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ABSTRACT OF THE DISSERTATION

Hydrodynamic Properties of Air Entraining Flows:

A Study using New Acoustic Techniques

by

o

Thomas K. Berger
Doctor of Philosophy in Physics
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Professor Michael J. Buckingham, Chair
Professor Patrick H. Diamond, Co-Chair

The plunging water jet constitutes a rich physical system of great practical signif-
icance in terms of its aeration and mixing properties. This study investigates the
acoustic emissions of a water jet impinging on a flat surface of water and applies
the acoustics to the study of the hydrodvnamics and entrainment characteristics
of the jet. As the jet penetrates the surface, air is entrained in the form of bubbles
which produce sound by various mechanisms including amplification of turbulent
noise, collective bubble oscillations, and single bubble resonances activated through
entrainment, break-up, or coalescence. The experiment involves a fresh water jet,
with a diameter of millimeter order and velocities ranging to about 10 m/s. im-
pinging from varying heights into a fresh water receiving pool in a large laboratory
tank. The acoustic signal is measured with hydrophones in different positions,
amplified and digitally sampled. Time-series, power spectra, and time-frequency
analyses are connected to the hydrodynamic processes in the bubbly flow. Mea-
surement and analysis of the acoustics provides a new non-invasive technique by
which to establish various properties of the gas entrainment and hold-up. The
dependence of the entrainment rate on jet velocity, and jet length are found for a

free vertical jet. Bubble size distributions of primary and secondary bubbles are

Xiv



found from the acoustic signatures of single bubbles. Classifications and statis-
tics of break-up mechanisms are developed through acoustic observations in both
time and frequency domains and compared to existing bubble break-up models.
The intent of this study is to demonstrate the utility of acoustics in the general

investigation of two-phase flows.
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Chapter 1

Introduction

I.A Problem statement and motivation

In nature and industry, from the breaking of the ocean’s waves to the
pouring of molten glass and mixing of chemical compounds, gas entrainment by a
water jet is often encountered and of widespread interest. It is also readily modeled
and easily controlled and repeated in practice. It thus remains a canonical problem
of study for fluid dynamics. A recent review article by Bin [3], which includes an ex-
tensive bibliography, summarizes the substantial research on this subject. Though
the plunging jet has been extensively studied both experimentally and theoreti-
cally, it remains largely unexplored acoustically. Acoustics, however, provides a
useful non-invasive tool for the investigation of various properties concerning the
gas entrainment and their dependence on system parameters. Further, an under-
standing of the combination of acoustics and hydrodynamics in this system will
provide insight into sound generation mechanisms in the ocean. This study inves-
tigates the acoustic emissions of the plunging water jet and applies the acoustics
to the study of the hydrodynamics and entrainment characteristics of the jet. It is
primarily intended to demonstrate the usefulness of acoustic techniques for general
studies of two-phase flow.

The experiment involves a jet of water impinging on a flat surface of



[EV)

water. As seen in figure [.1, air is entrained at the surface forming a roughly cone-
shaped bubble plume. The height above the surface and the velocity of the jet.
while being among the most important system parameters are easily controlled.
While varying these parameters, the entrainment rate, bubble size distribution,
and break-up mechanisms can be observed and measured using acoustic techniques.
The means by which air bubbles in water can produce sound are well understood.
For example, the presence of bubbles in a turbulent flow provide an amplification
or coupling mechanism by which energy in the flow can be converted to acoustic
energy. Individual bubbles have well defined acoustic resonance frequencies which
are easily excited and depend primarily on their size. Further, collections or clouds
of bubbles also exhibit a resonance structure which depends strongly on their
geometry and void fraction profile. These mechanisms provide for an acoustic
signature for various hydrodynamic properties. Exploiting them extends previous
studies on this rich system.

We continue the introductory chapter with a brief review of previous
studies of the plunging jet system. The subsequent two chapters will describe
the plunging jet and the associated acoustics, the ingredients relevant to an un-
derstanding of the measurements made. This is followed by a description of the
experimental facility constructed for the acoustic study of the plunging jet and an
explanation of some of the analysis techniques used. The main chapter contains
the experimental results together with some more details on the measurements

themselves. A summary of the results is contained in the concluding chapter.

I.B Review of previous work

I.B.1 Entrainment rate

Perhaps the most important issue in industrial applications concerns the
total volumetric flow rate of entrained gas. The problem may be either to max-

imize it, as in aeration in waste treatment facilities, or to minimize it, as in the



Figure I.1: Typical bubble plume entrained by a plunging water jet.






