers in the shortest distance downstream inline

with the peak locations. The trough geometry recovers the slowest. The region inline

with the troughs tend to recover at nearly twice the distance downstream as the

regions inline with the peaks.

The u velocity field behind model B has a region of reverse flow right behind

the whisker model varying between 1.5 at the troughs and 1.25 X/Dm at the peaks.

The largest regions of reverse flow are inline with the trough locations and the most

narrow occur behind the peak locations. The flow recovers to 90% of u/Uo as early

as 6 X/Dm and completely by 12 X/Dm.

The u velocity field behind model C has a reversed flow region behind the

model that shows a slight shift in the direction of the angle of incidence. The re-

versed flow regions extend as far as 2 X/D −m. The reversed flow behind the peak

remains the most narrow with the region behind the trough have a wider reversed

flow section. In the far wake region the flow recovers to the free steam flow near 6 Dm

downstream behind trough locations and the flow recovers beyond the measurement

window behind the peaks.

The u velocity field behind model D has a reversed flow region immediately

following the whisker model followed by an recovery of u velocity. The reversed flow

regions extend to 2 X/Dm behind the troughs and 1.5 X/Dm behind the peaks.

Beyond 4 X/Dm the differences between peak and trough locations becomes much

less distinct. Model D shows a recovery length, r as short as 6 X/Dm and the longest

length at 13 X/Dm.

Figure 32 shows the mean w velocity field normalized with the free stream
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 32: Normalized mean w velocity fields in the wake of whisker models A-D
(Vertical center x -z plane)

velocity. Common to all of the models in Fig. 32, but with varying effect is the

blooming at the bottom right of the model. These areas of high w are not represen-

tative of the true flow. Instead these are an effect of the model reflecting some of the

laser light at the bottom edge of the model subsequently over exposing the images in

this region and producing false velocity calculations.

Model A displays relatively low w velocity values predominately within ±10 %

of the free stream velocity Uo. The regions of positive or negative w extend down-
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stream and for the most part do not switch direction.

Model B shows very low w velocity values. The angle of incidence at the trough

location with a −5◦ value seems to provide the dividing line between direction of w

with positive values occurring above the mid point and negative values occurring

below the mid point.

Model C has contains a mostly positive w velocity field with exceptions between

8 to 12 Dm in the z-axis as well as a smaller region near 4 Dm in the z-axis. Both

of these areas correspond regions between the bottom half of the trough and the top

half of the peak.

Model D has relatively low w velocity. There do not appear to be strong

relationships with this model for direction of w and peak or trough location. There

seems to be a slight tendency for the angle of incidence extension line to have positive

w velocities associated with the peaks and negative values associated with the trough

lines; however, these are rather subtle differences.

Figure 33 shows the vorticity, ωy of the flow field defined by Eq. 3.16 normalized

by Dm/Uo. This provides an indication of the strength of the rotation of the fluid out

of plane about the y-axis.

Model A shows positive rotation about the y-axis between the top half of

the peak and the bottom half of the trough. The rotation is opposite between the

bottom half of the peak to the top half of the trough with rotation into the page

or with negative rotation about the y-axis. The direction of the rotation remains

fairly constant following the angle of incidence extension lines. The strength of the

rotation reduces further downstream from the whisker model, but rotation can still

be observed to the end of the measurement window.

Model B shows a pattern of positive rotation about the y-axis between the

top half of the peak and the bottom half of the trough. Negative rotation about the
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 33: Normalized ωy vorticity fields in the wake of whisker models A-D (Vertical
center x -z plane)

y-axis is observed between the bottom half of the peak and the top half of the trough.

The areas of strong rotation are confined to regions within 3 Dm for the most part.

Rotation is mostly dissipated by 10 Dm downstream of the model along the x-axis.

Model C also displays the pattern of positive rotation about the y-axis between

the top of half of the peak and the bottom half of the trough. The negative rotation

about the y-axis is located between the bottom half of the peak and top half of

the trough. Rotation behind the −5◦ model extends downstream and is visible but
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dissipated at the furthest locations downstream within the measurement window.

Model D maintains the general trend of positive rotation about the y-axis

located between the top half of the peak and bottom half of the trough. Where the

negative rotation tends to be located between the bottom half of the peak and the top

half of the trough. The angle of incidence extension lines show a strong distinction

between positive and negative rotation except for the bottom peak at the edge of the

measurement window. The streaks of positive and negative appear to be smeared

along the angle of incidence lines. The rotations are observed well downstream of the

whisker model to the edge of the measurement window.

Figure 34 shows the turbulence intensity in the u direction defined by Eq. 3.11.

The turbulence intensity Tu defines the magnitude of the fluctuations in the u velocity

direction by taking the root mean square of the velocity fluctuation and normalizing

it with the free stream velocity.

Model A shows a region of very low Tu immediately following the whisker

model corresponding to the reversed u flow region. The low Tu is followed by a

higher region of about 20% Tu with narrow segments of intensity between 27 and

30% Tu. The regions of 20% Tu extend parallel to the angle of incidence extension

lines. These bands of 20% Tu are offset slightly from the mid points of the peak and

trough locations. The regions directly inline with a peak or trough tend to have much

lower Tu. The band of 20% Tu begin to see a reduction around 7 Dm downstream

and have undergone significant reduction by 10 Dm downstream.

Model B has a region of 20% Tu immediately following the whisker model. This

is followed narrow band of much higher intensity between 27 to 33% Tu. The bands of

20% Tu angle away from the center point of the trough location. These bands of 20%

Tu are significantly reduced by 10 Dm downstream of the whisker model. Regions of

lower Tu can be found at the same Z/Dm as the peak and trough locations starting
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 34: Turbulence intensity of u fields in the wake of whisker models A-D (Vertical
center x -z plane)

at 4 Dm downstream of the model.

Model C shows a region of 20% Tu immediately following the model. This is

followed by a narrow region of higher Tu centered around 2 Dm downstream of the

whisker model. Regions of lower Tu can be observed at the same Z/Dm positions that

peak and trough point are located. The bands of 20% Tu extend at angles away from

the trough center points. The Tu is reduced to 10% or less Tu by 10 Dm downstream

of the model.
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Model D shows Tu of 20% following the model with a vertical band of higher

Tu centered around 2 Dm along the x-axis. The higher Tu covers a larger area as well

as shows higher intensity near the top of the model with lower intensity and area

observed near the bottom of the model. Areas of 10% Tu or less can be observed

at the peak and trough locations starting at 4 Dm downstream of the model. The

bands of 20% Tu angle away from the trough center point and reduce to 10% or less

Tu shortly after 10 Dm downstream.

(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 35: Turbulence intensity of w fields in the wake of whisker models A-D (Ver-
tical center x -z plane)
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Figure 35 contains the turbulence intensity of the w flow defined by Eq. 3.13.

Model A shows a low region of Tw following the model. There are paired pockets of

high Tw that center near 3 X/Dm downstream and are located along above and below

trough angle of incidence extension lines. Inline with the peak locations are regions

of much lower Tw. The peak at 6 Z/Dm has a much larger coverage area as well as

much lower Tw than the peak located at 1.5 Z/Dm.

Model B has a low intensity region immediately following the model. Centered

at 2 X/Dm are paired pockets of higher Tw that reside on either side of the trough

angle of incidence extension lines. The pair centered on the trough located at 4 Z/Dm

show a larger area of coverage and higher intensity than those at 9 Z/Dm. The regions

of Tw between 10 and 15% extend at angles away from the trough center points. At

the Z/Dm peak locations there are areas of lower Tw that extend until 5 X/Dm.

Model C has a region of low Tw following the model extending until 1.5 X/Dm.

At 2 X/Dm there are paired pockets of high intensity regions that reside on either

side of the trough angle of incidence extension line. The pair centered on 4 Z/Dm has

a higher intensity as well as a slightly larger area than those centered at the trough

located at 9 Z/Dm. Following the peaks are zones of much lower Tw extending to 6

X/Dm downstream. The bands of Tw between 10 and 15% extend angled away from

the trough center points.

Model D has an area of low Tw following the model that extends 1.5 X/Dm

downstream. The same paired pockets of high Tw are observed in this model located

o either side of the trough angle of incidence extension lines. Bands of 10 to 15% Tw

extend from the trough center points and angle away. Regions of low Tw are found

at the peak locations of 7 and 2 Z/Dm.

Figure 36 shows the Reynolds shear stress, τ
′′
xz, defined by 3.15 normalized by

the square of the free stream velocity. Model A has a band of higher Reynolds shear
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 36: Reynolds shear stress fields in the wake of whisker models A-D (Vertical
center x -z plane)

stress centering at 2 X/Dm. Other non zero regions of τ
′′
xz are centered near 5.5 X/Dm

with positive regions located between the top half of the peak and bottom half of the

trough and negative regions occurring at between the bottom half of the peak and

top half of the trough.

Model B has an alternating pattern of positive and negative τ
′′
xz regions centered

at 2 X/Dm. Further downstream at 5 X/Dm another region of alternating τ
′′
xz is

observed. In the far wake region, beyond 3 X/Dm positive τ
′′
xz regions are located
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between the top half of the peak and bottom half of the trough and negative regions

are located between the bottom half of the peak and top half of the trough.

Model C has regions of high τ
′′
xz in the near wake centered at 2 X/Dm with an

alternating patter of direction of τ
′′
xz. Further downstream centered between 5 and

6 X/Dm is another region of alternating τ
′′
xz. The negative regions are have higher

intensity and cover a larger region than the positive τ
′′
xz regions in the far wake.

Model D has a region of high τ
′′
xz centered at 2 X/Dm of alternating direction.

Center between 4 and 6 X/Dm is another region of alternating τ
′′
xz of higher magni-

tude. Positive regions of τ
′′
xz are located between the top half of the peak and bottom

half of the trough locations and negative regions located between the bottom half of

the peak and top half of the trough locations.

3.3.2 Cross-Sectional Plane at the Peak

This section will focus on the wake structure observed at a cross-sectional plane

at the peak location. Here the model is being observed from above, represented by

the back ellipse showing half of the major axis diameter.

Figure 37 displays the mean u velocity normalized with the free stream velocity.

In addition to the color contour of the normalized velocity a dashed line indicated

the recovery length, r, of 0.9U/Uo and a ’dahsed-dot-dot’ line indicated the reversed

flow section with Uo = 0. Model A has a region of reverse flow that extends to 1.4

X/Dm and then begins to recover. The flow along the centerline of the model never

fully recovers within this measurement window. The wake shows a slight growth in

width that occurs just beyond the reverse flow region and then stabilizes at 0.5 Dm

on either side of the whisker model.

Model B has a reversed flow region that extends 1.3 X/Dm downstream. The

flow begins to recover until 3.6 X/Dm downstream where the flow experiences a
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 37: Normalized u velocity fields in the wake of whisker models A-D (Peak
cross section x -y plane)

reduction in u at the centerline. the reduced u is restricted to the center of the wake

and reaches 0.25 Dm in both directions off the centerline. The wake velocity never

fully recovers within this measurement window.

Model C has a reversed flow region extending to 1.4 X/Dm. The wake shows a

slight expansion in the y-axis beginning at 1.5 X/Dm and reaching a maximum width

of 0.5 Dm in either direction off the centerline. The u velocity begins recovering at 1.4

X/Dm. The flow in the wake does not fully recover within the measurement window.
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Model D has a reversed flow region that extends to 1.4 X/Dm downstream.

The wake u velocity then begins to recover at 1.4 X/Dm until 4 X/Dm were the u

experiences a slight reduction. The u does not fully recover within the measurement

window. The wake expands from 0.25 Dm near the model to a maximum of 0.5 Dm

in both directions off of the centerline.

(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 38: Normalized v velocity fields in the wake of whisker models A-D (Peak
cross section x -y plane)

Figure 38 shows the mean v flow normalized with the free stream velocity.

Model A shows two regions of high v velocity. The region above the model centerline
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experiencing negative flow and the region below the model centerline experiencing pos-

itive flow. The regions of highest velocity are centered around 1.5 X/Dm downstream

extending to the model and reaching 2.5 X/Dm downstream after which minimal v

velocity is observed. The regions of nonzero v extend in the y-axis to ±1.2Dm.

Model B shows two regions of high v velocity. The region above the model

centerline experiencing negative flow and the region below the model centerline expe-

riencing positive flow. The regions of highest velocity are centered around 1.4 X/Dm

downstream extending to the model and reaching 2.0 X/Dm downstream after which

minimal v velocity is observed. The regions of nonzero v extend in the y-axis to

±1Dm.

Model C shows two regions of high v velocity. The region above the model

centerline experiencing negative flow and the region below the model centerline expe-

riencing positive flow. The regions of highest velocity are centered around 1.5 X/Dm

downstream extending to the model and reaching 2.5 X/Dm downstream after which

minimal v velocity is observed. The regions of nonzero v extend in the y-axis to

±1Dm.

Model D shows two regions of high v velocity. The region above the model

centerline experiencing negative flow and the region below the model centerline expe-

riencing positive flow. The regions of highest velocity are centered around 1.5 X/Dm

downstream extending to the model and reaching 2.5 X/Dm downstream after which

minimal v velocity is observed. The regions of nonzero v extend in the y-axis to

±1Dm.

Figure 39 is the vorticity about the z-axis, ωz normalized with Dm/Uo. All

four models exhibit very similar ωzDm/Uo fields. Strong rotation about the z-axis

occurs near the whisker model. Positive rotation is observed above the centerline

of the model and negative rotation is observed below the whisker centerline. These
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 39: Normalized ωz vorticity fields in the wake of whisker models A-D (Peak
cross section x -y plane)

regions of strong rotation extend to 1.8 X/Dm with minimal to no rotation about the

z-axis observed elsewhere in the wake.

Figure 40 is the turbulence intensity in the u direction, Tu. Model A has a

region of low Tu directly following the whisker model. This area of low intensity

extends to 1.0 X/Dm downstream of the whisker model. Centered at 1.5 X/Dm

extending from 1.2 to 2 X/Dm along the x-axis and above and below 0 Y/Dm are

two pockets of high Tu reaching a maximum intensity of 30% Tu. The remainder of
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 40: Turbulence intensity of u fields in the wake of whisker models A-D (Peak
cross section x -y plane)

the wake is characterized by Tu in the 10 to 20% range. Tu above the free stream

condition extends 1 Dm in both directions from the model centerline.

Model B has an area of low Tu following the model that extends to 1.0 X/Dm.

There are two pockets of high Tu with magnitudes above 30%. These pockets begin

at 1.2 X/Dm extend to 2 X/Dm. There is an area of lower Tu separating them along

the model centerline. These pockets of high Tu are slightly angled away from the

centerline in the downstream direction. The remainder of the wake is characterized
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by Tu in the 10 to 20% range. Tu greater than the free stream Tu is observed 1 Dm

off the centerline in both directions.

Model C has an area of low Tu following the model that extends to 1.2 X/Dm.

There are two pockets of high Tu with magnitudes above 30%. These pockets begin at

1.3 X/Dm extend to 2.1 X/Dm. There is an area of lower Tu separating them along

the model centerline. These pockets of high Tu are slightly angled away from the

centerline in the downstream direction. The remainder of the wake is characterized

by Tu in the 10 to 20% range. Tu greater than the free stream Tu is observed 1 Dm

off the centerline in both directions.

Model D has an area of low Tu following the model that extends to 1.0 X/Dm.

There are two pockets of high Tu with magnitudes reaching maximums around 30%.

These pockets begin at 1.2 X/Dm extend to 2.2 X/Dm. There is an area of lower

Tu separating them along the model centerline. These pockets of high Tu are slightly

angled away from the centerline in the downstream direction. The remainder of the

wake is characterized by Tu in the 10 to 20% range. Tu greater than the free stream

Tu is observed 1 Dm off the centerline in both directions.

Figure 41 shows Tv for the peak cross-sectional measurement plane. Model

A shows a region of high Tv that is centered on the model centerline at 2.2 X/Dm

downstream of the model. The area of Tv greater than 30% extends from 1.4 to 4

X/Dm and -0.2 to 0.2 Y/Dm. The wake of the model produces Tv greater than the

free stream Tv from -1.2 to 1.2 Y/Dm.

Model B shows a region of high Tv that is centered on the model centerline at

2.2 X/Dm downstream of the model. The area of Tv greater than 30% extends from

1.3 to 4 X/Dm and -0.2 to 0.2 Y/Dm. The wake of the model produces Tv greater

than the free stream Tv from -1.2 to 1.2 Y/Dm.

Model C shows a region of high Tv that is centered on the model centerline at
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 41: Turbulence intensity of v fields in the wake of whisker models A-D (Peak
cross section x -y plane)

2.2 X/Dm downstream of the model. The area of Tv greater than 30% extends from

1.4 to 5 X/Dm and -0.2 to 0.2 Y/Dm. The wake of the model produces Tv greater

than the free stream Tv from -1.2 to 1.2 Y/Dm.

Model D shows a region of high Tv that is centered on the model centerline at

2.2 X/Dm downstream of the model. The area of Tv greater than 30% extends from

1.4 to 4.8 X/Dm and -0.2 to 0.2 Y/Dm. The wake of the model produces Tv greater

than the free stream Tv from -1.2 to 1.2 Y/Dm.
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 42: Reynolds shear stress fields in the wake of whisker models A-D (Peak cross
section x -y plane)

Figure 42 shows the Reynolds shear stress in the x-y plane for the peak cross-

sectional measurement plane. Model A shows a region of high τ
′′
xy centered at 1.7

X/Dm. Negative τ
′′
xy is located on the positive y-axis and positive τ

′′
xy is located in

the negative y-axis. The regions of non-zero τ
′′
xy begin at 1.2 X/Dm and extend to 3

X/Dm.

Model B shows a region of high τ
′′
xy centered at 1.6 X/Dm. Negative τ

′′
xy is

located on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The
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regions of non-zero τ
′′
xy begin at 1.2 X/Dm and extend to 2.7 X/Dm.

Model C shows a region of high τ
′′
xy centered at 1.7 X/Dm. Negative τ

′′
xy is

located on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The

regions of non-zero τ
′′
xy begin at 1.2 X/Dm and extend to 3 X/Dm.

Model D shows a region of high τ
′′
xy centered at 1.8 X/Dm. Negative τ

′′
xy is

located on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The

regions of non-zero τ
′′
xy begin at 1.2 X/Dm and extend to 3 X/Dm.

3.3.3 Cross-Sectional Plane at the Trough

The final test case conducted was the cross-sectional plane located at the trough

of the whisker models. The following figures will describe the flow conditions observed

behind the four different whisker models.

Figure 43 contains the u flow normalized with the free stream velocity. In

addition to the color contour of the normalized velocity a dashed line indicated the

recovery length, r, of 0.9U/Uo and a ’dahsed-dot-dot’ line indicated the reversed flow

section with Uo = 0. Model A has a reversed flow region that extends from the model

to 1.9 X/Dm downstream. The u flow then begins to recover not fully reaching the

free stream velocity condition within the measurement window. The flow recovery

length is not visible within this measurement frame. The wake of reduced u velocity

extends between 0.6 and -0.6 Y/Dm.

Model B has a reversed flow region that extends from the model to 1.7 X/Dm

downstream. The u flow then begins to recover reaching 90% of the free stream flow

at 4.2 X/Dm nearly fully recovered by the end of the measurement window. The

wake of reduced u velocity extends between 0.6 and -0.6 Y/Dm.

Model C has a reversed flow region that extends from the model to 2.0 X/Dm

downstream. The u flow then begins to recover not reaching 90% of the free stream
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 43: Normalized u velocity fields in the wake of whisker models A-D (Trough
cross section x -y plane)

flow before the end of the measurement window. The wake of reduced u velocity

extends between 0.6 and -0.6 Y/Dm.

Model D has a reversed flow region that extends from the model to 1.9 X/Dm

downstream. The u flow then begins to recover reaching 90% of the free stream flow

at 4.5 X/Dm and does not fully recover within the measurement window. The wake

of reduced u velocity extends between 0.6 and -0.6 Y/Dm.

Figure 44 shows the v velocity normalized with the free stream velocity. Model
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 44: Normalized v velocity fields in the wake of whisker models A-D (Trough
cross section x -y plane)

A has two zones of nonzero v velocity. These regions are centered at 2 X/Dm down-

stream of the model and extend from 1.2 to 3 X/Dm. The region above the model

centerline has a negative direction while the region below the model centerline has a

positive direction. The region of negative vextend from 0.2 to 1.2 Y/Dm where the

region of positive vextend from -0.2 to -1.2 Y/Dm.

Model B has two zones of nonzero v velocity. These regions are centered at

1.7 X/Dm downstream of the model and extend from 1.0 to 3 X/Dm. The region
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above the model centerline has a negative direction while the region below the model

centerline has a positive direction. The region of negative vextend from 0.2 to 1.2

Y/Dm where the region of positive vextend from -0.2 to -1.2 Y/Dm.

Model C has two zones of nonzero v velocity. These regions are centered at

1.9 X/Dm downstream of the model and extend from 1.2 to 3.2 X/Dm. The region

above the model centerline has a negative direction while the region below the model

centerline has a positive direction. The region of negative vextend from 0.2 to 1.2

Y/Dm where the region of positive vextend from -0.2 to -1.2 Y/Dm.

Model D has two zones of nonzero v velocity. These regions are centered at

2.0 X/Dm downstream of the model and extend from 1.2 to 3 X/Dm. The region

above the model centerline has a negative direction while the region below the model

centerline has a positive direction. The region of negative vextend from 0.2 to 1.2

Y/Dm where the region of positive vextend from -0.2 to -1.2 Y/Dm.

Figure 45 contains the ωz normalized by Dm/Uo for the trough cross-sectional

plane. Model A has two arms of high ωz. The positive rotation arm is located below

the model centerline and extends to 2.2 X/Dm downstream. The negative rotation

arm is located above the model centerline and extends to 2.2 X/Dm downstream.

The remained of the ωz field is relatively small in magnitude.

Model B has two arms of high ωz. The positive rotation arm is located below

the model centerline and extends to 2.0 X/Dm downstream. The negative rotation

arm is located above the model centerline and extends to 2.0 X/Dm downstream.

The remained of the ωz field is relatively small in magnitude.

Model C has two arms of high ωz. The positive rotation arm is located below

the model centerline and extends to 2.0 X/Dm downstream. The negative rotation

arm is located above the model centerline and extends to 2.0 X/Dm downstream.

The remained of the ωz field is relatively small in magnitude.
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 45: Normalized ωz vorticity fields in the wake of whisker models A-D (Trough
cross section x -y plane)

Model D has two arms of high ωz. The positive rotation arm is located below

the model centerline and extends to 2.2 X/Dm downstream. The negative rotation

arm is located above the model centerline and extends to 2.2 X/Dm downstream.

The remained of the ωz field is relatively small in magnitude.

Figure 46 contains the Tu for the trough cross-sectional plane. Model A has

a low Tu region following the model the extends to 1.1 X/Dm downstream. There

are two regions of high Tu on either side of the model centerline. These pockets are
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 46: Turbulence intensity of u fields in the wake of whisker models A-D (Trough
cross section x -y plane)

centered at 1.9 X/Dm and extend from 1.3 to 3 X/Dm downstream. The two pockets

are oriented parallel to the model centerline and reach maximum magnitudes near

30% Tu. The remainder of the wake region is defined by Tu 15 to 20% range. The

wake expands from the model to width of 2.8 Dm evenly distributed about the model

centerline.

Model B has a low Tu region following the model that extends to 0.8 X/Dm

downstream. There are two regions of high Tu mirrored about the model centerline.

82



These regions begin at 1.2 and extend to 2.7 X/Dm. The maximum magnitude of

these pockets are located at 1.6 X/Dm and have magnitudes above 30% Tu. The

remainder of the wake is characterized by Tu in the 12 to 20% range. The wake of Tu

greater than the free stream Tu expands from the model to a maximum width of 2.4

Dm even distributed about the model centerline.

Model C has a low Tu region following the model that extends to 1.0 X/Dm

downstream. There are two regions of high Tu mirrored about the model centerline.

These regions begin at 1.2 and extend to 2.9 X/Dm. The maximum magnitude of

these pockets are located at 1.8 X/Dm and have magnitudes maximizing at 30% Tu.

The remainder of the wake is characterized by Tu in the 12 to 20% range. The wake

of Tu greater than the free stream Tu expands from the model to a maximum width

of 2.7 Dm even distributed about the model centerline.

Model D has a low Tu region following the model that extends to 1.2 X/Dm

downstream. There are two regions of high Tu mirrored about the model centerline.

These regions begin at 1.5 and extend to 3.0 X/Dm. The maximum magnitude of

these pockets are located at 2.0 X/Dm and have magnitudes maximizing at 30% Tu.

The remainder of the wake is characterized by Tu in the 15 to 20% range. The wake

of Tu greater than the free stream Tu expands from the model to a maximum width

of 2.4 Dm even distributed about the model centerline.

Figure 47 displays Tv in the trough cross-sectional plane. Model A has a region

of increased Tv beginning at 0.8 X/Dm. Along the centerline there is a region of high

reaching a maximum of near 40% Tv. The region of Tv greater than 30% extends

from 1.5 to 5.2 X/Dm. The width of the wake the experiences Tv greater than the

free stream conditions expands from 0.8 X/Dm having a width at the edge of the

measurement window of 3.2 Dm.

Model B has a region of increased Tv beginning at 0.5 X/Dm just connecting
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 47: Turbulence intensity of v fields in the wake of whisker models A-D (Trough
cross section x -y plane)

with the whisker model. Along the centerline there is a region of high intensity

reaching a maximum of near 40% Tv. The region of Tv greater than 30% extends

from 1.3 X/Dm to beyond the measurement window of 5.8 X/Dm. The width of the

wake the experiences Tv greater than the free stream conditions expands from 0.5

X/Dm having a width at the edge of the measurement window of 2.8 Dm.

Model C has a region of increased Tv beginning at 0.7 X/Dm. Along the

centerline there is a region of high intensity reaching a maximum of near 40% Tv.
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The region of Tv greater than 30% extends from 1.3 to 5.8 X/Dm. The width of the

wake the experiences Tv greater than the free stream conditions expands from 0.7

X/Dm having a width at the edge of the measurement window of 3.2 Dm.

Model D has a region of increased Tv beginning at 0.9 X/Dm. Along the

centerline there is a region of high intensity reaching a maximum of near 40% Tv.

The region of Tv greater than 30% extends from 1.7 X/Dm to beyond 5.3 X/Dm the

edge of the measurement window. The width of the wake the experiences Tv greater

than the free stream conditions expands from 0.9 X/Dm having a width at the edge

of the measurement window of 2.8 Dm.

Figure 48 shows the Reynolds shear stress in the x-y plane for the peak cross-

sectional measurement plane. Model A shows a region of high τ
′′
xy centered at 2.2

X/Dm. Negative τ
′′
xy is located on the positive y-axis and positive τ

′′
xy is located in

the negative y-axis. The regions of non-zero τ
′′
xy begin at 1.2 X/Dm and extend to

4.8 X/Dm.

Model B shows a region of high τ
′′
xy centered at 2 X/Dm. Negative τ

′′
xy is located

on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The regions

of non-zero τ
′′
xy begin at 1.4 X/Dm and extend to 4.8 X/Dm.

Model C shows a region of high τ
′′
xy centered at 2.2 X/Dm. Negative τ

′′
xy is

located on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The

regions of non-zero τ
′′
xy begin at 1.4 X/Dm and extend to 5 X/Dm.

Model D shows a region of high τ
′′
xy centered at 2.2 X/Dm. Negative τ

′′
xy is

located on the positive y-axis and positive τ
′′
xy is located in the negative y-axis. The

regions of non-zero τ
′′
xy begin at 1.4 X/Dm and extend to 5.2 X/Dm.
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(a) Model A (α = 0◦, β = 0◦) (b) Model B (α = 5◦, β = −5◦)

(c) Model C (α = −15◦, β = −15◦) (d) Model D (α = −5◦, β = −5◦)

Figure 48: Reynolds shear stress fields in the wake of whisker models A-D (Trough
cross section x -y plane)

3.4 Comparison to Literature

A brief comparison to some of the results for similar studies in literature will

be provided within this section to provide additional confidence to or results as well

as highlight observations unique to this study. The work conducted by Wang et al.

utilized a very similar test setup using a PIV measurement technique that captured

wake data in similar measurement planes behind circular, elliptical, wavy and whisker-

like cylinders [70]. While the setup of the experiment is very similar there are a
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couple of key features that are different between studies. First the non-dimensional

parameter used by Wang et al. is the hydraulic diameter, Dh, which is defined in

Eq. 3.22. Where the circumference of the ellipse cross section is approximated by

Eq. 3.20 since there is no closed form solution of the elliptical integrals available an

approximation provided by Ramanujan is utilized [55].

C ≈ π(a+ b)(1 +
3 (a−b)2

(a+b)2

10 +
√

4− 3( (a−b)2

(a+b)2
)
) (3.20)

A = πab (3.21)

Dh =
4A

C
(3.22)

Results presented within this section will use the Dh nondimensionalization

to provide an easier comparison between studies. The second geometry difference is

found in the spacing relationship of the undulations this study has a λ/Dh = 7.28

where the Wang study used λ/Dh = 2.84. The last significant difference observed is

ReDh = 1.8 × 103 which is significantly higher than this study at ReDh = 300. The

influence of these differences is not well documented and no definitive statements will

be made about the differences in wake structures as that is not the focus of this paper.

A comparison of the vertical centerline u velocity field in Fig. 49 shows near

wake patterns. Figure 49a shows two results from Want et al., c is the wavy circular

cylinder and d is the whisker-like geometry. The plots display normalized u velocity

contours with velocity vectors overlaid with flow entering at the top of figure and

exiting the bottom. The whisker models are depicted as black and grey shapes as

viewed in profile at the top of the figures. The analogous plot is provided in Fig. 49b

using the same color contour mapping. The general near wake structure is compara-

ble between the two whisker-like geometries. Flow recovers with the shortest distance

behind the peak location and longer behind the trough location. The strongest recir-
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culation zones reside behind trough locations. It is noted that the results shown by

Wang et al. have a much longer near wake with flow less than u/Uo = 0.5 extending

to 4 X/Dh nearly double what is observed in our study. The velocity field for the

Wang et al. data caps color contour at u/Uo = 0.5 and only extends to 6 = x/Dh,

this makes far wake comparisons are not possible between these data sets.
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(a) Vertical centerline measurement plane for u/Uo

Whisker-like geometry (α = −15.27◦, β = −17.6◦) [70]

(b) Model C (α = −15◦, β = −15◦)

Figure 49: Vertical centerline measurement plane for u/Uo profiles.
Comparing Wang et al. compared to Model C of current study
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Figure 50 shows the normalized velocity fields at peak and trough cross sec-

tional planes. Flow is entering from left and exiting on the right. Whisker-like models

are depicted by black and grey ellipses on the left of the figures. Figures 50b and 50c

were generated with the same contour mapping as those used by Wang et al. The

wake structures are comparable for both studies. The peak cross section plane shows

a shorter recirculation zone when compared to the trough cross section plane for both

studies. The Wang et al. study shows longer wakes for both peak and trough cross

section planes.

Overall a brief comparison of the u velocity fields in the vertical and horizontal

measurement planes show similar results for the wake structure. There are some

differences in wake size between the studies this might be attributed to the difference

in undulation spacing or the ReDh differences and could be interesting areas of further

study in understanding the different roles the whisker morphology plays in the wake

structure.
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(a) Horizontal cross sectional planes (left trough and right peak) u/Uo, (α = −15.27◦,
β = −17.6◦) [70]

(b) Trough Model C (α = −15◦, β = −15◦) (c) Peak Model C (α = −15◦, β = −15◦)

Figure 50: Comparison of u/Uo fields in the peak and trough horizontal planes to
Wang et al. [70]
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3.5 Discussion

In the previous chapter results of the the angle of incidence affect on the

wake structure was presented. In this section further elaboration and analysis on

the differences in wake structure between the models will be provided as well as a

summary the key finds of this flow study.

3.5.1 Mean u Velocity Field

Common to all of the models in the near wake, less than 3 Dm, was the

pattern of higher u velocities behind the peak geometries of the whisker models and

lower velocities behind the trough geometries. The angle of incidence was shown to

alter the velocity field beyond 3 Dm downstream of the whisker model. This was

most pronounced in the −15◦ model where the pattern of peak locations correlating

with short recovery distances seen in the 0◦ model was reversed and short recovery

distances were found to relate with the trough locations for the −15◦ model. The

±5◦ model showed an overall reduction in the recovery distance, either maintaining

the distance of recovery seen in the 0◦ model in the peak locations or reducing in the

trough locations. The pronounced pattern of alternation between short and longer

recovery distances is not observed in the −5◦ or ±5◦ model instead a more even

velocity distribution is observed along the length of the whisker model. It is also

observed that the inclusion of any non-zero angle of incidence reduces the region of

reverse flow as well as the near wake.

For the peak cross-sectional measurement plane a difference observed in the

non-zero angle of incidence models is the far wake slowing of the flow in the wake of

the models. Around 4 Dm all non-zero angle of incidence models show a reduction in

the u velocity to various extents. This reduction in velocity is not observed in the 0◦

model where the flow exhibits a more traditional recovery pattern. This suggests that
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there is more shifting in the far velocity field when a non-zero angle of incidence in

introduced to the model. The ±5◦ shows the largest reduction in the in the reversed

flow region in both magnitude and length.

In the trough cross-sectional measurement plane the ±5◦ model shows a re-

duction length of the reversed flow region ending near 1.6 Dm the other models show

reverse flows extending to 2 Dm. The flow also experiences faster recovery behind

the −5◦ and±5◦ models. Unfortunately some of the features observed in the far wake

with the vertical centerline measurement plane are cannot be compared to the cross-

sectional planes here due to the limited field of view. Some of the shifts in pattern

shown between the 0◦ and −15◦ model do not appear until distances greater than 6

Dm downstream of the model. The trough shows a larger region of accelerated flow

around the model that is not observed in the peak cross-sectional plane.

3.5.2 Turbulence Intensity of u Velocity

For the vertical centerline measurement plane the Tu distribution is common

for all four models in the near wake region. This is characterized by a lower intensity

immediately following the model followed by a band of higher Tu located at 2 Dm

downstream. This band observed in the vertical plane can be more clearly understood

in the horizontal cross-sections and the peaks and troughs as a pocket of high Tu

resides along either side of the model centerline. There is roughly 0.6 mm between

the low intensity along the centerline and the maximum turbulence intensity. Any

slight shift in the alignment of the laser light sheet and the model would result in

variation in the Tu along the length of the whisker model. One of the more distinct

differences between the models in the vertical plane is that the 0◦ model has a region

of notably lower Tu within 1 Dm downstream of the model. Another difference seen

comparing the non-zero angle of incidence models is the variation in the bands of 20%
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Tu The non-zero models show some deviation from the horizontal pattern observed

in the 0◦ model; however, these do not appear to be explicitly tied to the angle of

incidence.

In the peak cross-sectional measurement plane the non-zero angle of incidence

models show higher magnitudes of turbulence intensity in the two pockets of high

turbulence intensity on either side of the model centerline. In addition introduction of

nonzero angle of incidence results in a reduction in Tu starting at 2 X/Dm downstream

expanding along the centerline. The reduction in Tu is most pronounced in model

B and D. In the trough cross-sectional measurement plane the turbulence intensity

for the trough cross-sectional plane shows a significant reduction in the model B in

the near wake, where the region of low intensity is cut nearly in half when compared

to the model A. The magnitude of the pockets of high intensity are also greatest in

model B. Model C shows a slight extension of the low intensity region when compared

to the model A which is due to some stretching that occurs from β = −15◦. Both

models B and D show a shift forward in the location of the high intensity regions

when compared to the models A and C with the model B experiencing the largest

shift upstream.

3.5.3 Mean v Velocity Field

No strongly distinguishing features appear in the peak cross-sectional mea-

surement plane among the different models. The ±5◦ model shows a slight shift

upstream in the location of the non-zero v velocity components. Non-zero v velocity

are only found in the near wake and quickly dissipated beyond 2 Dm. For trough

cross-sectional measurement plane the v velocity the ±5◦ model shows a the regions

of high v shifting upstream to the whisker model occurring near 1.6 X/Dm where as

the other models show maximum v occurring at 2 Dm downstream of the model.
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3.5.4 Turbulence Intensity of v Velocity

For the peak cross-sectional measurement plane the Tv remains relatively con-

sistent among the different models with modest shifts in how far regions of higher

Tv extend downstream with the −5◦ model having the longest region reaching to 5

X/Dm downstream followed closely by the −15◦ model at 4.8 X/Dm. This is most

likely due to the planes being taken at the same height and both the −5◦ and −15◦

model show smearing from the trough location to the peak location.

The region of highest Tv is dependent on the angle of incidence. The ±5◦ model

shows high regions of Tv occurring as early as 1.5 Dm downstream of the model where

those same values are not observed in the 0◦ model until 2 Dm downstream. The

length of the high intensity region extends in the −15◦ the furthest reaching 4 Dm

downstream where the 0◦ model begins to experience reduction near 3.5 Dm. Both

the −5◦ and ±5◦ models experience even more pronounced reductions where the high

Tv begin at 3 Dm and 2.6 Dm respectively.

3.5.5 Vorticity

Common to all of the models is the pattern of in plane rotation occurring

at the top half of the peak and the bottom half of the trough with out of plane

rotation occurring at the bottom half of the peak and the top half of the trough.

One of the most pronounced differences among the models generation of ωy is the

greatly reduced distance for the ±5◦ model to dissipate the coherent structures. It

should also be noted that these high regions of vorticity are provide a critical role in

the development of strong vortices developing near the model about the z-axis. The

other difference between model observed is that the 0◦ case shows that the structures

of ωy maintain patterns perpendicular to the vertical axis of the whisker model. The

other models that posses non-zero angle of incidence values show some tendency for
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these ωy structures to follow the angle of incidence.

For the both the peak and trough locations ωz characteristics remain very

similar among the four models. Regions of high vorticity are confined to less than

2 Dm downstream in very uniform patterns wrapping around and behind the model

cross section. In the trough cross section models B shows a reduction in the distance

the symmetric arms of vorticity extend downstream.

3.5.6 Reynolds Shear Stress

Common to all models is a region of high τ
′′
xy and τ

′′
xz located at 2 X/Dm.

This indicates momentum transfer in the y and z directions in the near wake for all

models. In the x-z plane a notable reduction in the size and magnitude of the positive

τ
′′
xz regions was observed in model C suggesting that with a sufficiently large angle of

incidence the far wake can be momentum transfer can be altered.

A noted difference between the momentum transfer in the x-z plane and the

x-y plane is that there does not appear to be a far wake pattern in the x-y plane that

is observed in the x-z plane. Suggesting that the y momentum transfer is focused to

the near wake and the z momentum transfer occurs in the near and far wake.

In the peak and trough cross-sectional planes the patterns of τ
′′
xy are very similar

between all four models. The peak cross-sectional planes have non-zero regions closer

to the model contributing to the shorter recovery length noted inline with the peak

locations.
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CHAPTER IV

Conclusions

The aim of this research was to provide a more comprehensive understanding

of the morphology of beaded seal whisker geometry in regard to the angle of inci-

dence. Based on those findings study the effect that the angle of incidence has on

the wake structure. Through the analysis of 27 harbor and elephant seal whiskers it

was observed that the majority of the angle of incidence alpha and beta posses angles

that fall within ±5◦. The variation in the magnitude and direction of the angle of in-

cidence does not correlate to the axial position on the whisker nor does there appear

to be any coherent pattern along the length of the whisker. These findings are in

strong agreement with the limited data sets publicly known to the author at the time

of research and help to provide a strong case for the characterization of the angle of

incidence found in both the harbor and elephant seal with expectations that other

beaded seal would exhibit similar trends. From these trends a design foundation can

be obtained and applied as a baseline to engineering applications looking to emulate

the ability of the seal whisker either for enhanced sensitivity in flow sensor design or

obtaining performance enhancements in drag reduction applications like airfoil design
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and offshore oil rig struts.

In addition to this finding is was observed that prior research of scaled up

seal whisker models and computation models investigating the wake structure of the

beaded seal whiskers focused on a very limited set of angles that find their origin with

Hake et al. [5, 29, 32, 65]. While these angles of incidence fall within observed angles

found in nature they are on the extreme edges of those found in nature.

The work conducted within this study looked at angles of α and β ranging from

0◦ to 15◦. Attempting to cover the rang observed within nature as well as investigate

the direction of the angle as well as the magnitude of the angle of incidence. The four

models used possessed the following angle of incidence; α = β = 0◦; α = β = −5◦,

α = β = −5◦, and α = 5◦ β = −5◦. From these models and the resulting flow

studies it was observed that the angle of incidence can produce a significant effect

on the flow structure. These effects can be summarized by; a re-organization of the

pattern of velocity field, reduction in the distance required for velocity to recover,

and enhanced mixing in the near and far wake with the inclusion of nonzero angle of

incidence. These three functions of the angle of incidence are most clearly observed

in the following cases.

Comparing u velocity field along the vertical centerline plane in the 0◦ to the

−15◦ model and observing a complete switch with peaks recovering fastest in the 0◦

case to slowest in the −15◦ model.

The overall reduction of distance required for fully recovered u velocity field

most notably observed in vertical centerline plane as well as the trough cross-sectional

planes when comparing the ±5◦ to the ±0◦ case. In the trough cross-sectional plane

a 27% reduction in the recovery length was observed from model A to model B.

Finally the enhanced mixing could be observed in the removal of the strongly

ordered u field observed in both the 0◦ and −15◦ in the vertical centerline plane that
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is not observable in the ±5◦ model. The reduction in the low Tu zone following the

model observed in the ±5◦ at the trough cross-section also adds to the final finding

of enhanced mixing.

From these results it can be understood that an intelligently designed whisker

like geometry can provide enhanced performance advantages over a typical whisker

observed in nature. Namely this study found that an alternation of direction for α

and β can provide substantial performance gains.
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CHAPTER V

Future Work

This research effort has identified some of the way the angle of incidence can

affect the wake structure. Based on the results of this study there are a number of

areas where this work could be expanded to more thoroughly understand the role the

angle of incidence has on the flow structures.

One observation follows from the 3D printing used in building the whisker

models. Due to the small scale of the models and the resolution of the 3D printers

small ridges were present marking the layers of material. These ridges were minimized

with the black paint that was applied to the printed models; however, the ridges were

still present. It was determined that attempting to smooth the surface of the model by

sanding may alter the geometry and distort the different angle of incidence features

that are being studied. It is also unknown how sensitive the whisker geometry is

to surface roughness. Additional testing could be conducted with various surface

smoothness. Particularly tests could be conducted with circular cylinders of various

surface roughness and compared against known flow structures in the wake region of

a circular cylinder.
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Another area of extension would be range of angle of incidence. The angles of

incidence chosen in this study were bounded by observations found for the whiskers

measures. Further experiments could be conducted to identify the range of effective

angle of incidence and see if the angles observed in nature are reflective of the limit

of effectiveness or if more extreme magnitudes could yield additional gains in control

and ordering of the wake flow.

Another area that has not been bounded is the geometry dependency on

Reynolds number. This study was conducted at a single Reynolds number of 630

based on the Reynolds number harbor seals are known to operate at. Understanding

the range of Reynolds numbers where this geometry can be effective is critical for any

future attempts to use whisker like geometry for engineering applications.

Another area that would help define where this morphology could be applied

is related to the upstream flow conditions. This experiment were relatively well be-

haved with a mean Tu near 5%, applying this geometry to engineering applications

it could be expected that the incoming flow would not be as well conditioned. Con-

ducting experiments over a range of turbulence intensity flow could provide valuable

information on the types of environments this geometry would be effective.

The flow structures in the wake are highly three dimensional and this study

was limited to capturing single planes with two of the three velocity components. The

ability to collect data in the vertical plane that is perpendicular to the major axis

of the whisker model would be a simple first step to further round out the velocity

features of the whisker geometry. Due to the highly three dimensional nature of the

wake structure it would be most ideal to utilize a 3D PIV system to capture a volume

behind the whisker allowing for a more complete resolution of how the geometry

influences the wake structure.

Further more additional experiments conducted with air as the fluid would be
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helpful in determining if the whisker geometry has sensitivity to the viscous properties

of the fluid it operates in as well.

The whisker geometry provides an very rich opportunity for optimization as

well. Due to the complex 3D nature of the geometry it can be easily envisioned that

future studies focus on optimizing the seven geometry features defining the whisker

geometry with the understanding that different applications may require unique op-

timization.

The options for expanding and continuing this research listed above are admit-

tedly a small sampling as this area of study is still relatively new many opportunities

for study may still be unknown.
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APPENDIX A

Ensemble Averaging Code

% This code reads the data files and calculates the average quantities of them.

clear all

close all

FileName = ’B’;

Nfile=input(’Number of files’);

StartFile = 1;

str1=’VARIABLES=X,Y,U,V’;

str2=’ZONE I= 127J= 127F=POINT’;

str3=’VARIABLES=X,Y,Urms,Vrms,Rstress’;

strmean=strvcat(str1,str2);

strrms=strvcat(str3,str2);

\% --------------------------

\% Reading files

\% --------------------------
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Umean=0.0;

Vmean=0.0;

Urms=0.0;

Vrms=0.0;

Rstress=0.0;

FileCount=0;

for k=StartFile:StartFile+Nfile-1

if (k < 10)

title_num=[’0000’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 100 & k >=10)

title_num=[’000’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 1000 & k >= 100)

title_num=[’00’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end
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if (k < 10000 & k >= 1000)

title_num=[’0’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 100000 & k >= 10000)

title_num=[int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

FileCount=FileCount+1;

Umean=Umean+U;

Vmean=Vmean+V;

end

Umean=Umean./FileCount;

Vmean=Vmean./FileCount;

% -------------------------------------------------------------------------

% Calculating the flactuations field

% -------------------------------------------------------------------------

for k=StartFile:StartFile+Nfile-1

if (k < 10)
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title_num=[’0000’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 100 & k >=10)

title_num=[’000’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 1000 & k >= 100)

title_num=[’00’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 10000 & k >= 1000)

title_num=[’0’,int2str(k)];

title=[FileName,title_num,’.’,’dat’]

[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

if (k < 100000 & k >= 10000)

title_num=[int2str(k)];

title=[FileName,title_num,’.’,’dat’]
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[X Y U V]=textread(title,’%f %f %f %f’,’delimiter’,’,’,’headerlines’,3);

end

Uflac=U-Umean;

Vflac=V-Vmean;

Urms=Urms+Uflac.^2;

Vrms=Vrms+Vflac.^2;

Rstress=Rstress+Uflac.*Vflac;

end

Urms=sqrt(Urms./FileCount);

Vrms=sqrt(Vrms./FileCount);

Rstress=Rstress./FileCount;

DataMean=[X Y Umean Vmean];

DataRms=[X Y Urms Vrms Rstress];

TitleMean=’MeanVelocity.dat’;

dlmwrite(TitleMean,strmean,...

’delimiter’,’’);

dlmwrite(TitleMean,DataMean,...

’delimiter’,’ ’,...

’-append’);

TitleRms=’RmsVelocity.dat’;
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dlmwrite(TitleRms,strrms,...

’delimiter’,’’);

dlmwrite(TitleRms,DataRms,...

’delimiter’,’ ’,...

’-append’);
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APPENDIX B

Whisker Data

The raw whisker morphology measurements are provided below. Lengths mea-

sured in mm and angles measured in degrees.
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Figure 51: Raw Whisker Measurements Case1
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Figure 52: Raw Whisker Measurements Case 2
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Figure 53: Raw Whisker Measurements Case 3
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Figure 54: Raw Whisker Measurements Case 4 (Elephant)
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Figure 55: Raw Whisker Measurements Case 4 (Harbor)
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Figure 56: Raw Whisker Measurements Case 5 (Elephant)
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Figure 57: Raw Whisker Measurements Case 5 (Harbor)
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