THE PROMOTION OF INSTABILITY OF A
HIGHLY-DEFORMED PLATE UNDER FLUID
LOADING AND ITS TRANSITION TO
OSCILLATORY MOTION

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Diego Fernando Muriel Delgado
December 2018



ProQuest Number: 10982715

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely eventthat the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest 10982715

Published by ProQuest LLC (2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



(© 2018 Diego Fernando Muriel Delgado
ALL RIGHTS RESERVED



THE PROMOTION OF INSTABILITY OF A HIGHLY-DEFORMED PLATE
UNDER FLUID LOADING AND ITS TRANSITION TO OSCILLATORY
MOTION
Diego Fernando Muriel Delgado, Ph.D.

Cornell University 2018

Plates and membranes interacting with incoming fluids are canonical prob-
lems exhibiting rich physics concerning the onset of flutter instabilities. Such
instabilities, once considered a failure state, are now exploited for new func-
tionalities such as adaptive flow control, drag control, energy harvesting, and
so forth. We present the dynamics of the fluid-structure interaction problem of
a thin elastic plate buckled into a second mode-like deformation created by an
external net compressive force. The deformed plate is immersed in an incom-
pressible flow and is studied without the presence of oscillatory motions, and
subsequently, in flow speeds where large oscillations are present. The presence
of the deformation in the plate is intended to promote its oscillatory behavior
at low flow velocities (i.e., early onset of flutter), increasing the potential for
energy harvesting as well as the operational range of such devices.

Mathematically, we propose a description of the buckled plate considering
that the amplitude of the deflection is greater than the thickness of the plate.
First, we present the derivation of the equilibrium equations based on a heavy
elastica model, and show the numerical solution of the nonlinear system of first-
order equations for the static case. The results predict well the deformation
(modes one and two) and point towards the existence of higher order deforma-

tion modes. Second, we show the derivation of dynamic terms and coupling



with a uniform incoming flow based on slender body theory. A linear stability
analysis of the coupled mathematical model provides insights on the contribu-
tion towards a reduced critical flow velocity, U, from the combined destabiliz-
ing influence of the net compressive force and centrifugal forces, which allow
for lower flow velocities to start the plate’s large oscillatory movements. As we
expect flow separation to occur due to adverse pressure gradients set up by the
plate’s deformation, there is a need for either a more elaborate coupling or an
experimental approach to account for such flow separation, which is one of the
main mechanisms involved on the onset of large oscillatory motions.

Experimentally, we subject the deformed plate to an incompressible flow to
induce oscillations, and with the aid of image-based edge detection and acoustic
Doppler velocimetry, find three states of motion: a) a buckled plate with weak
perturbations below U,, b) a plate with large oscillatory motions appearing as a
superposition of traveling and standing waves above U., showing predictable
dominant frequencies, and ¢) a plate with spatially-chaotic oscillatory motions
above a transitional flow velocity (U,), displaying a broad frequency spectrum.
We find an early onset of flutter of the deformed plate compared to flag-type
configurations (lower U.). The main physical mechanisms contributing to the
reduced U, are the destabilizing action of the compressive force, a deformed
locally-stable plate, and an unsteady flow field resulting in non-zero pressure
drag and lift, all existent prior to structural oscillations.

Finally, based on particle image velocimetry, we present further experimen-
tal evidence of one mechanism contributing to the early onset of flutter: the
occurrence of an unsteady flow field prior to oscillatory motions. We show a
marginally dynamically stable plate progressively deforming as a function of

flow regimes, with high production of vorticity and flow separation due to ad-



verse pressure gradients, which renders the assumptions of irrotationality and
those that lead to boundary layer equations inapplicable, as well as creating a
non-zero pressure drag and lift. The unsteady flow field shows vorticity be-
ing diffused from boundary layers, advected out and downstream, creating un-
steady “ejection” events. As critical flow velocity is approached, such events
produce a suction high enough to compensate for the plate’s restoring forces
and weight, a reduction/increase in the magnitude of lift follows for the pos-
itive/negative phase, where the sign of the phase indicates to leading edge
slope of the mode two deformation in the plate. These changes, by virtue of
the non-linear boundary conditions (i.e., external forcing as a function of defor-
mation), induce a change in deformation mode (dynamic mode branching or
“snap-through”), and consequently, large oscillatory motions. Such behavior is
also present on a dynamically unstable plate, albeit flow separation is present

to a lesser degree (i.e., recirculation zones are smaller).
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CHAPTER 1
INTRODUCTION

1.1 Mechanics of motion of flexible plates immersed in free

stream flows

Plates and membranes interacting with incoming flows are canonical problems
exhibiting rich physics concerning the onset of structural and fluid instabilities.
Such instabilities, once considered a failure state, are now exploited for novel
applications such as adaptive flow control (Lucey, 1998; Jaiman et al., 2004),
energy harvesting (Tang et al., 2009; Allen and Smits, 2001; Taylor et al., 2001;
Techet et al., 2002; Akaydin et al., 2010; Li et al., 2011; Giacomello and Porfiri,
2011; Dunnmon et al., 2011), projectile stabilization (Fancett and Clayden, 1972;
Auman and Wilks, 2005), and so forth. In the same way, progress understand-
ing the physics has been useful to explain different phenomena such as biologi-
cal flows (Huang, 1995; Balint and Lucey, 2005; Howell et al., 2009; Fenlon and
David, 2001a,b; Smith et al., 2004), animal locomotion (Huber, 2000; Triantafyl-
lou et al., 2000; Liao et al., 2003; Miiller, 2003), induced vibrations on structures
(Watanabe et al., 2002a,b; Chang and Moretti, 2002; Vandiver, 1993), to name just
a few application areas. In general, the interaction of rigid or flexible plates with
a flow is a problem that can be described by the interaction between the elastic,
inertial, and damping forces of the structure, and the hydrodynamic forces of

the fluid (Zhang et al., 2000; Shelley and Zhang, 2011).

Historically, Euler buckling is the very first example of elastic bifurcation

and instability. It involves spontaneous symmetry breaking after a critical com-



pressive load (Golubovi¢ et al., 1998). It is assumed elastic because the struc-
ture subject to buckling will immediately return to its straight configuration
once external forces are removed. Euler and Bernoulli developed the theory of
elastic lines (elastica curves), where large structural deformations are allowed
under the elastic range. This theory was used to study the transition to buck-
ling stability. In general, structural analysis is concerned with the transition of
structures to deformations due to such instabilities and later collapse, and as a

consequence, large deformations tend to be avoided.

On the fluid side, or more precisely the interaction of structures with fluids,
contributions come from extensive studies in the areas of aeroelasticity (Dowell,
2015). Rayleigh (1879) presented the first available description of a flutter insta-
bility. Though incomplete, it constitutes the classical description of flapping
flags, where the structure is represented by an always unstable infinite discon-
tinuity surface, with zero mass, zero rigidity, and zero mean circulation. As in
a Kelvin-Helmholtz instability, small perturbations amplify due to an unstable
pressure distribution, causing the interface to evolve into a a greater number of
vortices (Prandtl, 1952; Oertel, 2010). Since these descriptions by assumption
neglect the presence of a plate, they ignore a plate’s stabilizing forces, and are

to date, corrected to include such effects (Zhang et al., 2000).

Flapping is therefore defined as a dynamical instability which can occur
through flutter or divergence. The former is an oscillatory vibration of increas-
ing amplitude, and the latter is an exponentially growing motion. On struc-
tures, buckling instabilities occur through divergence. Bigoni (2012) presents
a detailed treatment of instabilities, and studies of rigid and flexible structures

under fluid forcing, governing equations, and the nature of their instabilities are



throughly explained in Dowell (1975, 2015), Dowell and Ilgamov (1988); Shelley
and Zhang (2011), and Paidoussis (2016a,b). Here, elastic buckling instabilities
are not to be confused with purely elastic instabilities occurring in viscoelas-
tic fluids at Weissenberg numbers, Wi, of order unity, and vanishingly small

Reynolds numbers, Re (Topea et al., 2007).

In addition to the literature mentioned above, the introductions by Tang and
Paidoussis (2007); Eloy et al. (2007, 2008); Michelin et al. (2008); Alben and Shel-
ley (2008); Doaré et al. (2011); Eloy et al. (2012); Schouveiler and Eloy (2012)
summarize and group different theoretical and numerical efforts and identify
the key aspects studied on the onset of the instability in a flag-type configura-
tion, such as critical velocity for the onset of the instability, presence and wide-
ness of the hysteresis loop where critical velocity will differ if it is found by in-
creasing or decreasing flow velocity, confinement effects, aspect ratio, amongst
others. In general, there are one-dimensional models using the Euler-Bernoulli
beam equation, two-dimensional models, and realistic fluid flow solvers allow-
ing simulations of moderate Re O(10?) such as the ones presented by Zhu and
Peskin (2002); Connell and Yue (2007); Huang et al. (2007); Kim and Peskin
(2007). It is well known that theoretical models underestimate the instability
threshold, where experimental results tend to give larger critical velocities for
the onset of flutter (Souilliez et al., 2006). Also, boundary layer separation as
seen in the early experimental works by Taneda (1968); Taneda and Tomonari

(1974) is not represented in such models.

Moreover, the use of the flutter instability as an energy harvester is a topic
that has inspired multiple studies, each dealing with different problems from

an experimental or mathematical standpoint. For such a device two options are



possible: to couple it mechanically with an external generator (Tang et al., 2009),
or to use piezoelectric materials (Sodano et al., 2004). Experimental studies have
explored the fluid-structure coupling behavior when there is vortex shedding
from an upstream structure (Allen and Smits, 2001; Techet et al., 2002; Akaydin
et al., 2010), the efficiency of energy extraction (Taylor et al., 2001), alternative
configurations to decrease the critical velocity, U,., at which flutter first appears
(Li et al., 2011; Ryu et al., 2015; Sader et al., 2016), and the influence of piezo-
electric patches on the efficiency of the harvester (Giacomello and Porfiri, 2011;
Dunnmon et al., 2011). Similarly, theoretical and mathematical studies have
investigated the coupling between the fluid-solid-electric configuration (Doaré
and Michelin, 2011; Akcabay and Young, 2012; Singh et al., 2012a,b; Michelin
and Doaré, 2013; Xia et al., 2015).

In terms of energy harvesting efficiency for fluid-solid applications, a funda-
mental goal is to achieve stable structural oscillatory motions at low flow veloc-
ities (Kim et al., 2013; Xia et al., 2015). In other words, to induce the onset of flut-
ter instabilities with as low a fluid forcing as possible. For example, piezoelec-
tric flags (canonical configuration) are known to exhibit high U, requiring even
higher flow velocities for consistent oscillations (Allen and Smits, 2001; Techet
et al., 2002; Kim et al., 2013). Additionally, three-dimensional effects are known
to delay the appearance of the instability in flag-type configurations (Souilliez
et al., 2006; Eloy et al., 2012). Furthermore, alternative configurations such as
the inverted flag, achieve oscillatory motions at low U, (Kim et al., 2013), how-
ever, a direct consequence of this configuration is a limited operational range
(OR, defined as the functional range of flow velocities measured upstream the
device, U,, for a given geometry, beginning once large oscillatory motions start

and ending once stable oscillatory motions are not sustained). Interestingly, de-



spite Dowell (1966, 1967, 1970, 1982) in the context of double-pinned plates, and
Paidoussis (1966) for double-pinned cylinders showing that the action of com-
pressive in-plane loads exacerbates the flutter instability; such a mechanism has
not been implemented to enhance the transition to oscillatory motions for en-

ergy harvesters.

Herein, we test whether a plate’s elastic instability and buckled configura-
tion can be used to lower U, at which large oscillatory motions start, and at the
same time preserve or increase the range of regimes at which they occur when
the plate is subjected to an incompressible flow. Specifically, we test whether a
sinusoidally-buckled plate presents lower U, and broader OR than those found
under flag configurations (Fig. 2.1 and Fig. 2.2, Filardo (2013); Muriel et al.
(2016)). First, a mathematical model based on the elastica approximation is pre-
sented and solved in the static case. As the vertical displacement of the induced
deformation is greater than the thickness of the plate, the formulation contains
geometric and boundary condition non-linearities. The results predict well the
static deformation (modes one and two) and point towards the existence of
higher order deformation modes. Fluid coupling is provided via slender body
theory, and disregarding limitations about flow separation and high deforma-
tion, a linear stability analysis provides insights about the destabilizing action
of external compressive and fluid centrifugal forces, and the stabilizing action of
Coriolis and fluid induced tension. Second, the experimental results show that
the deformation created by external compression induces the onset of structural
oscillations at a low U, compared to alternative flag-type configurations, with
no need of vortex shedding from an upstream structure. The buckled configura-
tion provides consistent oscillations at low U,, allows the use of materials with

higher damping, and gives rise to consistent oscillatory events at higher U,,



therefore achieving a broader OR. The hydrodynamics of the flow show high
vorticity diffused from boundaries, advected out, and convected downstream,
and flow separation behind the leading edge and first crest, rendering the ir-
rotational assumption inapplicable. This unsteady flow is present before large
oscillatory motions start, where the induced deformation creates a configuration
of adverse and favorable pressure gradients. Despite being a dynamically sta-
ble plate (no large oscillatory motions), we find experimental evidence of small
oscillatory motions, and “snap-through” events (dynamic jumps to a new dis-
placement state at a fixed load level, Crisfield (1986)). With a compliant flexible
structure, such small oscillations will transition into large motions following a
change in sign of lift, cause by the activation of new boundary conditions re-

stricting any further deformation to compensate for such change in sign.

1.2 Objectives

We want to characterize the fluid-structure interaction problem arising from a
sinusoidally-deformed flexible plate immersed in an incompressible flow. To

accomplish this, we propose the following objectives:

1. Objective 1: to characterize the oscillatory behavior as a function of the

upstream flow velocity, defined above as U,.
e To determine the critical flow velocity, U,, defined as the flow velocity
to initiate large oscillatory behavior.

e To investigate the presence of hysteresis in determining the critical

velocity.



e To define the transitional Reynolds number Re; defined as the flow

velocity where transition to turbulent boundary layer occurs.

e To characterize the presence of spatial chaos and subharmonics in

frequency spectra as precursors to chaos.
e To determine the evolution of oscillatory frequency as a function of

U,.

e To decompose the wave evolution of the plate’s oscillatory motion

into its traveling and standing components.

2. Objective 2: to describe the driving mechanics required to initiate the os-

cillatory behavior in different flow speeds.

e To determine the phase-averaged flow field at five flow regimes prior
to large oscillatory motions, for the two possible static equilibrium

positions, and determine vorticity generation and flow separation.

e To determine the phase-averaged flow field at three flow regimes af-
ter large oscillatory motions have occur (including critical flow veloc-

ity), and determine vorticity production and flow separation.

e To calculate the mean pressure field, and lift and drag forces applied

on the plate.
e To model the deformation of the plate under static forces.

e To study the contribution of forces towards stability based on a slen-

der body theory coupling with the structural model of a flat plate.



1.3 Outline

Chap. §2 contains details of the methodology used in this study, with details
on the design of the prototype, experimental facilities and techniques, as well
as uncertainty an analysis. Chap. §3 presents the derivation and solutions of
a mathematical model for the static deformation. Derivation of inertial and
damping terms is also presented, and coupling with the fluid is provided via
slender body theory. A linear stability analysis is also presented. Chap. §4 deals
with the kinematics of the dynamically unstable plate, and presents a charac-
terization of the oscillatory motions as a function of flow speed, while Chap.
65 takes care of the hydrodynamics of the fluid structure interaction, showing
evidence of the mechanisms of transition to large oscillatory motions. Chap. §6

and Chap. §7 present conclusions and future work, respectively.



CHAPTER 2
METHODOLOGY

2.1 A second mode buckled plate

We induce the mode two like deformation presented in Fig. 2.1 and Fig. 2.2
with a series of tension lines that buckle a plate into a two-dimensional wave-
like shape. The plate is made of a single translucent polycarbonate sheet with
thickness ¢ = 0.400 mm, length L, = 60 cm, width B = 30 cm, density p, = 1.14
g/cm?, water absorption: 0.15% — 0.34%, and tensile modulus E = 1.97 GPa (see
Sec. 2.6 for details on uncertainty analysis). The applied net compression is cre-
ated using inner tension-lines mounted to parallel side-frame lines as seen in
Fig. 2.1 and Fig. 2.2. The side-frame lines are made of micro-filament braided
line (Spectra®), 0.4 mm diameter and rated to 471 N. Similarly, the tension-
lines are composed of micro-filament with length L, = 7.62 cm, separation along
the plate of 6, = 2.90 cm, and separation on the side-frame of 6; = 2.45 cm
(Fig. 2.2a). This difference between the two separations (6, and ;) provides the
external compression force necessary to induce the plate’s deformation, with
maximum amplitude of 28.9 mm (~ 0.05 L,, Fig. 3.3). The device is mounted on
a frame made of extruded aluminum alloy, which sets the separation between
side-frame lines to B, = 44.10 cm, and positions the plate 15 cm above the bottom

of a recirculating type open-channel flume.
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2.2 Facility

Experiments were conducted in an 8.0 m long, 0.60 m wide recirculating type
open-channel flume with glass sidewalls and Super Abrasion Resistant (SAR)
acrylic bed in the DeFrees Hydraulics Laboratory in the School of Civil and En-
vironmental Engineering at Cornell University. Two variable frequency con-
trolled centrifugal pumps drive the flow for a single water depth across ex-
periments of 4 = 37 cm (h = 35 cm for particle image velocimetry tests), zero
bed slope, and negligible stream-wise acceleration to experimental uncertainty
(0U};/0x, with the depth-averaged mean velocity at the centerline of the flume
defined as U, = (1/h) foh Udz). A turbulent boundary layer is tripped by a 4 mm
tall rectangular steel bar oriented in the cross-flow direction and located at the
entrance of the flume test section downstream of inlet conditioning screens. A
15 um felt is used to filter suspended particles of diameter greater than that of
the felt. The coordinate system was defined with x in the streamwise direction,
z as the vertical distance from the bed to the water surface, and y direction set

by the right hand rule.

2.3 Experimental study cases

We investigate the interaction of the deformed plate with uniform incompress-
ible incoming flows, and study its behavior in the presence of the plate’s large
oscillatory motions and lack thereof. To achieve this, three major data sets are
collected. First, acoustic Doppler velocimetry (ADV) is used to determine the
onset of large oscillatory motions, and to characterize the evolution of the plate’s

oscillatory frequency, f,, as a function of flow velocity, U,. Note that the specific

11



U, where oscillatory motions first occur is defined as U.. Second, special at-
tention is given to the plate’s oscillatory motion, and with the help of the ADV
and image-based edge detection filtering (See Sec. §2.3.3), we characterize the
plate’s large oscillatory motions, including its wave composition and frequency,
as a function of U,. And third, we characterize the flow field based on particle
image velocimetry (PIV), and present pressure fields and forces acting on the

plate derived from these PIV measurements.

Tab. 2.1, Tab. 2.3, and Tab. 2.4 summarize the study cases using ADV, edge

detection, and PIV, respectively.

2.3.1 Accoustic Doppler velocimetry

Velocity measurements (record lengths are 120 min) for all cases presented in
Tab. 2.1 are performed with two Nortek Vectrino Acoustic Doppler Velocimeters
(ADV) with + firmware at 200 Hz, where one ADV is deployed 5L, upstream
of the plate’s leading edge for U, analysis, and the other 3L,/4 downstream
from the leading edge to determine f,. Data is analyzed with one-dimensional

spectra.

2.3.2 Image-based point detection

For all cases presented in Tab. 2.2, the plate’s instantaneous location at a 9 equi-
spaced points in space are extracted with an image-based edge detection filter
using images collected from a 480 x 480 pixels 14 — bit CMOS sensor (Phantom

V9.1). Record lengths are 33 min for the lowest flow velocity, and 20 min for the
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Table 2.1: Characterization of oscillatory frequency: experimental cases
using acoustic Doppler velocimetry, ADV.

Test U,[cm/s]” Re/10° = U,L,/v UOL,,,/D%

Increasing upstream flow velocity

01 19.7 1.18 1.02
02 219 1.31 1.14
03 25.6 1.54 1.33
04 29.1 1.75 1.51
05 329 1.97 1.71
06 36.7 2.20 1.91
07 40.4 243 2.10
08 43.9 2.63 2.28
09 47.4 2.84 2.46
10 51.0 3.06 2.65
11 54.7 3.28 2.84
12 58.4 3.51 3.04
13 61.8 3.71 3.21
Decreasing upstream flow velocity
14 62.2 3.73 3.23
15 59.2 3.55 3.08
16 55.9 3.36 291
17 52.3 3.14 2.72
18 48.9 2.93 2.54
19 45.3 2.72 2.36
20 41.8 2.51 2.17
21 37.0 2.22 1.92
22 33.2 1.99 1.73
23 29.6 1.78 1.54
24 26.2 1.57 1.36
25 229 1.37 1.19
26 20.6 1.24 1.07
27 18.9 1.13 0.98

* Maximum total error for upstream flow velocity, U,, is

+0.01cm/s presented on Test 27.
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Table 2.2: Characterization of plate’s large oscillatory motion: experimen-
tal cases using image-based edge detection for single point loca-
tion.

Test U, [cm/s]" Re/10° =U,L,/v U,L, |3, Equi-spaced points

01 19.8 1.19 1.02 9
02 22.0 1.32 1.14 9
03 25.6 1.54 1.33 9
04 29.1 1.75 1.51 9
05 32.8 1.97 1.70 9
06 36.8 221 1.91 9

* Maximum total error for upstream flow velocity, U,, is +0.01cm/s presented on

Test 13.

Table 2.3: Characterization of plate’s large oscillatory motion: experimen-
tal cases using image-based edge detection.

Test U, [em/s]" Re/10° = U,L,/v UOLP,/D%

01 19.8 1.19 1.02
02 22.0 1.32 1.14
03 25.6 1.54 1.33
04 29.1 1.75 1.51
05 32.8 1.97 1.70
06 36.8 2.21 1.91
07 40.5 243 2.10
08 43.9 2.63 2.28
09 47.3 2.84 2.46
10 50.8 3.05 2.64
11 54.2 3.25 2.82
12 57.6 3.46 2.99
13 61.3 3.68 3.18

* Maximum total error for upstream flow velocity, U,,, is

+0.01¢m/ s presented on Test 13.
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Table 2.4: Characterization of the flow field: experimental cases using par-
ticle image velocimetry, PIV.

Test U,[cm/s]” Re/10° =U,L,/v at[s] Length [min] U,,L,,\/ng

01 6.9 0.41 0.0213 15 0.36
02" 6.9 0.41 0.0213 15 0.36
03 8.9 0.54 0.0165 15 0.46
04™ 8.9 0.53 0.0165 15 0.46
05 10.8 0.65 0.0135 15 0.56
06~ 10.9 0.65 0.0135 15 0.56
07 12.7 0.76 0.0114 15 0.66
08~ 12.7 0.76 0.0114 15 0.66
09 14.6 0.89 0.0100 15 0.76
10™ 16.7 1.00 0.0087 60 0.87
11 19.0 1.14 0.0076 60 0.99
12 28.8 1.73 0.0050 60 1.50
13 38.4 2.30 0.0038 60 1.99
14 48.0 2.88 0.0030 60 249
15 57.5 3.45 0.0025 60 2.98
16 61.2 3.67 0.0024 60 3.20

" Maximum total error for upstream flow velocity, U,, is £0.01cm/ s presented on Test
3 and Test 16.

" Plate’s deformation correspond to the mirror over the x-axis of the deformation of
previous test.

™ Test corresponds to the critical velocity, U, which is the flow velocity at which

large oscillatory motions start.
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others, all at 18 Hz sampling frequency. Velocity measurements (record lengths
of 30 min) are performed with two ADVs with + firmware at 200 Hz, where one
ADV is deployed 5L, upstream of the plate’s leading edge for U, analysis, and

the other 3L,/4 downstream from the leading edge to determine f;,.

2.3.3 Image-based edge detection

For all cases presented in Tab. 2.3, the plate’s instantaneous geometry is ex-
tracted with an image-based edge detection filter using images collected from
a 1632 x 1200 pixels 14 — bit CMOS sensor (Phantom V9.1). For the static de-
formation a single image per equilibrium position is used while for the large
deformation cases 7000 images at 20 Hz are used per U,. Velocity measurements
(record lengths of 14 min) are performed with two ADVs with + firmware at 200
Hz, where one ADV is deployed 5L, upstream of the plate’s leading edge for U,
analysis, and the other 3L,/4 downstream from the leading edge to determine
fo. Data is analyzed with one or two-dimensional spectra (2DFT), and complex

orthogonal decomposition (COD, Feeny (2008)).

The general idea behind the detection algorithm is to smooth and reduce
noise, enhance edge detection and find the plate’s position with sub-pixel accu-

racy in the vertical coordinate. The procedure is as follows:

1. Load image into a 16 — bif unsigned integer format. This allows us to work

in pixel coordinates and preserve the resolution of the original image.

2. Perform a median filtering in two dimensions (3-by-3 neighborhood with
zero padding at the edges) over the loaded data. This step reduces back-

ground noise.
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. Implement a Laplacian Gaussian filter (5-by-5 kernel with standard devi-
ation of 0.2). This filter enhances edges and provides a clear limit between
background noise and edge data. Here, the filter increases the intensity
count of what is expected to be a surface edge to the maximum possible

value (219).

. Apply a threshold filter. This step reduces the background noise that has
been transformed into a white noise by the previous implementation of
the Laplacian Gaussian filter, leaving at this point a mask that can be im-

plemented over the original image.

. Multiply the original image by the mask. This step drives the intensity

count to zero on pixels where there is no presence of edges.

. Apply a second round of the median filtering in two dimensions (3-by-
3 neighborhood with zero padding at the edges). This filter is used to

smooth and clean the residual noise.

. Determine the maximum value of intensity count for every column (i.e.
x-coordinate). This data provides the z-coordinate of the plate in pixel

coordinates.

. Apply a median filter in one dimension (15" order). This filter is used to
eliminate spurious points that could have entered during the detection of

the pixel of maximum intensity.

. Apply a Gaussian fit at each x-coordinate to seven pixels in the z-
coordinate in double precision format, and determine the maximum value
of the fit. These points include the pixel of maximum intensity, three above
and three below in the z-coordinate, providing a sub-pixel approximation
for the location of the plate. Since the Gaussian fit is over-prescribed, the

titting method is the non-linear least squares.
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10. Apply a median filter in one dimension (15" order). This filter is used to

eliminate spurious points that could have entered during the Gaussian fit.

2.4 Particle image velocimetry

The flow velocity in the vicinity of the model is measured with particle image
velocimetry for all cases presented in Tab. 2.4. Mean velocity, vorticity, and tur-
bulent kinetic energy were measured by averaging the instantaneous flow fields
for cases below U, and phase-averaging instantaneous velocity fields other-
wise. Digital images were collected with two Andor Zyla 5.5 MP sCMOs (2160
x 2560 pixels, 16 bits — per — pixel, 20 frames — per — second or 10 Hz/image pair)
with a 50 mm Nikkor lens. Data is spooled to disc into two separate computers
each equipped with 2TB SSD through a USB 3.0 interface. The image area was
illuminated with a Spectra Physics PIV 200-10 Nd:YAG laser (200 mJ/pulse at
532 nm, 10 Hz dual head). A laser light sheet was formed using a cylindrical
lens (f = —6.4 mm) and the beam was focused with one spherical lens (f = 1500
mm) to provide a maximum light sheet thickness of 1 mm. This configuration
provided a resolution of 144 um/ pixel covering an area of 31.1 cm x 73.7 cm. Up-
stream velocity is measured with a single ADV located 5L, upstream from the

prototype leading edge, with f; = 200 Hz and for the duration stated in Tab. 2.4.

A Berkeley Nucleonics Inc. (San Rafael, Calif.) BNC500A digital delay gen-
erator was used to trigger the flash lamps and Q-switches on the Nd:YAG laser
system with temporal delay, At, presented in Tab. 2.4, chosen to limit the maxi-
mum particle motion to ~ 10 pixels, allowing a final PIV sub-window of 32 x 32

pixels to be used to determine the displacement field. The tank was filled with
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water to the desired depth and seeded with Sphericel particles (hollow glass
spheres, mean density 1.1 g/ml, median diameter 11.7 um, manufactured by Pot-
ters Industries, Inc., Valley Forge, Pa.). Timing signals were generated in the
Matlab data acquisition toolbox and sent simultaneously through a National

Instrument AT AO-6 card to the digital cameras and the digital delay generator.

Prior to cross-correlation analysis, an intensity-count-based digital mask is
found to reduce the influence of the highly illuminated plate. We do not conduct
a correlation-tracking-based mask technique (Gui et al., 2003), instead, after the
mean velocity field is subtracted from each image, pixels inside the digital mask

are set to zero.

Image pairs in the x — z—plane are analyzed with the dynamic subwin-
dow PIV scheme described by Cowen and Monismith (1997), and extended
to second-order difference based on Wereley and Meinhart (2001). 4250 image
pairs at 5 Hz are analyzed for cases below U,, and the number of image pairs
for cases above U, is presented in Tab. 2.5 as they required phase averaging
(see Sec. 2.4.2). The analysis comprises 5 passes for cases below U, as follows
(all with 50% overlapping): 64 x 64 pixel sub-window and an initial displace-
ment estimate; 64 X 64 pixel sub window with mean velocity field from previous
pass as displacement estimate; 32 x 32 pixel sub-window with mean velocity
tield from previous pass as displacement estimate; 32 x 32 pixel sub-window
with mean velocity field from previous pass as displacement estimate; 32 x 32
pixel sub-window with filtered instantaneous velocity vectors from previous
pass as displacement estimate. One additional pass with instantaneous results
as the predictor is included for phase averaging cases above U,.. The final re-

sult is a 50% overlapping 32 x 32 pixel sub-window pass, with grid resolution

19



L

a) Positive phase

a) Positive phase NN

b) Negative phase

Adverse
gradient

N

Figure 2.3: Phase definition based on initial curvature of the plate’s defor-
mation.

of ~ 2.3 mm/sample vertically and horizontally, resulting typically in 20724 ana-
lyzed subwindows per image pair. The full field of view is composed by two of
this independent data fields (i.e., two cameras, each recording half of the field
of view), forming a grid of 132 by 314 vectors in the vertical and horizontal axis,

respectively.

2.4.1 Phase definition for dynamically stable cases

For flow velocities where there is no large oscillatory motion present, we test
the plate twice for approximately the same flow velocity under two different
equilibrium positions (See Tab. 2.4). For convenience, we provide a definition
of such equilibrium positions based on the sign of the curvature (the angle be-
tween a horizontal line and a tangent to the plate) of the first section of the plate.
If the deformation presents an initial positive curvature, y, it will be term “pos-
itive phase”, or “negative phase” otherwise (see Fig. 2.3). The existence of such

two equilibrium positions for the same load will be explained in Sec. 3.1.5.
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Table 2.5: Number of image pairs used on particle image velocimetry anal-
ysis, PIV, when phase averaging is required.

Test Phase Image pairs Tolerance[pix] Average Tolerance [pix]

10" a 144 10 10
b 128 10 10
c 94 10 10
d 125 10 10
e 31 10 15
f 184 10 10
g 111 10 10
h 161 10 10
11 a 117 8 10
b 112 8 15
c 38 10 15
d 80 8 15
e 239 8 10
f 82 8 15
g 94 8 15
h 89 8 15
12 a 73 10 10
b 110 10 15
c 137 11 15
d 91 10 15
e 40 11 15
f 36 11 15
g 34 11 15
h 47 11 15

" This corresponds to allowed tolerance to determine image pairs, where the toler-
ance corresponds to the allowed tolerance from a target position, and averaged
tolerance corresponds to the allowed tolerance from the 5 averaged previous posi-
tions of the target position.

" This test corresponds to critical flow velocity, U..
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2.4.2 Phase-averaging procedure for dynamically unstable

cases

PIV analysis for the unstable dynamic cases was performed using phase-
averaged selected images. As the oscillatory motion is a nonlinear process, re-
peatability of deformations is expected to decrease as flow speed increases. We
apply the edge detection algorithm described in Sec. 2.3.3 to the first image of
the image pair, and extract the deformation of the plate in time (Fig. 2.4). To this
image, we apply a median filter in time with a 15 point kernel, and subsequently
a median filter in space with a 13 point kernel (See Fig. 2.5 for results). We can
see in Fig. 2.6a that the result of filtering does not smooth out the real peaks
of the deformation, and in turn allows us to eliminate noisy results of detecting
tracer particles as potential plate locations. Notice from Fig. 2.4 and Fig. 2.5 that
the leading and trailing edge have been truncated. These are locations particu-
larly susceptible to errors in detection and therefore truncation was necessary to
apply the filtering procedure. This does not mean that we are removing data for

PIV analysis as this information is only needed for pre-selection of image pairs.

Once data is filtered out, we select a single point on the plate as our tar-
get position, and analyze the data in time looking for plate’s positions close to
the target position. We select those instances where the locations fulfill an es-
tablished tolerance, and where the previous 5 time steps are within an average
tolerance as well (See. Tab.2.5 and Fig. 2.7a for results of this step). The pro-
cess is repeated for at least 5 additional locations (additional targets), leading to

the final selected pairs within agreement of the established tolerances (See. Fig.

2.7b).
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Figure 2.4: Example of plate’s location as a function of time at critical flow
velocity, U.. The color-map indicates the position of the plate
on a row of the sensor (i.e., the vertical coordinate of the plate
for an specific time and an specific horizontal coordinate), the
vertical axis indicates the column of the sensor (i.e., the hori-
zontal coordinate), and the horizontal axis corresponds to the
image pair or sequence in time. Data is unfiltered.

It remains to define the concept of phase of the selected cases. As linearity is
not present, and considering the oscillatory period is described by a statistical
distribution with positive skewness (see Fig. 2.8), we use the first oscillatory
period of the first selected point as a guide to define phase. Within this period,
eight phases where selected which describe the oscillation of said point, the first
corresponding to —r/2, with 7/4 increments. This phase angle is consistent with
a sinusoidal wave, were zero is the Cartesian origin, and —/2 and /2 are the
minimum and maximum, respectively. Nevertheless, this is not a mathematical

definition of the phase of such experimental cases.
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Figure 2.5: Filtered and truncated plate’s locations as a function of time at
critical flow velocity, U.. The color-map indicates the position
of the plate on a row of the sensor (i.e., the vertical coordinate
of the plate for an specific time and an specific horizontal coor-
dinate), the vertical axis indicates the column of the sensor (i.e.,
the horizontal coordinate), and the horizontal axis corresponds
to the image pair or sequence in time.

2.5 Pressure and forces estimation

We assume the time-averaged flow field to be two dimensional and integrate
the Reynolds averaged momentum equation (Eq. 2.1), to obtain time-averaged
pressure fields for both dynamically stable and unstable cases. Following Ein-

stein notation, the Reynolds average momentum equation is:

op  _om Ouwu, o
_op _ .0 - P 2.1
6x,~ pu]ax]' TP axj 'uﬁxjxj ( )
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Figure 2.6: Displacement of a single point in the plate as a function of
time at critical flow velocity, U.. This example corresponds to
column 2500 in the sensor array.
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Figure 2.7: Selected plate’s locations: a) Selected deformations fulfilling

the allowable tolerance defined in Tab. 2.5 after analysis of col-
umn 2500 in sensor array; b) Final result after further analysis
of columns and including the average error defined in Tab. 2.5.
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Figure 2.8: Distribution of periods for the three lowest flow speeds to
which phase averaging was possible.

where the over-bar represents the time-mean, and the first, second, and third
term on the right hand side represent the mean advection, fluctuating, and vis-

cous stress terms.

Unlike methods where the pressure Poisson equation is solved (Koschatzky
et al., 2011; Ghaemi et al., 2012; de Kat and van Oudheusden, 2012; Ghaemi
and Scarano, 2013), the proposed scheme only involves the integration of the
Navier-Stokes equations, with all possible shortest paths from boundary to each
grid point (see for example Liu and Katz (2013); Zhang et al. (2017) for a more
elaborated selection of paths to reduce computational cost). Comparison of the
two methods (i.e., solving the Poisson equation or spatial integration of pressure
gradients), is reviewed in (Charonko et al., 2010; van Oudheusden, 2013), show-
ing that results are identical away from boundaries where Dirichlet boundary
conditions are imposed. Pan et al. (2016) presents a study of the error propa-
gation of the pressure derived from Poisson solvers, and showed that the error
propagation for large domains is impacted by data errors inside the domain,

while for small domains it is impacted by data errors on boundaries. Addition-
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ally, Pan et al. (2016) showed that the type of boundary conditions affects sig-
nificantly the error propagation, where domains with pure Neumann boundary
conditions need to satisfy the compatibility condition, which can prove difficult

in PIV.

For the present fluid-structure interaction, solving the Poisson equation
presents a number of challenges, and hence the calculation of the pressure takes
the form of gradient integration. We leave the solution of the Poisson equation
as a future work. First, being a pressure driven open channel flow, a non-zero
pressure gradient is involved. Despite the slope of the water surface being neg-
ligible within experimental uncertainty, up- and downstream boundary pres-
sure gradients are non-zero on the experimental domain (i.e., field of view).
Second, the water surface is modulated by the immersed deformation (i.e., the
plate), which again induces non-zero pressure gradients at the surface bound-
ary. Moreover, the top boundary for the grid, does not match the surface exactly,
partially due to the modulation and partially due to experimental design to re-
duce surface reflection errors. Additionally, the immersed boundary requires
an appropriate handling of its boundary conditions, which requires a nontriv-
ial handling of the plate curvature in relation to Newman boundary conditions

applied onto a Cartesian grid.

The two dimensionality assumption is checked for each case trough the di-
mensionless divergence of the velocity field, (V _LZ) at. This is presented in Fig.
2.9 for dynamically stable cases, and Fig. 2.10 to Fig. 2.12 for dynamically un-
stable cases. These fields show the fractional change in volume of an idealized
infinitesimal fluid particle between adjacent velocity fields. In our case, since

the diverge is computed on the average velocity field, the two adjacent veloc-
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ity fields will correspond to the idealized field on the first and second image of
a theoretical PIV image pair. Therefore, the divergence will show the degree of
particles lost during the fractional time change Ar due to in-plane motions. From
the figures we see that the two dimensionality assumption holds for the dynam-
ically stable cases (Fig. 2.9), while for dynamically unstable cases, it shows good
agreement for the two lowest flow velocities (Fig. 2.10 and Fig. 2.11) with some
degree of in-plane motion accompanying vorticity being shed and advected out
from the leading edge boundary layer. For the highest flow of the dynami-
cally unstable cases (Fig. 2.12), the two dimensionality assumption is affected
by the fact that the performance of the phase averaging is being affected by the
reduced repeatability of the deformations (Sec. 2.4.2), phenomenon inherently
related to the in-plane motions of the fluid and three-dimensional motions of
the plate’s deformations. Furthermore, as sugested by the simulations of an
inclined vortex, a small to moderate degree of out-of-plane motion does not se-
riously affect the pressure field determination, provided the error is controlled
with a multi-directional integration approach (Charonko et al., 2010; de Kat and
van Oudheusden, 2012).

Given two-dimensionality of the average flow field, the momentum equa-

tion (Eq. 2.1) can be expanded to:

ap (_aﬁ _65) (0W HW) (62ﬁ 02ﬁ)
-—=—=p + +p + - —,

Ox ”& Wa_z ox 0z ox2 M ow 22)
_a_ﬁ— ﬁa_v_v+wa_w + 8W+6W/W’ — 82_w+62_w .
dz P Ox 0z P Ox 0z K ox2  ow?)’

where the apostrophe indicates the fluctuating terms. Moving the minus sign
to the right hand side (R.H.S.), we can integrate Eq. 2.2 as follows (dp/dx and
dp/dy represent the modified R.H.S. of Eq. 2.2):
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Figure 2.9: Two-dimensional divergence fields for dynamically stable
cases. The fields are made non-dimensional by Az (the tem-
poral delay between two images of an image pair).
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Figure 2.10: Two-dimensional divergence fields for dynamically unsta-
ble case at critical flow velocity (Re = 1.04 x 10%). The fields
are made non-dimensional by At (the temporal delay between
two images of an image pair).
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Figure 2.11: Two-dimensional divergence fields for dynamically unsta-
ble case at critical flow velocity (Re = 1.18 x 10%). The fields
are made non-dimensional by At (the temporal delay between
two images of an image pair).
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Figure 2.12: Two-dimensional divergence fields for dynamically unstable
case at critical flow velocity (Re = 1.79 x 10°). The field has
been normalized by At (the temporal delay between two im-
ages of an image pair).
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2 9p (x,7) “ dp (x,2)
pz_plzf pa dx+f pa dz, (2.3)
X 21

1 X <

where p, is assumed to be equal to zero at the boundary for the first iteration,
and the final result of the iteration is fed into the next iteration. The integration
(trapezoidal rule) is carried out through all possible shortest paths from each
boundary grid point to each other grid point, eliminating those paths that cross
the immersed boundary (i.e., the plate), and averaging all results of valid paths.
For an m by n grid, this involves (2 (m + n) — 4) X (mn — 1) operations. A sin-
gle grid value involves a maximum of (2 (m + n) — 4) integration paths, minus
those excluded due to immersed boundary crossing. Dabiri et al. (2014) used
the median value of the integration paths (only 8 paths per grid point), while
Liu and Katz (2006) used the mean value of the integration paths from their

omni-directional algorithm (i.e., virtual boundary to avoid path clustering).

A straight line is used from (x;, y;) to (x», y») to identify the grid cells contain-
ing the grid points involved in the integration, but only horizontal and vertical

movements are allowed (see Fig. 2.13).

We use seventy iterations to converge the assumption of p; on Eq. 2.3 and
check the converge of all the points in the pressure field. All relative errors for
dynamically stable and unstable cases are below 10~*. Notably, we require more
iterations than the 3 to 5 iterations suggested by Liu and Katz (2006) to achieve
convergence. This can be explained first, by the fact that the length of our field
of view is of the same order as the length of the plate, and second, by the fact
that our algorithm does not implement the virtual boundary integration that

reduces path clustering in Liu and Katz (2006).
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Figure 2.13{ Example of shortest path between boundary grid point and

interior grid point, and derived path based on allowed hori-
zontal and vertical movements.
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Figure 2.14: Infinity norm for the relative error including boundary grid

points and all pressure field values for dynamically stable
cases. Colors indicate different flow velocities.
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Figure 2.15: Infinity norm for the relative error including boundary grid
points and all pressure field values for dynamically unstable
case (Re = 1.04 x 10°). Colors indicate different deformation
phases.

To determine the right hand side of Eq. 2.2 we use either centered finite dif-
ferences for all interior points, or forward and backward finite differences for
boundaries, all treated to second order. To determine the cells involved on a
straight integration path, the Bresenham’s line algorithm is implemented. This
algorithm determines the points, in our case, coordinates, of an n-dimensional
raster that should be selected in order to form a close approximation to the
straight line between two points. The algorithm is cheap computationally as
it only involves integer addition, subtraction, and bit-shifting. To determine the
possibility of such a path intersecting the parametrized plate (i.e., plate’s loca-
tion represented by 2000 line segments) we evaluate the Bézier parameters as

follows:

We define two lines L; and L, being the two lines the integration path and the
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Figure 2.16: Infinity norm for the relative error including boundary grid
points and all pressure field values for dynamically unstable

cases (Re = 1.18 x 10°). Colors indicate different deformation
phases.

segment of the plate being evaluated:

X X) — X
Y1 Y2 — W1
X X4 — X
Y3 ya—Yy3

where 1t and uu are the first degree Bézier parameters to be evaluated, respec-

(2.4)

tively defined as:

_ (x1 = x3) (y3 = ya) = (y1 — y3) (X3 — x4)

o =) 05—y — 01—y (3 —x0)’

(2.5)

U= (x1 = x2) (1 = y3) = (V1 = y2) (X1 — X3)
(x1 = x2) (y3 = y4) = (1 — y2) (x3 — X4)

(2.6)
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If0 <1t <1and 0 < uu < 1, the two lines intersect and therefore the integration

path is discarded.

A ftirst calculation of the pressure field based on Dabiri et al. (2014) (i.e., in-
tegration of time dependent Navier-Stokes equation) showed that the method-
ology suffers from poor convergence under our experimental conditions. Such
methodology is limited in the number of integration paths presenting direction-
ality preference. Pressure results are further affected by not involving successive
iterations to converge the boundary values used as an initial guess, assumed to
be zero. Moreover, Dabiri et al. (2014) determined that the accuracy of their
method is affected when the domain size is four times or less the length scale
of the immersed object, which is directly related to the convergence of pressure

boundary values.

Assuming the pressure field is sufficiently converged, we study the distribu-
tion of fluid forces acting on the plate, and their contribution towards transition

to large oscillatory motions. The force of the fluid acting on the plate is given

by:

:—pffuujn]ds ffuunds ffpnds+,uff(§z; au)n,ds (2.7)

where the terms on the right hand side are the mean momentum transfer, the
mean turbulent momentum transfer, the mean pressure contribution, and the

mean viscous stress, respectively.

A dilation process was used to establish different control volumes over
which forces where to be calculated 2.17. We define 6*°, the laminar bound-

ary layer thickness of a flat plate, as a metric for dilation of the control surfaces
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Figure 2.17: Examples of control volumes used at Re = 0.43 x 10°. The
figure depicts the dilation at 0.5, 1.0, 1.5, 2.0, and 2.2 of 6%
from the plate’s boundary.

away from the plate mean position:

_5.0L,

99
0= Ren

(2.8)

where L, is the plate’s length. We explore using different fractions of 6*° (0.5 to
2.2) as the dilation length scale, and study the convergence of the total vertical

and horizontal forces (lift and drag, respectively) as a function of such fraction.

The drag and lift coefficients are given by:

F
2 ’I’fo 0 (2.9)
Co=1",
ELprUo

where F,; and F; are the drag and lift forces per unit width acting on the plate.
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2.6 Uncertainty analysis

Unless otherwise stated, uncertainty associated with variables in text is as fol-

lows:

2.6.1 Bias errors

The accuracy of the ADV is reported by the manufacturer as +0.5% of the mea-
sured value or +1 mm/s, whichever is larger. To the former we add the error
coming from misalignment on the experimental set-up or probes in the wrong
position due to possible shocks during the usage. This additional error will be
accounted for as roll, pitch and yaw movements, with an assumed maximum of
2° deviation angle, where only two out of the three rotations will be considered.

If u,.. is defined as u,.q; = upias/cos6, the bias error due to roll movements is:

€ = Ureal — Ubias»

E = Upegl — UyeqiCOSO, (2.10)
Ureal — Mrea[COSQ
= =1 - cos0,
Ureal

where the total error now considering a second rotation due only to misalign-

ment is:

€= \/(1 — cosf)? + (1 — cosh)>,

= \/(1 — €08 (2°))” + (1 — cos (2°))?, (2.11)

e =0.09%,

39



and the total error considered as bias error for velocity components or mag-

nitudes with the same units as the velocity (turbulent intensity) is ¢ =

v0.09%?2 + 0.5%? = 0.51%. The error for the Reynolds stress will be considered as
the square of this error. If the bias error calculated as the 0.51% of the measured

value is less than 1 mm/s or (1 mm/s)?, the later is chosen as the bias error.

For quantitative image-based edge and single point detection, the root-sum-
squares technique (Kline and McClintock, 1953) is considered for bias errors

defined as 6R/R:
1/2

[

Taking into account the errors of spatial calibration (1 pixel per 1600 pixels), and
camera trigger response time (1 us per 0.005 s), for a maximum total bias error

of £ = 0.07%.

For particle image velocimetry, as with image-based detection, the root-sum-
squares (Eq. 2.12) technique is considered for the bias calculations, with errors
of sub-window displacement (0.5 pixels per 32 pixels, where 0.5 pixels is chosen
as the sub-window displacement is sub-pixel accurate), spatial calibration (1
pixel per 2160 pixels), trigger response time (1 us per 0.005 s), for a maximum

total bias error of € = 1.56%.

2.6.2 Random error

The random error for both ADV and PIV is calculated based on the bootstrap
analysis (Efron and Tibshirani, 1994) with 1000 re-samplings for the analysis of

the mean, reporting the 95% confidence interval. The confidence interval band
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reported in all figures of spectral analysis has been done with this technique.
The error reported in the edge detection results is the 95% confidence interval
of the true error distribution (no bootstrap involved). We report for velocity
and turbulent metrics the maximum random absolute error bounds, and the
10%, 50%, and 90% percentile values of the relative error distribution bounds

(see App. D), values chosen as typical metrics of these distributions.

Special care is taken to report mean values of PIV for each variable of interest.
We define absolute and relative errors as follows, taking the mean value of the
horizontal velocity as an example (x): the upper and lower error bounds are
" and &7, respectively. These errors are the 95% confidence interval based on
bootstrap analysis with 1000 re-samplings. The upper and lower absolute error
bounds are |As*| = | " —u |, and |[Ae”| = | &~ — u|, respectively. These errors have
the units of the variables of interest. Additionally, we report the dimensionless

=|(e*—u)/ul, and

relative error, with upper and lower bounds define as |As;r

|Ae™| = | (™ —u) /u |, respectively.

We present the maximum absolute error (|Ag]), and the 10%, 50%, and 90%
percentile value of the relative error distribution (|Ag,|) per case. For example,
the maximum |Ag| is the maximum of an m X n PIV grid. In a similar way, the
percentile value intervals for |Ag,| are the respective percentiles of the m x n PIV
grid. This is presented to avoid misleading the reader towards the erroneous
interpretation of the existence of high errors in the current data set. Our ex-
perimental set-up involves developing boundary layers, flow separation, and
recirculation zones that drive time-averaged velocities and fluctuations close to,
if not exactly to, zero values. As expected, a relative error of such values grows

inversely proportional to the mean value, and therefore, relative errors can be
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Figure 2.18: Sorted relative and absolute random uncertainty bounds for
the mean horizontal velocity, u#, containing all dynamically
stable cases. Sorting of absolute and relative errors is indepen-
dent, and (+) and (-) signs indicate upper and lower bounds,
respectively.

excessively large.

Notice, for example, how the value of the relative error grows to a consid-
erably large value for u and w, while the maximum absolute error remains low
with respect to U, (Fig. 2.18 and Fig. 2.19, respectively). These two distributions
contain all velocity vectors for the static cases (i.e., all vectors contained in the
m X n grids of the nine cases). An option here will be to simply normalize all
values for U,, but this option, as dividing by a small number, can be misleading

as well.

Tab. 2.6, and Tab. 2.7, present the maximum absolute and relative error for

dynamically stable cases, and dynamically unstable case, respectively.
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Figure 2.19: Sorted relative and absolute random uncertainty bounds for
the mean vertical velocity, w, containing all dynamically sta-
ble cases. Sorting of absolute and relative errors is indepen-
dent, and (+) and (-) signs indicate upper and lower bounds,
respectively.

Table 2.6: Absolute (JA¢]) and relative (|A¢,|) error bounds for dynamically
stable cases. Absolute error is the maximum error, and relative
error is reported as a percentile of the distribution.

Percentiles, reported as [%].

10" 50 90"
Ae*| [m/s] 1Ae|[m/s] |Aef| |Aer| |Aer| |Aaer| |aer| |ae;
u  0.0029 00031 005 005 022 023 178 178
w  0.0017 0.0017  0.86 087 565 565 3543 35.34
W 0.0019 00018 193 185 244 232 308 293
w 0.0012 0.0011 207 197 258 245 3.16 3.00
ww' 00001 0.0001" 652 657 11.96 12.09 5548 55.26

* Units are [m?/s?].
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Table 2.7: Absolute (JA¢]) and relative (|A¢,|) error bounds for dynamically
unstable cases. Absolute error is the maximum error, and rela-
tive error is reported as a percentile of the distribution.

Percentile, reported as [%].
10" 50" 90"

+
| Asg]

|A8;

| As;

| Ag;

|Ae*| [m/s] |Ae7|[m/s] |Ae} |Ae?

0.1161 0.1332 022 022 081 082 3.63 3.78

u

w 0.0752 0.1269 02.78 0277 20.07 2026 129.14 128.77
u 0.1194 0.1123 1040 08.85 15.81 12.64 2825 20.33
w 0.0854 0.0823 1091 09.16 16.41 1295 2951 20.82
uw 0.0131° 0.0346" 40.57 4580 91.08 101.39 479.29 484.12

" Units are [m?/s?].

2.6.3 Total error

With bias and random error defined, total error (g,,) can be determined by Eq.

213

2 g2 (2.13)

Eior = Ehias random

2.6.4 Other uncertainty

Additional uncertainty criteria is as follows:

1. Half of the maximum resolution for single-sample data (i.e. data 