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C h a p t e r 1

INTRODUCTION

1.1 Motivation
Objects which behave like flat plates when interacting with a fluid are ubiquitous
in the natural and engineered world. Some examples include thin wings (biological
and man-made), windshields, wind turbines, propellers and rotors, paddles, hands,
fans (rotary, hand-held, biological), heave plates, and leaves. Some of these bodies
are solid throughout, but many are not. Some primarily experience largely steady
flows, but certainly not all. While there are certainly many studies involving flat
plates in unsteady flow, the problem is still far less well understood than the steady
counterpart. Perforated and porous plates undergoing unsteady motion are even
less well studied and understood. Given their ubiquity, there is a need for better
fundamental understanding in the gaps.

Although fluid mechanics and control theory are each mature fields of study, true
active feedback control of fluid flows (control where internal degrees of freedom of
the fluid itself are the primary target of sensing and actuation and the mechanism
operates at the frequency of the phenomenon itself), has remained rare even in
research settings. Lack of observability (the ability to measure the flow’s complete
state), lack of controllability (the ability to control the flow’s complete state), and
lack of theoretical and practical understanding of how to navigate around these
aforementioned roadblocks stand in the way of broader success of feedback control
in fluid mechanics. Given the maturity of both fields, but previous lack of success at
their intersection, feedback control is a promising direction for further discovery and
performance enhancement. Feedback control is often a prerequisite for unlocking
desirable performance changes and various emergent phenomena, making it a natural
target for a mature and practical field like fluid mechanics.

A flat plate appears to be an obvious choice to attempt feedback control given
it more readily admits theoretical treatment than other fluid-body interactions: it
has known points where the flow separates from the body, and the mathematical
description of a flat plate is simple. Yet, because feedback control requires a
thorough understanding of the flow’s response to unsteady motions and that is not
as well studied, there remains a need to add to our body of knowledge of flat plate
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fluid dynamics.

These gaps are the genesis of the current work: the need for flow sensing capabilities
that can help resolve the observability issue as it applies to feedback control at
practical timescales, and the need for studies of perforated and/or accelerating
plates.

1.2 Vortex Dynamics for Unsteady Fluids Problems
As much as possible, the problems tackled herein are done so from the perspective
of vortex dynamics, with special attention given to the body-fixed frame. Vortex
induction and vortex impulse arguments are made whenever feasible, as opposed
to appealing to pressure fields. The image-vorticity/bound vorticity perspective
on boundary conditions is favored over treating the body as a solid region, due
to the subsequent conceptual simplifications it a!ords. These choices are well
known to be especially powerful in incompressible flows (Sa!man, 1993; Eldredge,
2019), but for unsteady flow and body motion these choices are nearly unavoidable
when attempting to achieve interpretability and generalizability. As will be seen,
this perspective a!ords qualitative predictive power and understanding of real fluid
motions. The many extra terms that show up in the pressure equation when it is
written for an unsteady flow in an accelerating and rotating frame, relative to the
unchanged vorticity equation, is but one example of where the vortex dynamics
perspective pays o!.

1.3 Outline
In chapter 2 the aspects of the experimental apparatus which is common, or relevant,
between experiments is discussed. In chapter 3 we discuss experimental and theo-
retical developments regarding the wake generated by a perforated plate accelerated
from rest. It is found inviscid 2D vortex dynamics are su"cient for qualitative
understanding, and even rudimentary simulation. In chapter 4 we discuss a method
by which it is possible to measure an entire 2D velocity field (and crucially vorticity
field too) at over 1000 frames per second, enabling unique measurements, visual-
ization, and practical feedback control application. Chapter 5 uses vortex dynamics
in a body-fixed reference frame to theoretically predict unexpected behavior for flat
plates with and without a leading edge vortex in the flow. Finally, chapter 6 com-
bines the understanding and capabilities built in the previous chapters to capture
leading edge vortices on a flat-plate-like body using the measured vorticity field to
feed a control loop.
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Each chapter, except chapter 6, is meant to be self-contained and can be read
independently of the others. Appendices are reserved mostly for mathematical
details in places where it is deemed the mathematics would otherwise weigh down
the experimental and physical arguments they are intended to support. They are
also used to make addendums to completed work, which provides further support
for the chapter but was either developed after publication or would have made the
publication too lengthy.

A preamble is included with each chapter, which breaks down the authorship con-
tributions where necessary, and in the case of chapters 4 to 6 outlines the motivation
and connection between the work.


