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Abstract
This thesis presents the results of three main experirnentai projects; a study of
ultrasonic wave propagation in strongly scattering materials, the use of the results of this
first study to develop new techniques in ultrasonic correlation spectroscopy, and the use
of these techniques to measure the dynamics of particles in fluidized beds. The first
project involves the investigation of wave propagation in random, inhomogeneous
materials that scatter ultrasound strongly (Le. materials where the scattering mean free
path is comparable to the ultrasonic wavelength A ). 1 have measured the velocities of the

weak ballistic pulse that travels through these materials without scattering out of the
forward direction. In the intermediate fiequency regime, where R -the size of the
scatterer, these measurements reveal strong dispersion in the ballistic modes, caused by
both resonant scattering in the matenal and tortuosity eEects. The dependence of the
dispersion on the volume fraction of scatterers is investigated; very good agreement
between the bailistic velocities and an effective medium theory, based on a spectral
function approach, is found at dl volume fractions. The diffusion approximation for the
scattered waves is tested by measuring the ensemble-averaged transmitted intensity in
pulsed ultrasonic expenments. The volume fraction dependence of the wave difision
coefficient and the absorption time is investigated experimentally, and parameters that
govem diffisive propagation are modeled using an extension of the spectral function

approach.
Using the results of this wave propagation study, we have developed two new

ultrasonic spectroscopy techniques.

Dynamic Sound Scattering (DSS) uses singly

scaîtered sound to measure the rms velocity of scatterers. Difising Acoustic Wave
Spectroscopy (DAWS) uses multiply scattered sound, described by the diffusion
approximation, to measure the relative motion of scatterers. This thesis explains the
underlying principles governing these techniques and the ways that these techniques can be
implemented in practice to provide powemil new methods for investigating the dynamics

of strongly scattering materials. I aiso take advantage of the ability of ultrasonic detecton
to detect the wave field directly to test the Siegert relation. The Siegert relation is a
simple relationship between the field and intensity temporal autocorrelation functions, and

is frequently used in the interpretation of analogous iight scattering techniques. 1 have
elucidated the conditions under which the Siegert relation is obeyed through a systematic
study of this basic wave relation for both single and multiple scattering. We also take
advantage of our ability to measure the phase of the scattered waves, and show how the
statistics underlying their temporal fluctuations can be used to investigate the scatterer's
dynamics.

Using DAWS and DSS, 1 have investigated the dynamics of particles suspended
against sedimentation by a fluid flowing upwards in a fluidized bed. Since ultrasonic
wavelengths are on the order of millimeters, the suspensions that can be probed contain
particles with diameters on the millimeter scale; this corresponds to a regime that is of
interest in industriai applications. Thus DAWS and DSS are well suited to the high
Reynolds number, high volume fraction suspensions to which other current techniques are
least suited. In Our expenments, the velocity fluctuations and velocity correlation lengths
iii

are measured as a function of the volume m i o n and sample size for a range of Reynolds
numbers. At high volume fractions of particles (4 > 0.15), we find surpnsingly large
values of the rms velocity fluctuations and instantaneous correlation length, with a
different dependence on volume fraction to that seen at low qi The relationship between
the velocity and correlation length is explained for ail volume fractions by accounting for
the fundamental importance of number fluctuations in setting the scale of the dynamics.

As the sample size is increased, simple scaling theones predict that the velocity
fluctuations will diverge, but some experiments and simulations have suggested that the
fluctuations may saturate for large samples. The exact nature of this saturation, and what
sets the magnitude of the velocity correlation length that cuts off tlUs divergence, is not
well understood; our expenments address this question. At low Reynolds numbers, 1 find
convincing evidence of the importance of ce11 walls in setting the magnitude of the
correlation length, and hence the velocity fluctuations. Furthemore, by measuring ail
three components of the rms velocity fluctuations, 1 have discovered simple scaling laws
for their dependence on the thimest dimension of the ce11 that have not been expected in
previous theoreticai work. At higher Reynolds numbers, 1 show that inertial effects

modQ the dynamics at al1 length scales, and cm be the limiting factor in dctemllning the
correlation length. Thus our experiments make a significant contribution in elucidating the
mechanisms involved in determinhg the velocity correlation length, and hence the
remarkably large velocity fluctuations, in tluidized suspensions.
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1. Introduction
This thesis contains three interrelated and intertwining topics, al1 involving systems
of solid spherical particles fluidized by tlowing the surrounding liquid upwards to
counteract sedimentation. First, I investigate the propagation of classical waves, in
particular ultrasound, through strongiy scattering glass bead suspensions. Then the results
of the theory and experiments from this first study are used to develop two new
expenmentd techniques in ultrasonic correlation spectroscopy, which use temporal
fluctuations of scattered waves to measure the motion of the scatterers in the fluidized
suspension. These techniques are then used to investigate the dynamics of panides in
liquid-solid fluidized bed systems. Thus, the wave propagation and fluidized bed studies

are bridged by the experimental techniques in ultrasonic correlation spectroscopy, which
are developed using the wave propagation results.
This chapter introduces these three topics. In the first section, wave propagation

and spectroscopy in strongly scattering media are discussed, followed by a section on the
physics of sedimentation and fluidization of solid particles in a liquid. The chapter ends
with a brief outline of how the thesis is organized.

1.1 Strong Scattering of Classical Waves
The study of random or disordered systems has become an important field of
physics, in part because the properties of ordered systems are now generally quite well
understood, but also because disorder is found everywhere in nature. Thus, in order to
have a deep understanding of nature, the properties of random systems must be
understood.
An important and obvious aspect of the study of randomness is the study of wave
propagation through random, inhomogeneous media. Waves are the basic mode of energy
propagation in nature, be they light (electrornagneiic waves) or sound (vibrational waves

and thermal phonons) or even gravitational waves. Regardless of the kind of classical
wave sîudied, the basic description using the wave equation remains remarkably general.

In recent years, much progress has been made in leaming how wave propagation through
these materials works, but there still are open questions, especially when the
inhomogeneities scatter the waves very strongly. Much of this progress has been achieved

using visible or near visible light [e.g. Sheng 1995 and references therein], but the basic
results should apply to al1 kinds of classical waves.
The simplest realization of a random medium consists of scattering
inhomogeneities of uniform size (a), embedded in a homogeneous background material at
a concentration specified by the scatterer volume fraction

4.

At high frequency, A a a

the propagation of the wave is determined by the individual properties of each component
of the material, depending on which region the wave is in. At low fiequency, when

A

=a,wave propagation is determined by an average of the properties of the scatterers

and background. This result is the origin of effective medium theories, and the popular

coherent potential approximation (CPA) [Sheng 19951; because the wavelength is too
large for the wave to resolve the scatterers, it sees an effective medium, whose properties

are some sort of average of those of the separate materials in the system. These two

-

extreme cases are well understood, but in the intennediate frequency regirne ( A a ), the
wave is able to resolve the scatterers, and there can be strong scattering resonances. in
this regime, there still are unanswered questions, especially when the scattering is very
strong.
In the intermediate fiequency regime, wave propagation in random media can be
split into two components. The ballistic component consists of the unscattered and
forward scattered waves, and retains spatial and temporal coherence with the input wave.
Here coherence means that there is a definite phase relation between the input and ballistic
waves. The scattered or diffusive component is the superposition of all of the many
scattered waves. Because of this complex and random interference, the phase and
amplitude of the scattered component depend sensitively on both the position of the
detector and the exact positions of al1 of the scatterers, whereas the ballistic wave is
independent of the positions of the scatterers, as long as (rernains the sarne.
Even when the scattering is very strong, there still is a small ballistic component.
But in the intermediate frequency regime, the CPA approximation breaks down, requiring

a new theory to describe the coherent wave propagation. One part of this thesis is a
critical test of a new theoretical mode], based on a Green's funaion approach [Jing et al.
1992, Sheng 1995, Cowan et ai. 19981; this work expands on the tests perfomed by

Schriemer [1997] in a static close-packed system. We also address questions about the
volume fiaction dependence of the dispersion, such as whether or not dispersion effects
are washed out at large volume fiactions [Sheng 1995, Busch et al. 19961. There also

have been questions about whether the strong dispersion in these materials invalidates the
concept of the group velocity as the velocity of pulse transport [van Albada et al. 1991,
van Tiggelen et al. 19921. To test these ideas one must be able to extract the coherent
ballistic part of the wave fiorn the much larger scattered component. This is extremely
diflicult to do in a light scattering experiment, as light detectors are sensitive only to the
intensity. However, ultrasonic detectors rneasure the field, and by averaging the field over
many different configurations of the scatterers, the incoherent part of the wave will be
averaged away, leaving only the ballistic wave.
Much progress in understanding the properties of multiply scattered waves was
made once it was realized that their propagation could be modeled using the difision
approximation [Ishimani 19671. The diffusion approximation views wave propagation as
a randorn walk from one scattering event to the next, giving information about the average
intensity transport, and neglecting al1 interference effects.

Tests of the difision

approximation have been performed using both light kagendijk & van Tiggelen 1996 and
references therein] and sound page et al. 1995, Weaver & Sachse 1995 and Schrierner et
ai. 19971, showing that it is very effective in describing the average intensity transport

through a strongly scattering medium. To go beyond the average intensity and look at the
spatial fluctuations in the output intensity, the phase information and interference between

al1 of the difYerent paths through the sample must be included. This leads to a speckle

pattern at the output face of the sarnple, with the amplitude of the transmitted wave
fluctuating over regions larger than the coherence area, which is

- n2in the near-field pig.

i.l.11.

When the scatterers move, the speckle pattern of Fig. 1.1.1 will change with time,
because the phase of each of the scattering paths is changing. The central part of this
thesis involves the development of ultrasonic spectroscopy techniques, which use these
temporal fluctuations to measure the average motion of the scattering particles. Optical
techniques that use singly scattered light to measure the motion of particles are quite well
established [Ishimaru 1967, Berne & Pecora 19761. More recently, Diffising Wave
Spectroscopy (DWS), an optical technique that uses multiply scattered light, has been
developed through the use of the diffusion approximation [Maret & Wolf 1987,Pine et al.
19881.

This thesis describes analogous ultrasonic techniques, continuing ftom a

preliminary study done by Jones [1996]. Dynamic Sound Scattering @SS) uses singly
scattered ultrasound to measure the root mean square particle velocity and Dinusing
Acoustic Wave Spectroscopy @AWS) uses multiply scattered ultrasound to measure the
relative motion of the particles. By combining these two techniques, the spatial velocity
correlation fùnction of the particles can dso be measured [Cowan et al. 20001. These new
measurement techniques are ideally suited to the study of fluidized beds, where the
scattering particles are suspended against sedimentation by a fluid flowing upwards. In
particular, since ultrasonic wavelengths are on the order of rnillimeters, the particles of
similar size are non-Brownian, and the suspensions can have Reynolds numbers that
approach those found in fluidized beds that are used for many applications in industry.

Near-Field Speckle Pattern
a=0.5 mm, L = 10.1 mm,

Figure 1.1.1: TratlSmitted intensity across the output face of a strongly
scattering sample [fiom Schriemer 19971.

1.2 Dynamics of Fluidized and Sedimeating Particles
If one considers a single solid sphere falling in a fluid, its velocity cm be found by

balancing the gravitational force with the viscous drag force exerted by the auid. But as
more falling spheres are added, the system becomes more complicated, since the spheres
begin to interact. When a sphere moves through a viscous fluid it drags dong the fluid
around it, thereby affiecting other spheres.

The effective hydrodynamic interaction

between particles is long range ( - r d ' ) , and lads to a reduction in the average

sedimentation velocity of the particles, when compared to the single particle velocity
[Russel et ai. 19891. The interaction force also leads to large velocity fluctuations, and its
long range nature leads to the theoretical prediction that the fluctuations will diverge with
sample size [Caflisch & Luke 19851. However, most experiments and simulations do not
agree with this scaling prediction picolai & Guazzelli 1995, Segrè et al. 19971, although
some do [Ladd 19961. Recently models that cut off velocity fluctuations at a length scale

4 have

been proposed as a way to remove the divergence and reconcile theory and

experiment [Koch & Shaqfeh 1991, Levine et al. 1998, Brenner 19991. Segrè el al.
[1997] have also experimentaliy shown the existence of this length scale 5, identified as

the velocity correlation length.

However, the exact nature of this cutoff, and its

underlying cause remains uncertain.
Our experiments have looked at fluidized suspensions, whose dynamics should be
quite similar to those in sedimentation, but transformed into the reference fiame of the
average sedimentation velocity. This is convenient experimentally, because the average
velocity of the particles is zero, and because the particles can be followed indefinitely
7

without the system completing its sedimentation. However, case must be taken when
comparing fluidization to sedimentation, as they may not be completely equivalent.
Nonetheless, fluidized systems are interesting in their own right, and have many
applications in the chernical industry, where the scaling with system size has direct design
relevance. In addition, as mentioned previously, ultrasonic length scales correspond to

nokBrownian particles with intenediate to high Reynolds numbers. This regime is of
interest both fiom a fundamental physics point of view, since most experiments and theory
in sedimentation have been done with smaller particles at low Reynolds numbers, and from
the point of view of industrial applications. Using Our new ultrasonic spectroscopy
techniques, we have investigated the scaling of the velocity fluctuations and correlation
lengths with volume fraction, sample size and Reynolds number.

1.3 Structure of the Thesis
The theory used to inteq.net the experiments reported in this thesis is presented in
Chapter 2. Sections 2.1 and 2.2 present the theoretical basis of ballistic and scattered
wave propagation, and give details of the theoreticai mode1 used to calculate ballistic
velocities. Section 2.3 develops the theory used to relate the temporal fluctuations in
scattered ultrasound to the motion of the scatterers. Section 2.4 introduces sedirnentation

and fluidization, and presents some current theoretical ideas relating to sample size scaling
of the velocity fluctuations.
Chapter 3 describes all of the experirnental apparatus used. Chapter 4 lays out
how the apparatus was set up to perform the experiments, and gives some details of the
anaiysis and interpretation of the data.
The core of the thesis is Chapter 5, where the results of our expenments are
presented and discussed. This chapter is split into three sections, corresponding to the
three main parts of the thesis. Section 5.1 discusses the results of our basic wave
propagation measurements, and compares these results to our theoretical predictions.
Section 5.2 gives more detail about the interpretation and use of the new ultrasonic
correlation spectroscopy techniques. Section 5.3 presents the results of our investigation

of fluidized bed dynamics, and their scaling with volume fraction, system size and
Reynolds number. Findly, the conclusions for each of the three main parts are presented

in Chapter 6, and some extra details given in the appendices.

2. Theory
In this chapter, the theory describing the propagation of ultrasound in strongly
scattenng media is developed, and the theoretical underpimings of the description of
particle dynamics in fluidized suspensions are discussed. Several different sections deal
with aspects of the propagation of ultrasound in strongly scattenng media. The first
section describes the propagation of the ballistic portion (consisting of the portion of the
wave not scattered out of the forward direction) of the ultrasound through strongly
scattenng media. In contrast to the scattered waves, the bailistic component is temporally

and spatially coherent with the input pulse. Yet, although it is unscattered, it is still
strongly afKected by the scatterers in the medium. The second section introduces the
difision mode1 for the multiply scattered sound. The diffision approximation essentially
reduces the propagation of the sound through the medium to a random walk problem.
The third section deals with how to descnbe the changes in the scattered signal when the
scatterers are in motion, and presents the theory that allows us to use the observed
temporal field autocorrelation fùnctions to measure the motion of these scatterers. In the

final section, 1 discuss some of the motions that particles suspended in fluidized beds can
undergo, as well as various theoretical predictions of bed behavior.

2.1 Ballistic Transport
No matter how strong the scattering in a sample, there is a small portion of the

transmitted wave which has either not been scattered, or has been scattered in the forward
direction., and is therefore stili temporally and spatially coherent with the input wave. One
would expect this coherent intensity to decay exponentiaily as it penetrates the sample,
with the energy being both scattered out of the bearn and absorbed.
Ballistic pulses in strongly scattering materials are generally dispersive, and in the
first section, the basic parameters describing the propagation of a pulse in a dispersive

material are described [cf.Saleh et al. 19911. The second section introduces the Green's
function for the wave equation, and the final section uses this formalism to develop the
mode1 used to calculate ballistic parameters for Our strongly scattenng sarnples.
2.1.1 Pulses in Dispersive Media
A dispersion curve describes the relationship between the frequency

V)

and

wavelength (A) of propagating excitations in a material. Generally it is represented by
writing the angular fiequency, o=2nf; as a fùnction of the wave vector, k = 2dh. In a
non-dispersive material, the dispersion nirve can be written as, a> = v, k, where v, is the
phase velocity (the velocity of the motion of the surface of constant phase through the
material) which is constant. A pulse propagating in a non-dispersive material wiil retain its
shape and move with a velocity equal to the phase velocity. However, in a dispersive

material this is no longer the case, because ocan vaiy non-linearly with k [Fig. 2.1.11.
Pulses propagating through dispersive matenals have two characteristic velocities.
The most fundamental is the phase velocity, but it now varies with frequency and no
11

Figure 2.1.1 : Pulse propagation in dispersive media.

longer equals the velocity that describes the motion of the envelope of the pulse. A pulse
contains a finite range of frequencies, which al1 move with different phase velocities and
interfere to produce a pulse whose envelope travels at a different velocity, the group
velocity, as shown in Fig. 2.1.1.
In order to mode1 this situation consider an input pulse at x = O of the fom
(x = O, t ) = e (t) exp[iw, t]

where e(t) is the envelope of the pulse, syrnmetric about t = 0, and

is the central

fiequency. We can calculate the fiequency spectrum of Eq. (2.1) by taking the Fourier
Transform

where E(w) is the Fourier Transform of

e(t).

Mer traveling a distance x through the

material the resulting wave will be

where 1. is the extinction length in the matenal, and k is the wave vector, which is related
to the fiequency through the dispersion curve. If we expand k(m) in a Taylor Series about
the carrier frequency a :

where k, is the wave vector at the carrier fiequency a,k' the first derivative, etc.
(x, t ) then becomes

-

exp (-ikox)exp ( i o ~3}'[ E (ai) exp (-ikixu} exP{-i $k;xw2)]

(2.5)

where v,

= y / k,

velocity, and

$

dG

is the phase velocity of the carrier frequency, v, = - is the group

denotes convolution. If the dispersion curve does not deviate too far

fiom a quadratic polynomial over the bandwidth of the pulse, then we can ignore the terrns
d e r the quadratic term in the wave vector expansion. The quadratic term in Eq. (2.5) is

an even fùnction of y so its inverse Fourier Transform is even in time. The convolution
of the envelope (assumed to be an even fiinction) with an even fùnction will only increase
the width of the envelope, not change the time of its center. If we cal1 this modified
envelope e, ( t ) ,then at a distance x into the material, the pulse is given by

Thus, in effect, the phase of the pulse has propagated at the phase velocity of the centrai
fiequency, and the envelope of the pulse has propagated at the group velocity of the
central fiequency as it is defined above. The cubic term in the wave vector expansion will
lead to asyrnmetries in the transmitted pulse envelope if it is non-negligible, calling into
question the validity of the group velocity as a description of the pulse velocity. This
analysis also assumes that the transmission through the ample is essentially constant over
the bandwidth of the pulse. Both of these conditions can generally be arranged by
adjusting the width of the pulse to produce a sufticiently narrow fiequency bandwidth,
ensuring that the group velocity is well defined.
The other parameter describing ballistic propagation is the extinction mean free

path, which describes the loss of ballistic intensity due the combined effects of scattering

and absorption. The scattering rnean fhe path, I , and the absorption length, Io, both
contnbute to the extinction mean fiee path:

However, in the samples used in these expenments, scattering dominates losses due to
absorption, thus the extinction mean £tee path is approximately equai to the scattering
mean free path:

The scattering mean fiee path can be roughly interpreted as the average distance traveled
between scattering events.
2.1.2 The Wave Equation and Green's Functions

In general, sound propagates as a full elastic wave in a solid, i.e. with both shear
and longitudinal components, but only as a longitudinal wave in a liquid. Our samples
consisted of solid spheres suspended in a liquid. Since the particles do not form a
connected network through the sample, wave propagation can be viewed as longitudinal
waves travelling between the solid scatterers, where it is only the detaiis of the scattering
from the particles that is infiuenced by their elastic nature. Both for this reason, and to

simpliQ the presentation, this section will focus on the scalar wave equation, which
describes the propagation of longitudinal waves. The next section will show how the
effects of the elastic waves on the scattering properties of the particles were included in

the calculations of the ballistic propagation parameters.
For an angular frequency w and a position dependent phase velocity c (note that
throughout this thesis 1 will use c for the phase velocities in the homogeneous components
of the microstnicture, and v, for the effective average phase velocity in the overd
structure), the scalar wave equation can be cast into the form

In principle, this equation includes al1 of the effects of scattering and disorder in the
system, for one particular realization of the scatterer positions. However, even if one
were to solve this equation for a particular realization, it is not clear that this would be of
much help in describing the general properties of the disordered system, as there would
jua be too much detailed information. This is somewhat analogous to trying to describe
the thermodynamic properties of a gas by explicitly solving the equations of motion for al1
of the molecules. The calculation would give a lot of detailed information about what the
molecules do given particular starting conditions, but in the end, it would not be as
informative as a statisticaf approach. Therefore, what we are really interested in, both
theoreticaiiy and expenmentally, are the ensemble-averaged transport properties of
equivalent realizations of the disordered system. Expenmentally this is done by averaging
over the different positions of the scatterers as they rnove in a fluidized bed. If the ergodic
hypothesis holds for the fluidized bed, then the experimental time average will be
equivalent to the theoretical ensemble average.
The Green's function will tum out to be the building block in developing a

statistical framework to describe wave propagation problems in disordered media. It is
essentially a solution of the wave equation (2.9), with a delta function excitation, 6 ( t ) ,
originating fiom a point source at T' . If one considers its âequency components, it is
aven by

where boundary conditions and causality must also be applied to obtain a unique solution
[Sheng 19951. The Green's funaion is so usefùl because it can excite al1 frequency and
spatial modes of the system, and because given the Green's fùnction, it is straighîfowitrd
to construct a solution for any arbitrary source through the principle of superposition.
Before attempting to apply the Green's function to a disordered system, it will be
informative to consider the simple case of a uniforrn medium. In that case, the velocity in
Eq. (2.10) is constant, and the Green's function only depends on the separation between

the source and detection points. To solve for the Green's tiinction, it is convenient to

transform to k space:

Substituting Eq. (2.1 1) into (2.10) gives

Setting the k-components equal to each other results in

~(o,"
=

1
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-
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1
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This gives the response of the system to a plane wave excitation with fiequency

w and

wave vector k. The Green's function diverges when excited with a wave vector k = k,,

which is expected since this is the natural mode of the medium. To avoid problems with
the divergence when transfonning back to the spatial domain, the standard procedure is to
add a small imaginary part to the denorninator of Eq. (2.13), and take the limit as it goes

to zero [Sheng 19951. The result is

where P represents the Cauchy principle value [Flanigan 19721. The transformation to the
spatial domain gives a spherical wave

The main point of interest in Eq. (2.14) is that the imaginary part of the Green's function
diverges dong the dispersion curve of the system. Because of the way it identifies the
modes of the system, it is often referred to as the spectrai function

For the case of a uniform medium that attenuates exponentiaiiy, the wave equation

can be written in the same form, but the wave vector ko will now be cornplex, with the

imaginary part representing the decay of the wave:

Here 1, represents the attenuation length, with the symbol chosen in anticipation of fiiture
developments. Substituting the complex wave vector

k

in place of k, in Eq. (2.13) for

the Green's function gives

Thus the spectral function no longer diverges, but it does have peaks when

Thus the peaks in the spectral function now are an excellent approximation to the modes
of the system, with a correction that only becomes significant in the extreme case when the
attenuation length is considerably less than the wavelength (correspondhg to the

The next section will show how this argument cm be extended to find the modes
of the ballistic wave in a disordered material. In this case, the ballistic wave sees a
uniform effective medium, which takes into account al1 of the scattering in an average
sense. The modes of the system are atte~uateddue to the scattering, so the spectral
function no longer diverges but fonns peaks. Nonetheless, as discussed above, the
dispersion curve can still be determined from the peaks in the spectral tùnction.
2.1.3 Spectral Funetion Approach

In a disordered medium, the Green's fiinction gives the response of a particular

realization of the system to an excitation. To extract information about the general
properties of disordered systems, as opposed to the particular properties of individual
realizations, the probability distribution over ail ensembles, P(G), must be investigated.

In this section, we are interested in the coherent or bailistic bearn, which is given by the
first moment of the probability distribution, (G) , since only the coherent components of G
wiil survive the averaging process.

The approach used here to calculate (G) overcomes the limitations of the
traditionai CPA approach, thereby allowing ballistic transport properties to be calculated
in the frepuency regime where the wavelength is comparable to the size of the scatterers.

The method uses the spectral function, following the procedure that is outlined by Sheng
[1995], Page et ai. [1996] and Cowan et ui. [1998], and described in detail by Jing el al.

[1992]. As shown in the last section, in a unifom medium with no attenuation the

spectral function has poles at frequencies corresponding to the modes of the system, and

peaks that accurately iden@ the modes in an attenuating system, so long as kie > 1.
Therefore we calculate the spectral function of the ensemble-averaged or ballistic Green's
function, and use the peaks to identiQ the modes of the system. We will aiso show that
these peaks correspond to minima in the scattering h m a single scatterer, which gives the
physicaily intuitive picture that the propagating mode is the one that is scattered the least.
Consider the wave equation in the presence of disorder, Eq. (2.9). The equation
can be written in a different way by adding and subtracting a constant

where vef is a durnmy variable representing an effective medium phase velocity. The
Green's function of this equation is given by

Equation (2.22) cm be rearranged to read

To solve this equation, consider an inhomogeneous equation of the form

Ushg the principle of superposition, p ( o , r ) can be written in tems of a Green's

p ( ~ , ?=) p o ( m , ~ ) +( ~
o ,~~ o- ~ ~ ) f ( r ' ) & ' ,

(2.25)

where p>, is the homogeneous solution and Go is the Green's fùnction of the uniform
medium:

Combining Eqs. (2.23) to (2.26) and using the boundary condition that G +O as

IF -71+

ü>

to eliminate the homogeneous term, we have

[$-LI

Here Y (7)
=

v>

c'(iw)

k the irnpv"ty operator, defiued with respect to the

effective medium. In operator notation G(o,r,r')can be wtitten in the form

This equation can be iterated on G to give

with the scattenng operator

Taking an ensemble average of Eq. (2.30) gives

(2.32)

( G )= G o +Go (Tm)Go .

Here, al1 of the effects of the scattering on the ballistic wave are contained in the
ensemble-averaged scattenng operator. Also, (G) only depends on the sepamîion,

F 4,
since the medium is on average unifon. This means that both (G) and (
T,)
depend only on one k in the wave vector representation. The CPA condition is that

(T,) = nT: = O , where

Ti) is the matrix for a single scatterer and n

is the number

density of the scatterers. This means that (G) = G,, which gives a propagating mode
with phase velocity v&

However, in the intermediate Frequency range, where the

wavelength is of the same order as the size of the scatterer, the CPA condition cannot be
satisfied, and the rnethod breaks d o m . Therefore we use the spectral function approach
here.
To firther simplify Eq. (2.32),one can define a self-energy operator as

(G)-'
= G;' - 2,
or, using Eq. (2.32),

L = (T,)[I+(T~)G,]-'

(2.34)

Since Go is a unifonn medium Green's function, in the k representation it cm be

expressed in the same way as in Eq. (2.13).

Thus Eq. (2.33) results in the foilowing

equation for the ballistic Green's function in the k representation:

If we use the fieedom to set the dummy variable vd = o / k ,then Eq. (2.35) reduces to

(G (m, k)) = -x;b (4)
,

(2.36)

which gives the spectral function

~ ( o , k=)- I ~ ( G )= ~ m [ ~ : ( o , k ) ] ,
where the self energy is calculated with respect to an effective medium wave velocity.
Since our sarnples are isotropic on average, the vector dependence of k has been dropped

from the ensemble-averaged terms. Thus, all that remains is to calculate the self energy
for each (o,k)
point - corresponding to different effective medium velocities, and

Figure 3.1.2: The coated sphere model.

ident* the dispersion curve by finding the peaks in the spectral fùnction.
However, to evaluate the self energy we must first make some approximations.

The basic s c a t t e ~ gunit in the suspensions wiU be taken to be a glass sphere, coated by a
layer of the liquid, and embedded in the effective medium discussed above [see Fig. 2.1.21.
The thickness of the liquid coating is set by the volume fiaction of the scatterers in the
sample, to conserve liquid and glass volumes. The infinite effective medium, which
surrounds the coated sphere, has a liquid nature (Le. it only supports longitudinal waves),
since the glass does not fom a connected network. The density of the effective medium is
the average density of the sample. The scattering from this single coated sphere, including
the elastic nature of the scatterer, can be calculated in a straightforward manner fiom the

boundary value problem.

if we consider just a single coated sphere scatterer, and cal1 its scattering operator

T$, then to first order in the number density of scatterers,

(TJ = 11~:;' .

(2.38)

This is the widely used independent scattenng approximation, which includes ail multiple
scattenng up to infinite order, but ignores any recurrent scattering between particles
[Lagendijk & van Tiggelen 19961. From Eq. (2.34),
(4
Lem= (TJ = nT,,
.

To relate T
:;) to the boundary value problem, we can cast Eq. (2.32) into the form

(2.39)

through the use of Eq. (2.15) and (2.25). Thus, the wave consists of the incident plane
wave and scattered spherical waves radiating out fiom the scatterer. This follows
standard scattering conventions, where the scattering amplitude is identified as

Combining these equations lads to

Here the scattering is evaluated in the fonvard directjon, because the ensemble-averaged
scatterhg matrix in Eq. (2.39) depends on oniy one k. Equation (2.42) explicitly shows
that peaks in the spectral tiinction correspond to minima in the scattering. The scattering
amplitude can be found fiom the solution to the boundary value problem, which is
discussed in more detail in Cowan el al. [1998]. ECnowledge of the scattering amplitude
also gives the scattering mean free path in the sample.

Figure 2.1.3 shows the results of caiculating the spectral function as a function of
a> and k in the effective medium for Our system of glass beads suspended in a 75%

giycerovwater mixture [ c f Sections 3.3.2 and 3.3.3, and Table 3.2 for material
properties]. Here a is the bead radius and q i s the fluid velocity. Because the experirnents
consist of measuring the response of the system to input sound with a particular fixed
fiequency spectnim, peaks in the spectral function are found by holding a> constant and
scanning k. The opposite procedure would be appropriate for a Brillioun scattering

experiment, which is performed at a constant wave vector. Panel (a) shows S (o,
k) at a

pre 2.1.3: The calculated spectral function for two volume fiactions
(a) 4= 0.20 and (b) /= 0.61. The solid line is the dispersion

curve, calculated by fïnding peaks at constant fiequency. The
dashed lme is the dispersion curve in the fluid.

volume m i o n of 4 = 0.20,where the peaks are quite strong and the dispersion c u m
(solid line) is fairly close to that in the pure fluid (dashed line). In panel @), the volume
fiaction is 0.61; very near the randomly close packed volume fraction of 0.63. Here the

peaks are weaker, especially at higher fiequencies, and the differences with the fluid
dispersion curve are more pronounced - i.e. the dispersion in the sample is stronger than it
is at the lower volume fiaction.

To find the phase velocity in the sample we take
curve. To calculate the group velocity we take v, =

-.

v, = o / k

almg the dispersion

In both cases, we smooth the

dispersion curve to account for the distribution of bead radii in Our samples
[approximately 5%, see Section 3.3.21. These calculations will be directly compared to
our measured data in Section 5.
Also of interest is the spatial distribution of the energy density of waves in the
coated sphere rnodei, which identifies where the wave energy predominately travels,
through the liquid or solid.

Thus the energy density distribution gives important

information about the form of the waves that travel through the material, and about what
the possible underlying causes of the observed strong dispersion are. The energy density
can also be calculated fiom the boundary value problem, and is discussed in Cowan et al.
[1998]. In Section 5, the results of this calculation will be used to develop a qualitative

explimation for our experimental resultS.

2.2 Diffusive Transport
To examine the propagation of the scattered waves in random, inhornogeneous
systerns, the next moment of the Green's function, (GG'), must be used. This moment
gives the transport properties of the ensemble-averaged intensity. In this section, an
outhe of the derivation of the difision equation will be given, with the details left to
references. Then the boundary conditions, for a plane slab geometry with partially
reflective boundaries, will be presented. Finally, the methods we used to calculate
diffusion parameters will be explained.
2.2.1 Diffusion Tbeory
By considering the intensity, I =(GG') a transport equation can be developed

directly fiom the wave equation [Sheng 1995 and Lagendijk & van Tiggelen 19961,

Here, S is the scattering direction, J' is the incident direction, n is the number density of
scatterers, dn is a volume element, a,is the total scatterer cross section, p is proportional
to the square of the scattering amplitude, and 6 is a source term. This transport equation
is the radiative transfer equation [Ishirnaru 1978, Ryzhik et al. 1996 and Schriemer 19971,
which was origindy derived phenomenologically in astrophysics to describe light
scattering in atmospheres. In the limit of the path lengths through the sample being much
larger than the scattering mean free path, the transport equation cm be simplined to a
diffusion equation ushimaru 1978 and Ryzhik et al. 19961

where the right hand side represents a diaise point source at

<, and U is the diffuse

energy density, which is related to the energy flux or acoustic intensity in the z direction
(normal to the sample surface) via Fick's law

with the diffision coefficient given by

Here, 1' is the transport mean free path and v~is the energy velocity. The transport mean
free path is the distance at which the scattering direction becornes randomized, and is
equal to the scattering mean free path only if the scattering is isotropic. For anisotropic
scattenng, the transport mean fiee path is generally larger than the scattering mean free
path, because it takes more than one scattering event to randomize the scattenng direction

on average. The relationship between the transport and scattenng mean free path is given
by [Lagendijk & van Tiggelen 19961

Within the diffision approximation, intensity transport can be viewed as a random

walk problem between scattering events, with a step size equal to the transport mean fiee

c

(1) Ballistic path

(2) short path

(3) long path

Figure 2.2.1: (a) Different random walk paths through the sample.
(b) Pulsed diffision approximation for the ensemble averaged intensity.

path and a speed equal to the energy velocity. For a pulsed experiment, difksion theory
predicts the time profile of the ensemble-averaged scattered intensity. This corresponds to
predicting the distribution of path lengths through the sample, as is illustrated in Fig. 2.2.1.

2.2.2 Boundary Conditions

Our fluidued bed samples have planar slab geometry, with the transverse
dimensions large compared to the thickness, L , of the bed [c.E Section 3-21. It is
therefore reasonable to consider the sample to be an infinite plane slab, with a thickness L,
in the z direction. The walls of the fluidized bed also partially reflect scattered sound back

into the sarnple, causing the sound to remain in the sarnple longer, thereby shifting the path

length distribution to longer scattering path lengths. In general, when measuring difisive
transport in the experiments reported on in this thesis, we used a plane wave source of
ultrasound. The appropriate form for these boundary conditions has been worked out, for
instance, by Zhu et al. [199 11. Only the results will be quoted here; for details refer to the
literature.
Reflective boundary conditions are dealt with by equating the reflected diffisive
flux to a fictitious flux entenng fiom beyond the sample boundary. If one identifies the

average reflection coefficient, R, as the ratio of the incoming to outgoing flux, then the

boundary conditions for the energy density can be written

This is equivalent to extrapolating the energy density to zero at a distance h past the
boundaries of the sample.

To find the average reflection coefficient, R, the angular dependence of the

reflected difisive flux must be considered. By integrating the reflected flux over the
incident angle 8, an expression for R can be found:

with

R(t9) can be calculated from the materiai parameters of the wall interfaces, as is shown in
Appendix A.

The solution of the diffision equation p q . (2.44) and (2.45)], with the boundary
conditions given by Eq. (2.48) and with a plane wave source is given by Carslaw & Jaeger
[1959].

In addition, the effects of absorption in the material are accounted for by

multiplying I(t) by an exponential time decay, with an absorption time r,.

For an

excitation that is a delta fûnction in time, the result is

with
An =

pn[P,K sin fin - cos P, ][P.K cos (&/L: ) + sin
P ~ K '+1+2K

The values of ,& are the positive roots of the transcendental equation

IL, )] .

(2.52)

Here r, = l a is the depth into the sample at which the input plane wave becomes
equivaient to a diffusive plane wave source; 2, is approximately given by the transport

mean tiee path [Durian, 19941. As stated above, this solution is for an excitation that is a
delta function in time. However, in experimental situations the input pulse has a finite
width, so the transmitted fiux must be convoluted with the input pulse intensity

ra ( t )= Ir,,,(ttp&,&
( t -+if

.

(2.54)

Therefore the difisive time profile is completely determined through the knowledge of R,

L , r., and two of D,v ~ or, I o . Of these, L, is measurable, and R is known given the
material properties of the wall and sample. This leaves the absorption time, diffusion
coefficient, energy velocity and transport mean free path to be measured From the time

profile, of which only D and t,can be determined accurately corn fitting. Thus another
method must be developed to calculate at least one of VE, or I' .
2.2.3 Calculation of Diffusion Parameters

In this section, relationships between the ballistic and diasive propagation
parameters will be dweloped. The ballistic parameten can be calculated by applying the
spectral function method to Our coated sphere model, and from these bailistic parameters,
the energy velocity and transport mean free path will be calculated. The model presented
here for the energy velocity calculation follows that in Schriemer et al. [1997].
Equation (2.47) gives a relationship between the diffusive transport mean free path

and the ballistic scattering mean free path. Entering this equation is the square of the
angle-dependent scattering amplitude, which can be calculated within the coated sphere
scatterer model.
The energy velocity is the speed at which diflùsive energy travels from one random

walk step to the next. Thus it can be Mewed as the velocity of energy transport in the
material, which is given by the ratio of the energy flux to the energy density; however
attempts to use Green's tlnction methods to directly calculate this ratio have so far proven
intractable in the strong scattering intermediate fiequency regime. Therefore, we take a
difEerent approach here, starting from the coated sphere embedded in an effective medium
model introduced in the ballistic propagation calculations.
Consider a wave of frequency o incident from the effective medium on a coated
sphere. The complex scattering amplitude f ( O ) gives the angular dependence of the
phase and amplitude of the resulting scattered wave. For a pulse, made up of a range of

frequencies, the frequency dependence of these phase shifts gives the time delay (or
advance) relative to the forward direction that the pulse experiences upon scattering. In
the forward direction, the velocity of energy transport is given by the group velocity,
whereas the energy velocity is defined as the average velocity of energy transpon in the

material. A simple physical picture of the energy velocity is that it is the average velocity

of a wave pulse after rnany successive scatterings. Since each scattering alters the
) found by performing
direction, the average time delay that the wave experiences ( d m is

an angular average, weighted by f' ( O ) , of the scattering delay from a single scatterer.

Thus the energy velocity can be written

The result of these transport mean free path and energy velocity calculations agree well

with experirnental results in our systems, as reported in Schriemer et al. [1997], justimg
the use of this simple physical model.

2.3 Temporal Autocorrelation
The previous two sections dealt with the ensemble-averaged propagation of waves

through strongly scattering samples. In this section, instead of looking at the properties of

the scattered waves when averaged over many different arrangements of scatterer
positions, we are interested in what happens to the scattered waves as the scatterers move
continuously between difFerent arrangements. In the first section we consider singiy
scattered waves, developing a relationship between the temporal fluctuations in the
scattered field caused by the motion of the scatterers, and the mean square displacement of
the scatterers. The next sections show how the diffusion approximation can be used to
extend this idea to the strong multiply scattenng regime. However, here it is the relative
motion of scatterers separated by a transport mean fiee path that is measured. The final
sections present theory describing the temporal fluctuations in the phase and intensity of
the scattered waves.
2.3.1 Dynamic Sound Scattering (DSS)

By lowering the fiequency of the wave so that the wavelength is larger than the

size of the particles, the scattenng can be weakened to the point where single scattering
dominates for a given sarnple thickness. Dynamic light scattering in the weak scattering
limit has been well established [e.g. Berne & Pecora 1976 and Chu 19911, but to the best
of our knowledge these techniques have not been used in ultrasonics. The basic idea is to
relate the fluctuations in the scattered waves to the motion of the scatterers, using
autocorrelation functions. The theoretical relationship is between the field autocorrelation
function and the mean square displacement of the scatterers, but for light scatteMg this

generally must be related to the measured intensity autocorrelation fùnction through the
Siegert relation [Sec. 2.3.51. The ability of ultrasonic detectors to measure the field, as
opposed to the intensity, lets us measure the field autocorrelation function directly.

The field autocorrelation fùnction is defined by

where y is the scattered field and

(

)I

denotes an average over t. The field can be written

as a sum over al1 of the different paths through the sample (or equivalently as a sum over

al1 of the scatterers in the scattenng volume)

where A is the single scattering amplitude, and

4 is the phase of the scattenng path p.

This leads to

For scatterers that are randomly distributed in space, only the terms with p = p' will
s k v e the time average in the numerator and denominator [see Tong et al. 19881. To
show this explicitly, we write
4 p

(1) = B * ? p

(*)

q4pr( t + r ) = i j - [ ~( ~t ). + ~( t.+ r ) - i p r ( f ) ]

= +[+( t ) + AFP*(s)]

where

4 = 3 -À

is the scattering wave vector (the difference between the scattered (P')

and incident ( R ) wave vectors), Fp is the position of the d particle and AFP(r) is its
change in position from time t to tirne t+ r. Then the numerator in Eq. (2.59) becomes

For random particle positions, and assuming that the average motion of the particles is
independent of position, the first exponentid will fluctuate and cause the average to be
zero, unless the term in curly brackets is identically equal to zero for al1 times r. This will
only happen for dl times if p = p' . A similar argument hoids for the denominator as well.

Retuming to Eq. (2.59), we cm now write it as

where A ( ( r ) is the change in the phase of a single path over a time s, due to the motion

of the scatterer. The average of an exponential cm be expanded in a cumulant expansion

As indicated in Fig. 2.3.1, the phase change of a path can be written in terms of the

scattering wave vector and the displacement of the scattering particle

k

Cfrom generator)

Figure 2.3.1: Single scattenng from a moving particle.

Combining this with Eq. (2.63) leads to

=e V [ - t g 2

where

(Ar;

(43

is the displacement in the direction of the scattering wave vector. Equation

(2.65) shows explicitly that DSS is only sensitive to the mean square displacement in the

direction of q , which is determined by the scattenng geometry.

2.3.2 Diffusiag Acoustic Wave Spectroscopy (DAWS)

In the intemediate fiequency range, scattering can be very strong. The resulting
multiply scattered waves can be modeled by the difision approximation, which views the
propagation as a random walk fiom one scattering event to the next [cf Sec. 2-21.
Within this approximation, an expression relating the field autocorrelation function and the

relative motion of the scatterers can be developed w u e t & Wolf 1987, Pine et al. 1988,
Bicout et al. 1993 and 19941. First, I will derive an approximate relationship between the
field autocorrelation fûnction and the relative motion of the scatterers that is appropnate
for our non-Brownian fluidized suspensions. Later in this section, a more ngorous
relationship that holds for a wider range of dynamical situations will be presented.

Incident
Sound

Transmitted sound
--'-\-.-

Figure 2.3.2: Segment of a multiple scattering path with moving
scatterers. Solid spheres are at t = 1, open spheres are at t = 0.

As is evident ffom Fig. 2.3.2,the phase change of a single scattering path with n

scattering events can be written

n-l

= k o . ~ ( ~ ) - k n ~ ~ ( r ) + ~ ~ p,- ~ n l , p ( ~ r ~ ' )
where the sum splits into three tems because the source @ = O tenn) and detector @ = n
term) are not moving, and

q , ,gives the relative motion of the ph and p+ 1" scatterers,

which are on average a distance I' apart.

In a manner similar to that in the last section, the field autocorrelation function can
be written as a sum of contributions fiom paths with n scattering events,

Here P(n) is the fraction of sound in paths of length n, as given by difision theory. For a
continuous wave input, al1 path lengths contribute and the sum in Eq. (2.67) must be
performed. However for a pulsed input, the average path length is selected by measuring
the field fluctuations at a fixed sampling tirne t, = s/vEafter the input pulse is incident on
the sample, and the surnmation is restricted to include only those paths whose length s
differs from the average by the pulse length ( A h ) . In particular, for a narrow pulse, P(n)
is essentially constant in the surnmation over n and the nomalized field correlation

function takes on the relatively simple form

For large n it is a good approximation to assume that successive phase shifts in Eq. (2.66)

are uncorrelated,

The second term gives the relative motion of the first and last particles in the scattering
path, which are approximateiy separated by the sample size, L, in a transmission
experiment. Equation (2.69) cm be fùrther simplified by using the cumulant expansion,

The three dimensional average of the square of the dot products can be &en

in terms of

a, the angle between the wave vector and the relative displacement.

([k

= k2(hiCO+

= t 2(*)(cas2

a)

The average was split because, for a multiply scattered path, the directions of the wave
vector and relative displacement are not correlated (or at least not strongly, as will be
discussed later). Substituting Eq. (2.71) into (2.70).

The term in curly brackets will be zero if the motion of particles separated by a distance of
more than 1' is uncorrelated. Furthemore, (b:[(r,1')) = (A& ( r ,L)) = 2(Ar2( r ) ) in
this case, leading to the standard result used in light scattering experiments in strongly
scattenng random colloidal suspensions @WS) [Pine et al. 19881.

However, for

millimeter-shed beads in a fluidized bed, the motions of neighbors in the scattering path
can be correlated, but even so, for large n this term can be neglected.

This is especially

tme because particles near the walls tend to move more slowly due to viscous drag
effects. In Our experiments, n is always greater than (usually much greater than) 20,
givhg an effect which is always less than 5% [Sec. 5.2.11, which means that to a good

approximation the field autocorrelation tiinction is given by the simple relationship

The number of scattering events cm be related to the path length (s), and thus the

travel tirne (t,) in the sample.
s = t,vs = [n+ 111'

(2.74)

which leads to

This equation can be simply inverted to find the relative mean square displacement of
particles separated by a distance I', given the measured field autocorrelation function and

diffision panuneters.

For non-Brownian particles, the early time behavior of the particles should be
ballistic, meaning t hat each particle travels at a (dflerent) constant velocity, without
interacting with its neighbors. The mean square displacement fiom single scattering [Eq.
(2.65)] should then be

(Arz( r ) )= v&r2,

(2.76)

ailowing the root mean square velocity of the particles to be determilied. Similarly, the
relative mean square displacement will be given by
(A&

(r,f

O))

= A v:~(f ) r2 .

In general, the relative mean square displacement of particles separated by

(2.77)

P can

be

expressed as

pl(10))= ([A?(I + io)- .r(i>i')
Using Eq.(2.76) and (2.77), at early times Eq. (2.78) can be fùrther simplified to

avil(1') = 2

v -~2 ( V p +~').V(T))

This shows that the length scale dependence of the relative mean square velocity of
particles is intimately related to the instantaneous spatial velocity correlation fùnction, and
that by varying Io this correlation function c m be probed [Cowan et al. 20001.

In Eq. (2.71), it is the dot product of the relative mean square displacement and
the wave vector that enters the field autocorrelation function. Since the wave vector
points from the center of one particle in the path to its neighbor, this means that DAWS is

not sensitive to rotational motion (Le. fi, L k) of the beads. Therefore the measured
relative mean square displacement does not include any rotational contributions. To
rigorously describe the measured relative motions, we follow the derivation by Bicout et

ai. [1993 & 19941, which considers the strain rate tensor of the particle velocity field

Here ù(r) = F ( r ) is the change in position of the
i, j, and k represent Cartesian coordinates.

particle located at position F , and

The relative displacement of particies

separated by a scattering mean fiee path cm be approximated by the leading order term in
a Taylor series expansion,

where 6, is a unit vector in the direction of k,, . The phase change of a path then becomes

For isotropic scattering the ê, are randomly distnbuted, so (A() c m be found by
averaging each terni in (2.82) over the unit sphere. For anisotropic scattenng, it can be
s h o w that the sarne holds true, if I, is replaced everywhere by 1' picout et al. 19931.

Therefore only the diagonal terms of the strain rate tensor suMve the ensemble average,
showing that

(A()

= O unless there is a uniform dilation or compression of the medium.

Thus for incompressible media gi is detennined by the second moment of the phase

change,

The first tenn in (2.84) describes the effect of fluctuations in the density of the medium,
due to local variations in the number of particles per unit volume, while the second term is
simply the surn of al1 the mean square tensor strains. Therefore the relative mean square
displacement measured by DAWS can be written
(5))

=P l q ,

with the average measured strain rate given by

2.3.3 Continuous Wave DAWS

For a continuous wave input al1 scattering paths through the ce11 are sarnpled,
therefore Eq. (2.73) must be averaged over path length, with the weighting given by
diffusion theory. This has been worked out in detail by Zhu et al. [1991], and results in
the following expression:

L

l'

=

L

-

I

-

L

J

J

[I +h2w]sinh[~&] + ~h&cosh[~&]

.

where

Here, h includes al1 of the effects of reflection at the sample boundaries, and is given by
Eq. (2.48). Because of its effect on the distribution of path iengths, the absorption time

enters continuous wave DAWS, whereas in pulsed DAWS a particular path length is
explicitly chosen, so the absorption tirne is not directly important. The equation can be
numerically inverted to find the relative mean square displacement of the particles, given
al1 of the diasion parameters.
2.3.4 Phase Difference Statistics

The ability of ultrasonic detecton to measure the wave field directly makes it fairly
straightforward to measure the phase of the scattered waves. The transrnitted phase that
we measure in a pulsed experiment, is the result of the interference of many different paths

of length n. In order to extract information fiom these phase measurements, it is
necessary to develop a theory of the underlying statistics of the phase of waves scattered
in a random medium. This theory has been developed in collaboration with B. A. van
Tiggelen.
We begin by assuming circular Gaussian statistics for the complex field, i.e. that

the real and imaghary parts of the field are independent random variables with Gaussian
statistics [van Tiggelen et al. 19991. Then, consider the change in the phase of the wave,
due to the motion of particles, over a time s :
A @ ( r )= @ ( t + r ) - a ( t ) .

The joint probability distribution for the field, y, = 4eJq, at two times, can be written in

terms of the amplitude and wrapped phase [-x n]at those two times [Goodman 1985 and

van Tiggelen et al. 19991:
p ( 4 45q,Of)

with the complex number r = lzle" defined by

and with

The two amplitudes, A, and 4 can be integrated out of Eq. (2.89), and one of the phases
can be integrated out at constant A@, giving
1 -g?
1 -g
: cos2[A@]

with the field autocorrelation finction

g, cos[A@] cos-' [-g,

COS [A@]]

1

(2.92)

where A/ is the phase change of one path through the sarnple, as in DAWS. From Eq.
(2.75), this phase change is related to the relative mean square displacement by

Note that in the limit g,+ O

the probability distribution is given by the triangle

which is independent of r. This means that when using this wrapped phase distribution
hnction, al1 information about the beads is lost when the field correlation fbnction gets
small, just as in DAWS.

By measunng the phase fluctuations as a function of time, the probability
distnbution P ( A @ ) for different r can be calculated. Then by fitting Eq. (2.92) to the
data, information about the motion of the particles can be extracted fiom the phase
fluctuations.

2.33 Siegert Relation

The Siegert relation relates the field autocorrelation function to the intensity
correlation fùnction in a random system. As such, it is very important in light scattering,

since it is generally easier to calculate the field autocorrelation fùnction theoretically, but it
is the intensity correlation function that can be measured. With ultrasound, the field can

be measured directly, so it is possible to test the validity of the Siegert relation under
different conditions.
The Siegert relation is [e.g. see Zhu et al. 19911
& ( r ) = ~ I g(7)r.
,

(2.96)

where fl is a numerical factor which is ideally 1, gl is the field autocorrelation function,
and

where

is the intensity autocorrelation fwiction. Thus this relation allows intensity autocorrelation
fiinctions to be related to field autocorrelation fùnctions, which are much more easily
handled in theoretical models.

However, Eq. (2.96) is not exact, and despite its

widespread use, there have only been limited studies of its applicability to different
experimental situations [Voigt & Hess 1993 and references therein]. In this section we
look at the approximations required in the derivation of the Siegert relation, both for

singly and multiply scattered waves.
To derive the Siegert relation in the context of singly scattered waves, we start by
writing d o m the intensity autocorrelation function in terms of a sum of field contributions
from al1 of the paths through the sample,

In a random system, the positions of the particles are random, thus the relative phases of
different paths are uncorrelated and will average to zero. Therefore, in the denominator
only tems with i =j will suMve the averaging process, and in the numerator only tems

will suMve [e-g. Tong et al. 1988 and Section 2.3.11. The two possible choices which
will always satisfy Eq. (2.100) for al1 times are
i=jwithk=l

(2.101)

G2(r ) = 1+ B ( ~ X P[-i(Wm1(r, R ) } ] ) , .~

(2.104)

and

This leads to

Here the last average is over both time and scatterer separation R, in the scattenng

volume. A#ml ( 7 , R ) is the relative phase change over a time s, of paths separated by a
distance R,N is the number of scatterers in the scattering volume. The factor ,8 is of order
1, and depends on the geometry and size of the scattering volume, but is primarily
determined by how many speckles are averaged by the detector. The phase change can be
expressed in ternis of the relative displacement of particles, as in Section 2.3.1,

where, in the last line, the average over R has been explicitly written as an integral over
the scattering volume V. The function h(R) $es the fraction of particles in the scattering

volume that are separated by a distance R. The relative mean square displacement can be
expressed in terms of the mean square displacement and a spatial correlation fùnction [c.f
Sec. 2.3.21,

If the motion of the particles in the sample is uncorrelated (or at least for those which are
most strongly weighted by h(R)), then (2.106) reduces to the Siegert relation [Eq. (2.96)].

However, if the motion of the particles is correlated, there will be deviations from the
Siegert relation given by deviations in the following ratio from one:

In order to use Eq. (2.107) to mode1 deviations nom the Siegert relation, we need
to approximate the distribution of scatterer separations, h(R) . For a finite scattering
volume in three dimensions, h(R) will have a peak value at a particular value of the
separation distance, R,.

Thus, the simplest approximation is to only consider the

contribution to the integral a&this peak, i.e. to take h(R) to be a delta-fùnction centered
at R,. Within this approximation, Eq. (2.107) cm be solved for the spatial correlation
funaion of the particle displacements:

For multiply scattered waves, the analysis is essentially the same up to Eq. (2.103).
except that the

Al

are interpreted as the phase changes for paths with n scattenng events,

and N is now the number of scattering paths through the sample. As n increases from 1,
the situation is similar to the single scattering case; the motion of paxticles in adjacent
paths might be conelated, leading to deviations from the Siegert relation. But as n gets
larger, the scattering path samples a larger and larger volume of the sample, and so the

phase changes of dEerent paths of the sarne length are likely to become more and more
decorrelated. Therefore, one may expect that the Siegert relation will hold for long
scattenng paths, but may not hold for shorter paths in the presence of significant particle
velocity correlations.

2.4 Suspended Particle Motion
In this section, the current state of the theory underlying the motion of nonBrownian particles that are suspended in fluidized beds is presented. The first section
develops the analogy between sedimentation of particles in a fluid and fluidization. An
expression for the average sedimentation velocity, or equivalently the average flow
velocity of the fluid in a fluidized bed is derived for low volume fractions of particles, and

a phenomenological form is presented for high volume fractions. Section 2.4.2 presents
some of the competing theories that have arisen in the attempt to describe the root mean
square fluctuations in the particle velocity, and their dependence on the size of the system.
2.4.1 Sedimentation and Fluidization

In the simplest view of sedimentation and fluidization, they are simply related
through a change in reference M e s . Sedimentation refers to the frame where the
average velocity of the fluid is zero, and the pariicles sediment down under the influence
of gravity. Fluidization refers to the h

e where the average velocity of the particles is

zero, and it is the fluid that is moving up. Therefore a fluidized bed is a convenient way to
study sedimentation in the lab, since in the lab frame the particles have an average velocity

of zero, so that the particles' motion can be studied as long as desired without having
them sediment. However this view is likely to be overly simplistic, in particular if one
considers a finite system with solid walls as a boundary. In the sedimentation case, the
walls are stationary with respect to the average velocity of the fluid, but in the fluidization
case the fluid moves with respect to the walls. Given a finite viscosity, this effect is bound
to result in some subtle, and perhaps not so subtle, differences between sedimentation and

fluidization, but nonetheless the basic analogy between sedimentation and fluidization is
likely to be approximately valid.
To denve an expression for the average fluid velocity needed to suspend particles
in a fluidized bed at a volume fraction of 4, we foilow the approach outlined by Russel et
al. [1989] to denve the average sedimentation velocity. Considering a single sphere of

radius a in an infinite fluid the terminal Stokes velocity V, can be found by simply

balancing the force due to gravity with the viscous drag force, leading to the equation

Here,

is the density of the particles, p, is the density of the fluid, q is its viscosity, and g

is the acceleration due to gravity. This equation is valid for low particle Reynolds number,
corresponding to creeping flow conditions,

However, even for low Re, when more spheres are added, giving a finite concentration or
volume fraction of particles, the situation becomes much more complex.
At finite volume fractions, hydrodynamic interactions between particles can lead to
a reduction in the sedimentation velocity, as compared to that of a single particle. For
particles with large diameters, these hydrodynamic forces dominate Brownian motion,
with the relative strengths of these effects measured by the Peclet number

where AV is the velocity variance for sedimentation, which is equal to the rms particle
velocity, V, = (v')' , for fluidization. When Pe > 1, hydrodynarnic forces determine the
spatial distribution of particles, and the particle velocity distribution. In our samples

Pe

- 10IL,meaning that the particles are decidedly non-Brownian.
Hydrodynamic interactions are caused by viscous effects, mediated by the fluid

flow fields induced by the motion of each particle; they are long range, vaqing as r

-'.

Using the Stokes equation, an exact form for the interaction between pairs of particles can
be derived, and the sedirnentation (or fluidization) velocity (Y/) cm be expressed as an
expansion in 4,

with K2= 6.55 for hard colloidai spheres. In the denvation of this equation, the particles
were assurned to be randornly distributed in space. However, when the particles are non-

Brownian there is no reason to expect that al1 configurations of the particles are equally
probable. Nonetheless, for large particles and also for larger 4, it has been found that the

phenomenological form

characterizes the experimentally observed behavior, aithough Kz is no longer equal to 6.55
[Russel et al. 1989 and references therein].
2.4.2 Velocity Fiuctuations and Comlations

There is a basic analogy between studyhg the statistics of the particles' velocity

distribution in a fluidued bed, and the statistics of wave propagation in a random system.

In both cases, we look at the first two moments of the probability distribution, with each
moment illuminating a different aspect of the physics of the system. The average particle
velocity

(p) is analogous to the Green's function of the average field (G).

In a fluidized

bed the average velocity of the particles is equal to zero @ut the average velocity in
sedimentation is equivalent to the average fluid flow rate in fluidization), and the next
moment of the velocity distribution holds most of the physics of interest. This moment is
the mean square velocity fluctuation
correlation

(V(T)

(Y( f ) I(F)) , or

more generally the velocity

(P + 7 ) ), and is analogous to the Green's function representation of

the average intensity (GG') , or the field correlation (G (?)Ge(F + 7)). The mean square
velocity fluctuations give information about the average speed of the particles in the
fluidized bed, while the velocity correlation function gives information about flow patterns
and regions of correlated motion that form spontaneously in fluidized suspensions.
Under the same conditions used to derive Eq. (2.1 12) for the sedimentation
velocity, a scaling theory can be developed for the mean square velocity fluctuations
[Cafiisch & Luke 19851. Owing to the long-range nature of hydrodynamic interactions,
particles at large separations continue to strongly interact, and, if the particles are assumed
to be randornly distributed, this results in an ensemble-averaged velocity variance of

(v')=

- ([v2d3r

(2.1 14)

where dP = dd3r/[4m3/ 31 represents the uniform probability distribution. Since the

velocity field caused by a particle decays as r
to a ünear dependence of

-',V- r -'in the integral above, which leads

(v2)on the systern size L.

Thus the velocity fluctuations diverge with sample sue, becoming infinite for an infinite
sample. Evidence for this seemingly unphysicd result has been mixed, with some
experiments and simulations badd 19961 agreeing with (2.1 15), but others showhg a
saturation of the velocity variance at larger sample sizes micolai & Guazzelli 1995, Segrè
et al. 19971. Segrè et al. [1997] also found experimental evidence for a velocity

correlation length, or screening length 5, above which velocity fluctuations are cut-oK
Using this screening length, Segrè et al. [1997] proposed that the confiicting experimental
results could be reconciled. For sarnple sizes larger than Ç, the velocity fluctuations will
not increase with fùrther increases in the sample size, whereas for srnaller sample sizes, the
magnitude of the velocity fluctuations will decrease as the sample size is reduced.
However, the exact nature of this screening length, its underlying causes, and how it scales
with system size, are still not understood.
To attempt to explain the origin of the screening length severai theoretical models
have been proposed. These models fall into two basic types; the first explores the
consequences of relaxing the assumption of random particle distributions and the second
explicitly investigates the effects of boundary conditions (i.e. solid motioniess wails).

If the particles in the suspension preferentially arrange themselves in configurations
which screen the hydrodynamic force Born distant particles, then the velocity fluctuations

will saturate at this screening distance, p (i-e. there will be no dependence on the systern

size for systems larger than 6.Koch & Shaqfeh [1991] proposed a specific choice of the
average particle configuration that leads to a finite result for the velocity variance. The
particle configuration used corresponds to a net deficit of one particle in a volume of
radius

C surrounding any given particle in the suspension.

distances larger than

This leads to a screening for

and to a saturation in the velocity variance. The predicted

screening distance, and the velocity variance at length scales larger than 6 are of order

while for length scales less than the velocity variance follows Eq. (2.1 15). The screening
distance
hnction,

is equivalent to the velocity correlation length of the velocity correlation

(Y( P )

(F + r")) . The justification for choosing this particular form for the

average particle configuration is not particularly strong, but if one considers the effects of
3 particle hydrodynarnic interactions on the structure of the suspension, there is a tendency

towards a particle deficit, with a probability which decays as r?
Levine et al. [1998] applied renormilization group methods io coarse grain the
hydrodynarnic equations of motion for the suspension. Coarse-grain equations are the
result of local averaging of the microscopie equations of motion, and are expressed in
tems of a local volume fraction and a local particle velocity. The equations are coarse

grained at a length scaie I B a, and the fluctuations at length scales smailer than this are
included in the equations phenomenologically. This study leads to the possibility of two

"phases", a screened and unscreened phase, with the unscreened phase occumng when
Brownian motion dominates the hydrodynarnic interactions.

The unscreened phase

follows the Caflisch & Luke [1985] result, with a diverging velocity variance. The
screened phase is similar to the Koch & Shaqfeh [1991] result, with the velocity variance
following the Caflisch & Luke [1985] result for length scales less than 4 and saturathg at
larger length scales. However, the resulting average particle distribution of the suspension
is significantly different. Also, the predictions for the volume fiaction dependence of the
screening length and velocity variance differ,

Brenner [1999] takes a different angle on the problem, by considering the effects
of the boundary conditions that are irnposed on a suspension by the solid walls of its
container. Figure 2.4.1 shows the container, with height L , width Lx, and smallest
dimension L,. Near walls the r -' hydrodynamic interactions decay more quickiy, at least
as fast as r -2. This means that the nature of the flow field caused by a single particle

depends on its distance fiom the nearest waII of the container. Thus a particle which is a
distance z from the nearest wall has an interaction volume of v,
strong r

-' law holds.

- d, within which the

Particles that are outside of this interaction volume only interact

weakly, and can be ignored.

Figure 2.4.1 : Sample cell dimensions for Brenner's arguments.
The idea of an interaction volume means that there are two regimes, a strongiy
interacting one where the interaction volumes of particles overlap, and a weakly
interacting one where they do not. In the weakly interacting regime the particles do not
interact, so one would expect a randorn distribution of particles to remain random, leading

to a result similar to the predictions of Caflisch & Luke [1985],

(v2)! - L,L!#~ .

(2.1 18)

Above a critical volume fiaction, or above a critical L,, the suspension will enter the
strongly interacting regime. In this regime

Note that Brenner's theory only considers the screening effects of the walls, and does not

take into account any intrinsic screening in suspensions due to possible correlations in the

positions of particles.
Ali of the previous theories assumed that the Reynolds number was small, Re < 1,

and therefore ignored any inertial effects. Inertial effects may lead to other mechanisms
that screen long-range hydrodynamic interactions [Koch 1993 and Brenner 19991. Koch
[1993]considers the wake of a particle with intermediate (Re

appear) to high Reynolds number (Re

- 1, inertial effects begin to

- 10, inertial effects become important).

This

causes a net deficit of particles in the center of the wake behind a particle, as they are
pushed out of the wake by the fluid flow field. This leads to a screening length

g - 4-l
and beyond this screening length the velocity variance is

This theory uses approximations which are only valid for intermediate Reynolds numbers,
and fails at both low and high Re.
Brenner [1999] also addresses Reynolds number dependence. In his argument, he
assumes that the divergent Caflisch & Luke [1985] result holds, and considers a system
that is large enough that the particle difisivity D, due to the velocity fluctuations, is of
the same order as the momentum diffusion constant, given by the kinematic viscosity

v = q/pf . Then the particles difise faster than the rnomentum they release into the fluid,
so that momentum transport away fiom the particles is no longer effective. Thus the

-'

velocity field caused by a particle is no longer long range, and the r particle interactions
break down, i.e. they are effectively screened out by inertial effects. By balancing v with

D, - (Y')' 5, the following scaling laws are obtained:

In Brenner's arguments, these laws apply when the sarnple is large enough that wall
effects no longer dominate, Le. if the screening length due to inertial effects is srnalier than
the screening length due to wall effects. This inertial screening will cut off the divergent

velocity fluctuations in an infinite system, without invoking a specid spatial distribution of
particles. This theory is not quantitatively applicable at very large Reynolds numbers,
where the Stokes velocity of a single particle is no longer simply given by Eq. (2.109),
although the general qualitative predications should still hold true.
Al1 of the above theories apply only in the low volume fraction limit, but Our
experimental techniques are readily applicable to intermediate and high volume fractions.
At these volume tiaaions, the basis of the above theories, which is to only consider the

sum of al1 two particle hydrodynamic interactions, begins to fail. Therefore, the behavior
of velocity fluctuations and correlation lengths in the high volume fraction regime has not
been studied extensively, either experimentally or theoretically.

3. Apparatus
This chapter descnbes the apparatus used to perform the experiments reported in
this thesis. The mechanical apparatus such as water tanks, temperature control systems,
and pumping systems are described first. The details of the construction and composition
of the fluidized bed samples is presented in the next section. Then the properties of our
ultrasonic tramducers and hydrophones are discussed, and the electronics used to generate

and detect the ultrasonic puises are introduced.

3.1 Mechanical Apparatus
3.1.1 Water Tanks

Al1 of these experiments were performed with the sample irnmersed in a large tank
of water. Water is an efficient transmitter of ultrasound, and it provides a convenient way
to couple ultrasound from the generating and receiving transducers to our samples,
without the need for direct contact and bonds. Immersion in a water bath also gave a
simple and effective way to stabilize and control the temperature of our samples.

Two aquariums were used in these experiments. The smaller of the two, which
was used for the initial measurements of ballistic transport, was made out of glass, and

measured 33 x 75 x 40 cm deep. To reduce the amount of sound reflected back frorn the
glass walls of the tank, it was lined with an absorbing cork sheet. In order to break up any
remaining reflections into many directions, 2 x 2 x 40 cm vertical polystyrene foam stnps
were glued around the inside of the tank at approximately 15 cm intervals. Sheets of 1.4-

Optical

Track

Figure 3.1.1 : Small water tank geometry.

Figure 3.1.2: Large tank geometry.
inch blue foam insulation (R = 7) were placed around the outside of the tank, to help

control the temperature of the water. An optical track was placed above the tank, and the
tramducers were attached to stainless steel rods, which were suspended fiom the track

and into the water [Fig. 3.1.11.
The larger of the two tanks was made of reinforced fiberglass, and measured 120 x
120 x 100 cm deep Fig. 3.1.21. The tank was insulated by placing sheets of blue foam

insulation around its sides, and sheets of plastic bubble wrap were placed on the surface of
67

the water, both to insulate and to reduce evaporation. To mount equipment in this tank
we built a large steel frame above the tank, and suspended the transducers and samples

down into the water.
3.1.2 Temperature Control Systems
It was important to keep the temperature of Our system stable for several reasons.
The velocity of sound in water depends slightly on temperature, varying fiom 1.48 d p s

at 20°C to 1.50 at 27OC, i.e. by about 0.2 %K.The travel time between the receiving

and generating transducers in the tank is generally several hundred ps, which means that a
one degree change in temperature during a data nin can lead to a shift in timing of about
half of a microsecond. This is approximately one penod at a frequency of 2.25 MHz, and

it is about 2% of what was generally the earliest sampling time used in DAWS
measurements. More irnportantly, it cm lead to a dnfl in the ballistic offset, which can be
difficult to remove from the field autocorrelation measurements, particularly for single
scattering measurernents, where the ballistic signal can be relatively large. Thus, this
mapitude of temperature drift cm make it difficult to andyze some temporal
autocorrelation data. In addition, the viscosity of the glycerol and water solution in the
fluidized bed is ais0 temperature dependent, and therefore the flow rate needed to attain a
pariicular volume fraction of beads, as well as the particle Reynolds number in the
fluidized bed, are both sensitive to the temperature.
To reduce the possible effects of temperature fluctuations to a manageable level,
we insulated the tank, and used a heater, mixer and temperature controller to stabiiize the

temperature at 27.0°C, with variations of less than &0.0S0C for the small tank, and *O. 1°C

for the large tank. In the smaller tank, we used a 100 W stainless steel immersion heater,
with a Tronac Model PTC-4 1 controller. For the large tank we used a 6 kW over-the-side

copper immersion heater, controlled by an Omega CN3251 F u z y Logic P D temperature
controller.
3.1.3 Pumping System

To pump water through the fluidized bed we constructed two basic pumping

systems, one for the small tank and one for the large tank, as pictured in Fig. 3.1.3 and
3.1.4 respectively. The smail tank system used a glass jar for a fluid reservoir, which was

insulated to control the fluid temperature, and was sealed to control the differential
evaporation of water out of the glyceroVwater solution used in the bed. There was also a
themorneter mounted in the reservoir to provide a measure of the fluid temperature. The
fluid was moved by a medium shed centrifùgal drill pump, driven by a 118-hp M:electric
motor, that was geared down to provide larger torque at slow speeds. The motor was
controlled by a custom built DC motor controller. Quarter-inch-diameter plastic vacuum
tubing was used to connect the pump, reservoir, and sample together. A thermistor was
rnounted in one of the fluidized bed's outlet tubes, giving another measurement of the fluid
temperature. To measure the flow rate in this system, we closed valve #2 and opened
valve # 1 F g . 3.1.31, and then, with the reservoir unsealed, we measured the rate at which
fluid filled a one-liter graduated cylinder.

Figure 3.1.3: Pumping system for the small tank.

For the large tank, the pumping system was somewhat different mg. 3.1.41.

Instead of using a glass reservoir outside of the tank, a copper reservoir was submerged in
the water filled tank, in order to keep the temperature of the fluid as stable as possible.
The fluid was pumped out of the reservoir by a rotor pump, with a top flow rate of about
40 Ilmin., and dnven by one of two variable speed moton. The first motor was the sarne

as the one used for the small tank's pumping system, and it was controlled by the same
custom built controller. This motor was used to drive the pump smoothly at lower speeds.
The second motor was more powerfùl, at '/-hp, and it was not geared down, allowing it
to drive the larger pump at high speeds, and giving us faster flow velocities in the fluidized
bed. Another custom built controller, consisting of a Variac and rectifier mounted in a

metal case, was used to drive this motor. Flow rates were measured using essentially the
sarne rnethod outIined above for the smaller tank's pumping system. Temperature
measurements in this system were pefionned using a thermistor mounted in an outtake
pipe of the fluidized bed.

P

Flow
Rate

I
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Figure 3.1.4: Pumping system for the large tank.

3.2 Sample Preparation
3.2.1 Fluidized Bed Construction

The fluidized beds were rectangular in cross-section, consisting of a central metal
spacer, with two plastic walls attached with an o-ring seal, and held in place by screws and
metal plates v g . 3.2.11. Three beds were made, using two basic designs. For the original
ballistic propagation measurements, and initial DAWS & DSS measurements, the metai
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Figure 3.2.1 : Small fluidized bed design.

Metal Plate

spacer was 12.20 mm thick, the inner height was 17 cm, and the width was 12.6 cm. Two
sets of walls were made. One was flat and 6.33 mm thick, giving a sample thickness of
12.20 mm. The other walls were 9.50 mm thick and inset into the sample, reducing the

thickness of the bed to 7.76 mm.
The next generation of beds was larger Fig. 3.2.21; inside the bed, the height was
about 60 cm and the width was 17.8 cm. Two metal spacers were constmcted, with
thicknesses of 18.6 and 36.5 mm. Flat, half-inch-thick (12.7 mm) flat plastic walls were
used with the larger bed, giving a bed thickness of 36.5 mm. Inset, 9.50 mm thick plastic

wdls were used with the thimer divider, giving a sarnple thickness of 12.8 mm. Another
set of inset, haif-inch-thick walls were used with the t h i ~ e bed,
r to give us a third sample
thickness, 5.40 mm. The bottom of the both bed designs was formed into a v-shape,
which spread out the fiuid flowing into the bed from the single hole that was drilled into
the bottom of the bed. The fiuid was then forced through a diffiser, which generated a
uniform flow profile as the fluid entered the main part of the fluidized bed. Two diaiser
designs were used for the original bed. The first design consisted of close packed, static,
5-mm-diameter glass beads, held in place by a plastic sheet with small holes drilled into it.

The improved design had 1-mm-diarneter glass beads close packed in a 3 cm thick layer.
For the next generation of beds, the diffuser consisted of two stainless steel screens with
100 pholes, sandwiching a 10 cm long section of close packed, static, 1 mm glass beads

wig. 3.2.21. In al1 cases, the pressure drop across the diffuser was larger than the pressure
drop across the fluidized section, which has been suggested as a necessary condition for

attaining uniform flow at the bottom of the bed pavidson 19851. At the top of the ceIl
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Figure 3.2.2: Large fluidized bed design.

there were five '/-inch pipes attached to the bed to collect the fluid as it left the cell.
The larger beds were designed with pressure ports Fig. 3.2.21, to which

differential pressure transducers were attached to measure the pressure drops across the

d f i s e r and the fluidized section, on both sides of the bed. The large pressures involved in
the attaining low volume fiactions in thickest bed made it advisable to brace the plastic
walls, in order to avoid bowing and deformations. In the fluidized section, this was done
by using easily removable brass bars, mounted horizontally and spaced at intervals as

indicated in Fig. 3.2.2. In the ditfiiser section the outer metal plates extended across the
whole width of the fluidized bed, to give additional support.
It was important to ensure that the velocity of the fluid was as uniform as possible
when it left the diffiser and entered the bottom of the fluidized section of the bed. If the
flow pattern is not uniform, large-scale instabilities can result. These instabilities often
take the form of swirls with a size that is the same as the system size pavidson 19851; an
example of which is drawn in Fig. 3.2.3(a). One measure of the flow profile into the
bonom bed is the pressure difference across the diffuser at different locations. In Fig.

Figure 3.2.3: (a) Non-uniform flow fiom the diffiser.
(b) Uniform fluidization.

3.2.3(a), the pressure on the nght side of the bed is lower than that on the lefl. This sets

up a tendency for fluid and particles to flow to the right at the bottom of the bed, which
lads to a large swirling pattern in the particles motions. Figure 3.2.3@) shows the case
where the pressures on either side of the bed are equal. This means that the flow profile
into the bed is unifom, which eliminates the large-scale instabilities that can mise in the
non-unifonn case.
As was mentioned earlier, to ensure a uniform flow from the diffuser, the pressure

difference across it (Pior Pz)should be equal to, or larger than, the pressure difference
across the rest of the bed (P3)[Davidson 19851. In Our experiments, depending on the

volume fiaction and Reynolds number, P3 is at most 3 kPa, while the smallest difiùser
pressures were 3.1 kPa, and in this extreme case, P I and Pzwere equal to within 1%. It is
also important to ensure that the exit holes of the diffiser are spaced no more than a
particle diameter apart, and that the diaser is uniform. This was ensured by carefùlly
packing glass beads that were the sarne size as the fiuidized particles into the diffiser, and
capping them with a fine mesh. By building the diffiiser using these prescriptions, we
were able to achieve uniform motion of the particles throughout the fluidized bed, without

large-de flow patterns.
3.2.2 Glass Beads

The particles used in the fluidùed beds were approximately spherical glass beads.

They came in a fairly polydisperse package, with diameters spanning the range between
0.70 and 1.18 mm. To fiirther narrow the range of bead diameters in our fluidized bed we

used two bras sieves, with filter sizes of 0.850 and 0.900 mm, which gave us a bead

*

radius of 0.438 0.012 mm. The glas beads have a bulk longitudinal sound velocity of
5.6 d p s , a shear velocity of 3.4 &ps,

and a density of 2.5 B/ml. The glass beads with

diameters outside of the 0.850 to 0.900 mm range were used in the packed section of the
fluidized bed diflùser.
A hole in the side of the metal spacer of the fluidized bed was used to add beads to

the dittùser section. One of the outlet holes was used to add the sieved glass beads to the
fluidized section of the bed. The beads were added slowly, in order to reduce the number
of air bubbles introduced to the system. Mer an appropriate number of giass beads were
added, the fluidized bed was sealed and attached to the pumping system, which was then
turned on and left to mn for several hours in order to remove any remaining air bubbles.
3.3.3 Fiuids

Three different fluids, each with a different viscosity, were used to fluidize the

glass spheres. The fluids were al1 stable solutions of glycerol and water, with 60%, 75%
and 94% glycerol by weight. Each fluid had a different viscosity, which we could measure
by timing the fa11 of a single sphere d o m the center of a large diameter container, givhg
the Stokes velocity [Eq. (2.109)], and thus the viscosity.

The measured viscosities

compared well with accepted values [DOW 19891 and are listed in Table 3.1, dong with
the particle Reynolds number @q. (2.1 1O)], which ranges from low (- 10'3 to intermediate
(O).

The 75% fluid was used at two temperatures, 23'C

in the smail tank and 27'C in

the large tank. AU other tluids were used at 27OC.

Table 3.2 gives a summary of the ultrasonic properties of the glass beads and fluids
used in al1 of the samples. Because of the large impedance mismatch between the giass

and al1 of the various fluids, there is very strong scattering of ultrasound in the
intemediate frequency regime, where the wavelength is comparable to the particle sue.

Table 3.1: Fluid parameters at 27 or 23OC.

-

Fluids
94%GlyceroVWater
75% GlyceroüWater
60% GlyceroVWater

-

Particles
Glass Beads

cf (md p s )
1.86
1.84
1.66

p (grnl)
1.25
1.19
1.15

Radius, a (mm)

p (glml)

ci(mm/ps)

0.4375

2.5

5.6

cr (mm/ps)
3.4

Table 3.2: Summary of the ultrasonic properties of the sample constituents.

Eeight (LJ(mm)
120

-

Width (L,)(mm)
127

Thickness (La (mm)
7.76

Table 3.3: Summary of the dimensions of the fluidùed suspensions.

t

3.3 Generation and Detection of Ultrasound
3.3.1 Piezo-Electric Eflect

The transducers used in these expenments generate and receive ultrasound by

using a materiaf that exhibits the piezo-electric effect. The piezo-electric effect is a
wupling of deformations in the crystal lattice of a matenal to its polarbation, and thus to
the electric field. Thus, when a sound wave impinges on the material, the periodic
pressure fluctuations deform the crystal lattice, and produce an oscilating electric field
that is proportional to the average pressure across the surface of the crystal. This
coupling works in both directions, which means that through the application of an
osciilating electric field, piezo-electric crystals can also be used to generate ultrasound.
3.3.2 Plane Wave Immersion Transducers

The immersion ultrasonic transducers used in the expenments, utilize PZT (leadzirconium-titanate), a piezo-electric material, to transfomi electrical energy into an
ultrasonic wave, or visa versa.

The basic design of the Panametrics plane wave

transducers used is outlined in Fig. 3.3.1. The active element is a thin disk of piezoelectric crystal, and that is where ultrasound is produced or detected, through its coupling
with the electric field. The active layer has a high acoustic impedance, so that if it was
immersed in the water alone, the generated ultrasound would be strongly reflected off of
both of its surfaces. This H 3uld lead to a very sharp Frequency response, centered at a

wavelength corresponding to twice the layer thickness (plus harmonies); and the

waveform would be drawn out in time, an effect known as transducer ringing.

To reduce Niging, a backing layer is placed behind the active layer. The backing
layer is a strong absorber of ultrasound, and has an acoustic impedance which is just
slightly less than that of the active layer. It therefore absorbs energy incident on it, either
directiy, or after refiection fiom the front surface of the active layer. This broadens the
frecuency response of the transducer, which dows for a more accurate reproduction of
pulsed wavefoms. However, the impedance of the active layer is much larger than that of
water, so that if it was immersed directly in water, most of the energy would be reflected
back into the transducer for a generated wave, or back out of the transducer for an

incorning wave. To increase the amount of transmitted energy, a coupling iayer with an
impedance that is between that of the active elernent and water, is attached to the fiont
face of the transducer. The thickness of the coupling layer is set to be one quarter of the
design wavelength, which, when combined with the phase shifi of x upon reflection corn
the active layer, means that multiple reflections interfere constructively with the
transmitted wave. The coupling layer also serves the purpose of water proofing the
transducer, and protecting it tiom Wear and tear.

Backing
Layer

Active

Layer

Coupling
Layer

Figure 3.3.1 : Plane wave transducer design.

For the purposes of calcdating the spatial pattern of the transducer beam, the
transducer cm be modeled as a thin disk radiator. The surface of the disc is excited by a
unifonri sinusoidal velocity (directed towards the fluid),

v ( t ) = exp [zut] .

The resulting

pressure wave is given by the Rayleigh expression p s t i c 19831,

where p is the fluid density, c is its longitudinal velocity, A is the disk area, and R is the
distance between d4 and the field point F [Fig. 3.3.21.
The intensity of a pressure wave can be h a e n

Equations (3.1) and (3.2) cm be solved explicitly for the intensity dong the z-axis, giving

Figure 3.3.2: Geometry for a thin disk radiator.

which is plotted in Fig. 3.3.3 for a half-inch-diameter transducer at I MHt. Here a is the

radius of the disk. Close to the transducer, in the near-field, there are many rapid
variations in intensity. However, when z B a, Eq. (3.3) reduces to a smooth z"
dependence, indicating a spherical wave in the far-field. The maxima in Eq. (3.3) are
approximately given by

where n = 0,1,2,. .. . The last maximum dong the z-ais gives the near-field distance, and
it is

The final approximation used in Eq. (3.5) is that a'

A', which held true for al1 of the

plane wave transducen that were used. For z > z,, the intensity varies smoothly with z,

and the region is called the far-field, or Fraunhofer zone. In the near-field, or Fresnel zone
( z < zF), waves emanating h m the source points on the disc interfere strongly, giving
many rapid fluctuations in the intensity as a fùnction of x and y as well as z. For this
reason, it is desirable to place Our samples in the far-field of the transducer [Table 3.41.

In the far-field, the Fraunhofer approximation cm be used to solve for the off-axis
intensity, giving a sphericai wave modulated by a spherical Bessel function in sine [Ristic

Figure 3.33: Thin disk radiator intensity on the z-axis.

This can be used to define a -6 dB beam divergence angle

as indicated in Fig. 3.3.4.
To simpliQ the analysis of boundary conditions in our experiments it is desirable
to have an approximately plane wave incident on the sample. In Table 3.4, the near-field

distance, divergence angle, and beam diameter B at the sample position (40 cm for the
small tank and 60 cm for the large tank) are shown for the transducers used in these
experiments. As is evident fiom the beam diameters, the smallest transducer for a given
fiequency is best suited to producing a quasi-plane wave at the sample. The larger
83

Figure 3.3.4: Transducer beam pattern.

diameter transducers were used as detectors in ballistic measurements, where their larger
size increased the spatial averaging of the detected field.

-

D = 242

Fnquency

,

0.25" = 6 mm
0.5" = 12 mm

1"=25 mm

25
25
1.5" = 37 mm

Table 3.4: Beam parameters for plane wave transducers in water.

3.3.3 Focusing Immersion Transducers

Transducers can also be made with a plano-concave spherical lens as the coupling
layer, which, if the velocity in the lens is greater than that in water, generates a
converging, or focushg wave. For a tightly focuscd beam, the size of the spot at the focal
point of the lens can be viewed to a good approximation as a point source, which is
another convenient boundary condition. The Panametncs focusing immersion transducers
that were used, focused d o m to a -6 dB beam diameter of [Panametncs 19911

where F is the focal length of the lens and D is the diarneter of the transducer. The length
of the focal zone is given by

where z, is the near-field distance pq.(3.91.

In practice, it is desirable to have the transducer focused on the surfàce of the

Backing

Active

Element

Plano-Concave
Lens

Figure 3.3.5: Focusing transducer design and beam pattern.

sample. When the sample is held between plastics walls, the effects of the dflerent xnind
velocities in water and plastic must be taken into account when determinhg where to
position the transducer. The distance the transducer must be from the walî is given by

where F is the focal length in water and Lm])is the wall thickness.
3.3.4 Hydrophones

In the near-field of the sample, al1 of the scattered waves interfere to give a random
speckle pattern, with a correlation area on the order o U 2 pig. 1.1.11. Due to these rapid
spatial fluctuations in the phase and amplitude of the scattered field, and because a
transducer measures the average field across its face, the detector must be smaller than a
wavelength in order to avoid phase cancellations and measure the scattered field
accurately. Miniature hydrophones fiom Specialty Engineering were used to perform this
task [Fig. 3.3.61. The hydrophones were well backed, with a strongly absorbing material
whose impedance was closely matched to that of the PZT element. The PZT element had

-

a diameter of 400 Pm, giving it an area of A* when the frequency is 4 MHz,well above
Our highest frequency of 2.25 MHz. The PZT element was also very thin, which gave it a
resonant fiequency well above those of interest. Because the hydrophone was strongly
damped and well below resonance, it was able to accurately detect ultrasonic wavefoms
over a large tiepuency range with almost constant sensitivity, aibeit with a much weaker
response than it would have at resonance. For this reason, the hydrophone also came with

an attached 15 dB preamplifier to boost the detected signal amplitude.

3.4 Generating Electronics
3.4.1 Overview

This section gives a general overview of the basic fûnctions that need to be
perfonned in order io generate radio fiequency pulses that are suitable for driving Our
ultrasonic transducers. An introduction to some of the equipment that we used to perfonn
these tasks will also be given. The specific ways these devices were setup for al1 of the
dzerent experiments will be lefi to later sections in the next chapter.
To generate radio frequency electronic pulses to send to the transducers, we need
equipment that can perfonn the basic functions outlined in Fig. 3.4.1. First a continuous
wave RF signal must be generated at the desired carrier frequency, and then this signal
needs to be modulated, to give the desired pulse shape. Note that the pulse modulation

and the RF source have to be synchronized, so that the phase of the pulse does not drift
with respect to the pulse envelope. This is accomplished by triggering the pulse generator
using the RF source. The pulse then has to be arnplified to a voltage appropnate for the
generating transducer. Finally, we need to be able to repeat the pulse at the desired
repetition rate.

h
Pulse
Shape

Trigger
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Source

Ampli@
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Figure 3.4.1: Generating electronics flowchart.
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3.4.2 Nuke Frequency Syathesizer

The Fluke 6060B is a highly stable, digital RF frequency synthesizer. Its frequency
range spans 0.01 to 1050 MHz,and it can output at a power level up to +13 dBm. It uses

a interna1 10 MHz crystal oscillator, in a temperature controlled oven, as a frequency
reference, and it supplies a dock output to allow one to synchronize other digital
equipment to this stable clock. Due to its excellent stability, this was the preferred
generator.

However, when it was unavailable, a General Radio Company I269-A

analogue frequency generator was used in its place.
3.4.3 Stanford Delay Generator

Up to two model DG535 Stanford Research Systems digital delay generators were
used to supply various trigger pulses and to generate the pulse envelope. Each delay
generator has four individuaily adjustable output channels, A to D. Each chamel switches

corn a low to a high voltage at an adjustable and precise (to 5 ps) time, allowing for the
production of delayed triggers for other equipment. There also are outputs which give: A

XOR B, A AND B, C XOR D, and C AND D. By setâing the individuai channels
appropriately, the XOR output could be set up to give a square pulse with an adjustable
length [e.g. Fig. 3.4.21, which was the method used to produce pulse envelopes.

A XOR B

0

Figure 3.4.2: Setting the pulse width using the Stanford delay generator.

The Stanford delay generator can use the 10 MHz clock supplied by the Fluke as
its the-base, ensuring that there is no digitkation jitter between the pulse envelope and
cw-source. It also can be triggered off the cw-output of the Fluke, ensunng that the phase

of the signal does not drift with respect to the pulse envelope. The repetition rate of the
Stanford is controlled by its longest time delay, i.e. it does not accept a new trigger until
ail of the delays have counted dom.
3.4.4 Mixers

Mini-Circuits Z A Y 3 mixers were used to modulate the cw-output of the Fluke
frequency synthesizer. The pulse output of the Stanford delay generator was used as the

modulating signal. In order to Mnirnize leakage of the cw-signal, three mixers were
c o ~ e c t e din series.
3.4.5 AR Power Amplifier

The Amplifier Research 250L power amplifier was used to ampli@ the output of

the Fluke and mixers to a level large enough to fully excite the generating transducer. In

continuous mode, its maximum power output is 250 watts, with a frequency range of 0.01
to 220 MHz.
3.4.6 Alan and Telonic Attenuators

To make fine adjustments to the output level of the Amplifier Research power
amplifier, we found it convenient to use a low power, adjustable, precision Telonic
attenuator to adjust the input level. The attenuation of the Telonic mode1 81438 is
adjustable fiom O to 110 dB in steps of 1 dB. We also used a 3 dB fixed attenuator on the
output of the high power amplifier. This was done to decouple the amplifier from the RF
reflections back from the transducer, whose electrical impedance was not perfectly
matched to the 50R output impedance of the amplifier and coaxial cables.
3.4.7 Power Splitters
A power splitter, with a 5OR input and output impedance, was used to cleanly split

the output of the Fluke frequency synthesizer. One output of the splitter continued on to
the mixers and then to the Amplifier Research power amplifier. The other output was
used to trigger the Stdord delay generator, which then produced the pulse envelope.
The power splitters were also necessary in the measurement of sound reflected back from
the generating transducer, as will k discussed in detail in a later section. Two models of

power splitters were used, Mini-Circuits ZMSC-2-18 and Merrimac PDM-20-250.

3.5 Receiving Electronics
3.5.1 Overview

This section gives an o v e ~ e wof the electronics that were used to detect and
process the electncal signal coming from the receiving transducer or hydrophone. The
specifics will be lefi to the descriptions of each different experiment, in the next chapter.

The basic functions that needed to be performed by the receiving electronics
system are outlined in Fig. 3.5.1. The signal coming from the transducer was amplified,
but, since our samples can have a large range of transmission coefficients, the level of the
signal had to be adjusted so that it was appropriate for the amplifier. This adjustment was
done by using a Telonic low power adjustable attenuator, which was described in the
previous section. To improve signal to noise ratio, filters were used to remove unwanted

high and low frequencies. We then used one of two digital oscilloscopes to measure the
signal. The oscilloscope was triggered by the Stadord delay generator, thereby ensuring
that it was synchronized with the sound pulse. The oscilloscope was c o ~ e c t e dto a
computer, which was used to Save the data.
From
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Figure 3.5.1: Receiving electronics flowchart.

3.5.2 Matec Receiver Amplifier

The Matec Receiver Amplifier Model 605 is a three-stage amplifier, usable in the
fiequency range of 100 kHz to 25 MHz. For the first stage, there is a choice of one of
two pre-amplifiers. One of the preamplifiers (Model 253) is a 20 dB broadband (100 kHz-

30 MHz), low noise amplifier. The other preamplifier (mode1 252) is an adjustable

bandpass filter, with 30 dB of gain.

After the pre-amplification stage, there is an

additional adjustable gain (10 to 60 dB) amplifier, which we did not use. Instead we used
the final, 24 dB, amplification stage, since it has better noise characteristics than the
adjustable stage, and provided sufficient gain.
The Matec Receiver also functions as an amplitude detector. This stage of the
receiver uses a diode detector to measure the amplitude envelope of the RF signal. It was
used to directly measure the wave amplitude, in the experiments that tested the Siegert
relation.
3.5.3 LC Filters

To remove unwanted fiequencies, several high and low-pass Butterworth LCfilters were constnicted. An example of a low pass filter, with a 3-pole, 5 0 0 output
impedance design is illustrated in Fig. 3-5.2. We used 0.4, l .S,3.0 MHz low pass fikers

and 0.13,O. 5, 1.O, 1.S MHz high pass filters.

W

Figure 3.5.2: LC Butterworth tilter design.

3.5.4 Tektronics Digital Oscilloscope

The mode1 544A Tektronics Digital Oscilloscope is an 8 bit, 1 Giga-Sarnple per
second, digitizing oscilloscope, with a maximum record length of 50,000 points. It has an
averaging mode, which can average up to 10,000 consecutive signals. When used in
averaging mode, the effective voltage resolution is increased to 12 bits.
The Tektro~csscope also has a GPIB interface, which d o w s a computer to
control it, and to download data fkom it. Cornputer programs were m e n in Visual C++
to perfonn needed control functions.
3.5.5 Gage Digital Oscilloscope

The Gage CompuScope 6012 is a 12 bit, 60 MS/s, oscilloscope on an intemal
computer card. It has a maximum record length of 1 million points (actually 1 MB of
points), and since it is directly comected to the computer's intemal bus, data transfer is

much faster than over a GPIB interface. There also is a gated digitization input, which
allows an extemal signal to tum the acquisition of data on and off as desired.
One problem with this oscilloscope was the triggering, which jittered randomly by
several points. This required the use of various tricks to compensate for the problem,

which wiil be discussed in detail in the appropriate sections. Because of this problem, the
Tektronics scope was used to acquire ballistic and scattered data, while the Gage
CompuScope was only used to acquire the temporal fluctuation data that required its large
record length.
The CompuScope was controlled by a computer program, written using Visual

C++,which gave a level of control that could not be achieved with the software that Gage

supplied.
3.5.6 Boxcar Integrators

To sample the received signal at a specific time afler the input pulse, we used a
Stanford Fast Gated Integrator and Boxcar Averager Mode1 SR250. This device rads the
average voltage over an adjustable time window, and then outputs this voltage until the
next trigger is received; at this point it samples the input again and resets the output. By
setting the time window to be much less than a penod (-30 ns), the boxcar lets us
repeatedly sarnple the wave field at a particular time for each pulse. The boxcar dso
supplies different coarse gain settings (much like an oscilloscope), and an exponential
moving averaging module, which averages severd consecutive triggers together. The

boxcar has a high input impedance, but a direct signal output is supplied, which lets us
measure the RF-signal and terminate it at 50R on the Tektronics oscilloscope. The

boxcar also supplies an output of the gate it uses as a time window, allowing us to view it
directly on the Tektronics oscilloscope.

4. Experiments
This chapter presents the details of how all of the experiments were performed,
and gives an explanation of how some of the data were anaiyzed. It starts with an
explanation of how pulsed transmission experiments were performed and analyzed, for
both the ballistic and scattered components. The next section deais with DAWS,
discussing the various geometries and techniques used and developed. The following two

sections describe the two DSS methods that were developed. Finally, the methods used to
record and analyze phase data, as well as an experiment to test the Siegert relation under
various conditions, are explained.

4.1 Pulsed Transmission Measurements
This section deals with the experimental methods used to measure the propagation
parameters of ultrasonic pulses transmitted through fluidized suspensions. Fust, the
details of the electronics used in these expenments will be discussed. Then we will discuss
the experimental techniques used to measure and extract information about the ballistic
and scattered propagation.
4.1.1 Setup

The electronics used to generate and receive ultrasonic pulses are shown in Fig.
4.1.1. The Fluke Synthesizer acts as the RF source, and supplies the Stanford Delay

Generator with its extemal clock. The continuous wave output of the synthesizer was
split, with one branch triggering the delay generator, and the other continuing on to a set
of three mixers attached in senes. As discussed in Section 3.4.3, the delay generator was

used to produce the pulse envelope, which was fed into al1 three of the mixers as the
modulating signal. To ensure that the power amplifier was not saturated, the RF-pulse
output of the mixers was generally reduced in amplitude by 15 dB, using a Telonic
attenuator. The signal was then arnplified, and sent to the transducer, where it was
converted into an ultrasonic pulse.

The sarnple was placed well into the far-field of the plane-wave generating
transducer, as discussed previously in Section 3.3.2 (see Table 3.4). For scattering
measurements, a hydrophone detector was placed about 3 mm away fiom the surface of

the sample, in the near-field of the sample. When the sample was thin and the scattering
was relatively weak, the hydrophone was also used for ballistic measurements. When the
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Figure 4.1.1 : Electronics setup for pulsed sound propagation.
ballistic signal was much smaller than the scattered signal, a plane wave transducer was
used in place of the hydrophone to improve averaging.
Another Telonic attenuator was used to adjust the amplitude of the detected signal
to a level that was appropriate for the detection amplifiers. The signal was then connected
to either the broadband or bandpass Matec pre-amplifiers. The broadband amplifier
allowed us to use just one pulse to measure the ballistic parameters over the full
bandwidth of the transducer, as will be described in the next section. The bandpass preamplifier improved signal to noise, and let us use a much narrower range of muencies, as
was sometimes necessary when the scattering was very strong and the scattenng mean free
path was strongly fiequency dependent. The signal was then arnplified, filtered using LCfilters, and recorded using the Tektronics oscilloscope and a cornputer.
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4.1.2 Ballistic Measurements

The volume-&action dependence of ballistic transport was investigated
experimentally using pulsed ultrasonic techniques. When the scattenng is strong the
transmitted waveform detected by the receiving transducer can be split into two
components. There is a smail ballistic pulse, which consists of the unscattered or forwardscattered waveq and a larger scattered component. This is evident from Fig. 4.1.2(a) and
(b), which shows the transmitted field for several difTerent ensembles of the scatterers, at

two diierent volume fractions. At both volume fractions, one can see the phase and

amplitude fluctuations of the scattered component superimposed on the ballistic pulse at
early times, and extending to much longer times as progressively longer and longer
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Figure 4.1.2: Extracting the bailistic pulse from the transmitted field. (a) & @) The
measured transmitted field for 10 dEerent ensembles at / = 0.2 and 0.4. (c) &
(d) The results of averaghg the field over 10,000 ensembles.

multiple scattering path lengths are traversed.
To measure the group and phase velocities, the ballistic pulse must be extracted
from the dominant multiply scattered waves. The beads in the fluidized bed were in
continuous motion, moving a mean distance which was negligibly small over the time the

pulse takes to trave! through the sample, but which was signifiant (appreciable compared
to the wavelength) over the tirne between repetitions of the input pulse.

Thus by

averaging the transmitted field over many such repetitions, we can in effect average over

many different ensembles of the scatterers. This leads to phase cancellations in the
scattered component, since the phase and amplitude of the scattered waves change

randomly from one pulse to the next, while the ballistic pulse remains unchanged. This
effect is demonstrated in Fig. 4.1.2, which shows the full transmitted ultrasonic field,
measured using the miniature hydrophone. In Fig. 4.1.2(a) and @), we compare the
detected fields at two volume fiactions by overlaying the transmitted wave for 10 different
ensembles of the scatterers. At the lower volume fraction of 0.20 where the scattering is
weaker, evidence of the coherent component of the field can be seen by eye, as a
substantial fraction of the detected field at early times (the first 6 or 7 oscillations in the
pulse) arrives in phase for each ensemble of the beads. The ballistic signal that is extracted
by ensemble averaging the transmitted signal over 10000 realizations of the random
configurations of the beads at this volume fraction is shown in Fig. 4.1.2(c). When the
volume fiaction is increased to 0.40, the true power of this configuration averaging

technique becomes apparent. As a result of the increased scattering, the relative amplitude
of the ballistic to scattered sound is decreased, and a coherent component is not readily

apparent. However, afler ensemble averaging the field, the scattered fields are effectively
elirninated and the smdl ballistic signal clearly emerges with an excellent signal-to-noise
ratio.
If required, funher cancellation of the scattered component c m be achieved by
using a large diarneter piezoelectnc transducer as the detector, in place of the hydrophone.
Since the transducer detects the average instantaneous field of the transrnitted wave over
the front face of the piezoelectric element, much of the scattered ultrasound is canceled in
the detector due to the randorn phase fluctuations of the scattered waves across the
transducer face. In the near-field of the sample, the speckle size, or coherence area, of the
scattered waves is of order of the square of the wavelength Fig. 1.1.11. Thus, at a typical
tiequency

- 1 MHz, several hundred speckles interfere at the face of a one-inch-diameter

transducer, when it is placed in the near-field, about 5 centimeten away from the sample.
This gives good cancellation of the scattered component of the wave field and leaves the
spatially coherent ballistic pulse unaffected.
To measure the frequency dependence of the scattering mean free path, we first
digitued a reference pulse. which traveled through the sarnple ce11 without the beads being
in the sound beam. Then the ballistic pulse was recorded. and the magnitudes of the Fast
Fourier Transforms (FFTs) of the pulses were cornpared, as shown in Fig. 4.1.3(a) for a
sample with a volume fraction of 0.45 and a thickness of 7.76 mm. Fig. 4.1.3(b), shows

the ratio of the two FFTs, in this case over a bandwidth from about 1.O MHz to 3.5 MHz.

This ratio gives the ~ansrnittedamplitude, by compensating for the frequency-dependent
response of the transducers and the reflections and absorption in the ce11 walls. At low

frequencies, the ratio is almost unity, showing there is very Little attenuation of the ballistic
pulse, corresponding to the upper end in Frequency of the weak Rayleigh scattering
regime. However, as the frequency is increased above 1 MHz, the ratio drops, reaching a
deep minimum at about 2 MHz as a result of the strong scattering in the sample. The
square of this ratio gives the frequency-dependent reduction in the transmitted intensity of
the ballistic signal, from which the scattering mean fiee path, I,, was determined by using

Eq. (2.7).
Many of the ballistic measurement experiments were performed using short input
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pulses, so that the fiequency content of the pulse extended over the entire frequency
spectrum of the generating transducer (FWHM was approximately 50% of the central
frequency). For the thicker sarnples, the corresponding FFT ratio disappeared into the
noise level near the scattering maximum, forcing the use of a different approach. In order
to take ballistic data in this region, a senes of longer pulses were used, each with a narrow
frequency bandwidth centered on the frequency of interest, thereby excluding from the
pulse any large high or low fiequency components that would have saturated the detection
electronics at the increased sensitivity needed to measure these weak signals.

To measure the group and phase velocities, FFTs are used to digitally filter the
detected pulses to form Gaussian pulses with a relatively tight bandwidth (<IO%),
centered at several fiequencies spanning the bandwidth of the pulse. An example of this
technique is shown in Fig. 4.1.4 for data taken at a volume fraction of 0.45, some of which
is identical to that used to generate the FFTs show in Fig. 4.1.3. The unfiltered short
pulses in the first column show very strong dispersion eEects, with a clear sepration of
faster high frequency components in the pulse fiom slower low frequency components.
This effect becomes more pronounced as the sarnple thickness increases and the
transmitted pulses become broader and more distorted. The propagation of this short
distorted pulse cannot be described by a single value of the group velocity. However, the
fiequency dependence of both the group and phase velocities can be accurately detennined
h m these data by using a Gaussian filter fbnction to narrow the frequency bandwidth of
the pulse, so that dispersive distortion of the pulse is reduced and the group velocity
description of pulse propagation is appropriate [c.f Section 2.1.11. The results of this

Unfiltered Pulses
f =2.2MHz
Af= 2 MHz

Filtered Pulses
f = 2.7 MHz
AJ= 0.2 MHz

O

Fil tered Pulses

L = 1.7MHz

g =0.2 MHz

10

Time (ps)
Figure 4.1.4: Digitally filtering the detected waveforms. The column of three
graphs at the far left shows the unfiltered measured input waveform and
the waveforms transmitted through samples of thickness Li = 7.76 and
L2= 12.2 mm. The other two columns show pulses fiitered at two
different fiequencies. The numbers (e-g. x 125) give the change in the
vertical scale of the data relative to the input waveform scale.

filtering process for two centrai Frequencies of 2.7 and 1.7 MHz are show in the second
and third columns of Fig. 4.1.4 respectively. Although srnall dispersion effects cm still be

seen in the slight broadening of the pulses with increasing sample thickness, the filtered
pulses have a weil defined central fiequency and have symmetric peaks, so that both the

phase and group velocities cm be determined. The phase velocity was measured from the

time taken by the carrier fiequency oscillations to travel through both of the sarnples,
using the condition that the velocity must be independent of sample thickness to resolve
the possible ambiguiîy of one or more multiples of 2x in the total phase shifi of the
transrnitted pulse. Simple inspection of Fig. 4.1.4 indicates that the pulses at 2.7 MHz
travel faster than the 1.7 MHz pulses, confirming that the group velocity is slower at the
lower frequency. The group velocity was rneasured quantitatively by determinhg the
amplitude envelopes of the incident and transrnitted pulses, measuring the time interval
between the peaks of the two pulse envelopes, and calculating the velocity fiom the ratio

of sample thickness to pulse envelope propagation tirne.

4.1.3 Diffusive Measurements

The technique used to masure the scattered field is essentially the reverse of that
used to isolate the bailistic component in the previous section. Using the miniature
hydrophone, the full transmitted field was detected and digitized, for approximately 121
different ensembles of scatterers. Then the bailistic component was measured using the
same 10000 pulse averaging tiinction on the Tektronics oscilloscope that was used in
Section 4.1.2. At this point, it was usefùl to digitally filter the scattered and ballistic data,
in order to focus on a tighter bandwidth around the fiequency of interest, and to reduce
noise. This ballistic cornponent was then subtracted from each of the 121 digitized
ensembles, leaving only the scattered component of the transmitted field behind. The
amplitude envelope of the scattered field was found and squared, giving the intensity as a
fùnction of time for each ensemble. Then the intensity envelopes of the ensembles were
averaged together, resulting in the ensemble-averaged scattered intensity profile. The 121
ensembles used gives reasonable statistics, with fluctuations in the average intensity of less
than 10%. This process is illustrated in Fig.4.1.5 for data filtered with a 10% bandwidth,
in a quite strongly scattenng sample.
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To test the accuracy of the difision approximation, and to extract diaision
parameters, the predictions of difision theory were fitted to the ensemble-averaged
scattered intensity. The appropriate boundary conditions were discussed in Section 2.2.2;
there is a plane wave incident on an effectively infinite slab of thickness L ,sandwiched by
walls with an angle averaged reflection coefficient R. The resulting expression is given by
Eq. (2.5 l), with the addition of an overall amplitude factor, A, which takes into account
small cancellations in the scattered field over the face of the hydrophone, and additionai
losses in the absolute transmission not accounted for in the boundary conditions used.
The reflection coefficient, R, can be calculated [c.E Appendix A], given the measured wall
and sarnple velocities and densities. In our systems, the energy velocity and transport

mean ftee path are approximately equal to their ballistic analogues, to within small
correction factors which can be calculated theoretically [Section 2.2.3 and Schriemer et al.
19971. The fitting parameters are the difision coefficient D,the absorption time r,, and

the amplitude A. The diffusion coefficient largely determines how quickly the intensity
profile nses and peaks, with larger coefficients corresponding to faster rise times.
Conversely, the absorption time has its largest effect at long times, where it helps
determine the behavior of the tail of the intensity profile. To include the effects of the

finite width of the input pulse, the rneasured input intensity envelope was convoluted with
the theoretical expression during the fitting process.

4.2 DAWS Field Measurements
4.2.1 Pulsed Measurements

In the pulsed DAWS technique, a regular train of pulses was sent through the

sample, with a repetition time z. Either a plane wave transducer in the far-field, or a point
source at the face of the sample ( h m a focusing transducer) could be used as the input
wave. For each pulse, the transmitted field was sampled at a fixed time, t,, after the input
wave k v e d at the wnple. This sampling time sets the path length, and through the
diffusion approximation, it can be related to the number of scattering events undergone.

This leads to a simple relationship between the mean square relative displacement of the
particles and the field autocorrelation fiinaion, as given by Eq. (2.75).

The electronics needed to generate the input pulses and to sample the field at a
fixed time are illustrated in Fig. 4.2.1. The method used to generate the ultrasonic pulse
train was the same as that used for the transmission measurements of the last section, only
now two Stdord delay generators were needed to produce dl of the required tnggers.
As discussed in Section 3.4.3, the pulse repetition rate was controlled by the longest delay
setting on the delay generator (to within one p e ~ o dof the camer frequency), which,
depending on the speed of the bead dynarnics, was set somewhere in the range of 0.5 to
50 ms. The detection electronics were also the sarne through the amplification and

filtering stages, up to the detection stage. To sample the field at one pmicular time we

used the Boxcar Integrator, triggered using the delay generator. In cases where the
signal-to-noise ratio was small, the repetition rate was increased and the adjacent
averaging fùnction of the boxcar was used to smooth out the sampled field. When doing

this it was important to ensure that the pulse repetition rate was fast enough that the
underlying field did not change significantly over the averaging time window. The
integrated and averaged output of the boxcar was read by the Gage CompuScope, using
its gated digitization option. The gate for the CompuScope was supplied by one of the
delay generators, and was an 8 ps long square Tm pulse. When the gate pulse was high,
the CompuScope recorded 8 data points, the minimum allowed width of the gate. It did
this once for each ultrasonic pulse until the memory on the CompuScope was full, after
1,047,040 data points or 130,880 pulses. The data were then saved to the computer hard
drive, and the process repeated 5 to 50 more times, depending on the statistics desired.

-

'
I

Stanford
#2

~bck

-

Tektronics
Scope

I
1

j
Cbck

Compter

I
I

,

Stmford
#1

I
1

Gage
Scope

a

@
1

I

9

90nte

Bazar

1

--- - - -

I

!-- -&-

Signal

--a

I
I

-8

Gate

LC-F ilten

Trigger
r

4
Water

Telonic
Attenuator

lTmk

Matec
Amplif~r

&-A mp

Far Field
AR

Telonic

-u
Tmnsducer

Figure 4.2.1 : Electronics setup for DAWSDS S measurementS.

O

5

10

15

20

25

30

35

Transit T h e (ps)
Figure 4.2.2: Sampling the transmitted field. In the lefl panel a typical input
pulse is shown. In the main panel a typical transmitted pulse is
shown, and two sampling times are indicated by arrows.

Figure 4.2.2 shows a typicd input pulse, and the resulting scattered field. By
changing the trigger time of the boxcar, the field could be sampled at any arbitrary time,
two of which are indicated by arrows. The corresponding field fluctuations are plotted in
Fig. 4.2.3(a). The field at the later sampling time fluctuates much more quickly than that

tiom the earlier sampling time, since the waves have had a longer path through the sample,
and have undergone more scattering events. Each bead in the scattering path moves by a
smdl amount between pulses, and so the total phase change of the whole path through the
sample will, on average, be proportional to the number of scattering events, as indicated in

Eq. (2.73). This is borne out by the autocorrelation fùnctions and relative mean square

displacements F g . 4.2.3(b) and (c)]. The autocorrelation functions are calculated fiom
the field fluctuations by using FFTs and the correlation theorem press et al. 19921

~ [@fg ]= q f I q g - 1 .

(4.1)

The electronics, and small amplitude stray ballistic sound, cm give the field fluctuations a
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Figure 4.2.3: (a) Field fluctuations measured at the two sarnpüng
times in Figure 4.2.2. @) The correspondhg field autocorrelation
fùnctions. (c) The resulting relative mean square displacements.

DCsffset. The offset was found by calculating the average value of the field fkorn al1 of
the data files, and then it was subtracted fiom each file. The u~ormalizedautocorrelation
fùnctions were found for each data file separately, averaged together, and finally, the
result was nonnalized to be equal to 1 at

t =

O. Processing the data fiom al1 of the

separate files in this fashion leads to an autocorrelation function which is equivalent to that
which would have been found by t a h g one very long data file; however the correlation

function will not extend to as large a time difference as could be measured from a long
file.
Using Eq. (2.75), the relative mean square displacement of particles separated by a
distance 1' can be calculated from the field autocorrelation functions. The transport mean

free path and energy velocity can be estimated fiom the measured ballistic group velocity
and scattering mean fiee path [c.f. Sec. 2.2.31. The wave vector k is determined by the
carrier fiequency of the pulse and the ballistic phase velocity in the sample. All that
remains is to determine the average tirne that the sampled wave has spent travelhg
through the suspension

(1.).

Using the Stanford delay settings, it is straightforward to

determine the tirne at which the boxcar sarnples the field. We then recorded a reference
pulse through the sample cell, with the beads out of the transducer beam, and found the

center of the pulse. This reference time can be written

where the various tems are defined in Fig. 4.2.4(a). Similady, the time at which the

boxcar sarnples the transmitted field is:

--->

-

Hydrophone

1

Sample

Figure 4.2.4: Wall corrections for DAWS.(a) The reference path ( L T is~

the distance between the transducer and sample wall.) (b) Two
scattering paths with different exit angles O.

where Ois the exit angle fiom the sample, which changes for different paths, as indicated
in Fig. 4.2.4@). Combining Eq. (4.2) and (4.3), soiving for ts, and taking an average over

angle results in

Here, twis a correction factor due to the spread of different path lengths through the final

wall, and is given by

This average is calculated and listed in Appendk B, for al1 of the different sample
velocities and wail thicknesses, but it is generally about 3 to 4 ps for Our samples. This
compares to sampling times of 15 to 30 ps for the thh samples, and 50-100 ps for the
thick samples. Using Eq. (4.4) we can determine the time the detected sound has spent in
the sample, and thus calculate the mean square displacements of the particles.

Figure 4.2.5 shows some examples of the relative mean square displacements
measured for several volume fractions in the L,

mean square displacement has a

=

7.76 mm sample. At early times, the

3 dependence, which indicates that the particles are each

moving at constant, but different, velocities, without interacting. Thus

where A V ~(,l mis) the relative mean square velocity. At later tirnes, the particles begin to
interact with their cage of nearest neighbors, and their speed and direction changes,
leading to a slower increase in the mean square displacement at a crossover or correlation
time r,.

To mode1 this crossover, we use the following simple phenomenological

equation, with z2 dependence at early times and a weaker power law time dependence (m)

at times later than r,:

Using this model, both the mean square relative particle velocity and a masure of the
local correlation time can be extracted from the data. To estimate the uncertainty in the
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Time (s)
Figure 4.2.5: Mean square displacement o f the beads relative to
their neighbors at several 4, dong with fits ofEq. (4.7) to
the data.
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fitting parameters, fits were performed holding m = O and letting m Vary. The differences

were generally less than 5% in the velocities, but could be much larger in r, for some
measurementS.
It must be reemphasized that DAWS measures the relative mean square
displacernent of particles separafed by a distance 1'. The transport mean free path cm be
varied by changing the frequency of the ultrasound, and by doing this we were able to
measure the instantaneous spatial velocity correlation function, as discussed in Section
2.3.2.
When the signal to noise ratio is small and the adjacent averaging in the boxcar is
not sufficient to alleviate the problem, the effects on the field correlation functions can be
significant. In extrernely bad cases, the measured field fluctuations looked like those
shown in Fig. 4.2.6(a), where the dotted line corresponds to the measurement without any
boxcar averaging. The noise shows up as rapid, uncorrelated fluctuations superimposed

on the slower, correlated field fluctuations that we wish to measure. This is made clear by
calculating the autocorrelation fùnction of the data, as is illustrated in Fig. 4.2.6(b)and
(c).

Figure 4.2.6(c) shows the effect at small r, were there is a sharp drop in the

correlation function, caused by the decorrelation in the field due to the randomness of the
noise fiom one pulse to the next. The effect of this drop in the correlation function on the
measured values of the mean square displacement is to cause them to be larger than the
actual values at short times. This effect can be seen in the 50% data in Fig. 4.2.5, where

the mean square displacements at early tirnes are above the

2 line.

The thin line and circles in Fig. 4.2.6 show the result of adjacent averaging with an

0.1

Time (s)
Figure 4.2.6: Noise problems with DAWS data. (a) The raw data (dotted line), the
results of adjacent averaging with an 1 1-point window (thin line) and the
results of low pass FFT filtering the data (thick line). @) The comesponding
field autocorrelation functions. The inset, (c), shows the early tirne behavior
of the autocorrelation fùnctions.

11 point window. The fluctuations are now much smoother, while leaving the underlying

oscillations intact. A more sophisticated method for reducing the noise is to FFT-filter the
field fluctuation data. Ail that is needed is a filter fùnction that cuts off high fiequency
components correspondhg to the noise, while leaving the lower Frequency components
that correspond to the particle motions.

A convenient choice is the Fermi-Dirac

distribution fiinction

which is equal to 1 below f., and quickly drops to zero above f,. The result of FFT
filtenng the field with this function is shown by the thick line and triangles, were it c m be
seen that this method works quite well at removing the effects of noise. The FFT filtenng
method also has the advantage that it can be used to remove extremely low frequency
components, which correspond to drifts in the M:offset.
4.2.2 Continuous Wave Measurements

Diffising Acoustic Wave Spectroscopy can also be performed using continuous
wave ultrasound, as was discussed in Section 2.3.3. This allows for the measurement of

much faster dynamics than the pulsed method is capable of, since the shortest rneasurable
time difFerence in the field fluctuations is now on the order of the period of the ultrasound,

and not the pulse repetition rate. However, in the experiments reported in this thesis,
pulsed measurements were sufficiently fast to measure the particle dynamics, and therefore
continuous wave measurements were primarily performed as a proof of rnethod.

To produce a quasi-continuous wave input pulse we used the same electronics as

were used for the pulsed DAWS measurements mg. 4.2.11. The pulse length was set
using the Stanford delay generator #2, and was of the order of several hundred seconds,
depending on the sampling rate of the boxcar. We waited for one second before taking
data, in order to ensure that all paths in the sample had been sampled, and that we were in
the cw iimit. Then the GageScope was triggered, and it recorded the boxcar output. The
boxcar was set up to sample the field at a time that is synchronized with the input sound,
which was accomplished by triggering it using delay generator # 1, which was tnggered by
the input wave. This means that we rneasure the field fluctuations minus the exp[-io, t]
fluctuations due to the input pulse carrier oscillation, which gives the appropriate field
autocorrelation hnction for use in Eq. (2.87).
For pulsed data, the sampling time sets the path length in the sample, and thus the

mean number of scattering events, whereas for continuous wave data al1 path lengths are
sampled, and an weighted integration over path length must be performed. This integral

has been worked out previously, and is given by Eq. (2.87), which must be inverted to find
the relative mean square displacement. This is done numerically by solving the non-linear
algebraic equation for each time point, using the previous time point as an initiai guess for
the solution.

The results of the numencd inversion are plotted in Fig. 4.2.7, dong with the
corresponding pulsed measurements of the relative mean square displacement. Note that
the continuous wave data are much more sensitive to the eariy time behavior of the
particles and are less effected by noises limitations. The results of the two methods are in
good agreement, especially for times between 2x10" and 2x10", where they give

Time (s)

Figure 4.2.7: Cornparison of pulsed and cw methods in the
L = 12.2 mm sample at two volume fractions.

essentially the same mis relative velocity. At later times the agreement is not as good,
most likely due to the increased contribution to g, (r) of short paths through the sample

at large correlation times ( g ,(t)for short paths decorrelates more slowly than for longer
paths), since these paths are not as well modeled by the diffusion approximation [e-g.
MacICintosh & John 19891. Another possible source of the srnall inconsistency is the

background in the cw experiment, caused by reflections off the sides of the water tank.
This background does not affect the pulsed experiment, and while it was subtracted out of
the cw data, small changes in the offset of the correlation function will have a
comparatively large effect on the mean square displacement as the correlation tùnction
approaches zero. Nonetheless, continuous wave DAWS can be used in place of pulsed
techniques to measure the relative velocity, if the particle dynamics are fast enough to
warrant the extra complexities in analysis.

4.3 DSS Near-Field Measurements
In Section 2.3.1, a relationship was derived between the mean square displacement
of the scattenng particles and the single scattering field autocorrelation fiinction. In order
to evaluate Eq. (2.65), the average value of the scattering wave vector rnust be determined
for the geometry used. In this section, we will discuss the situation where the hydrophone

is used as a detector, and is placed in the near-field of the sarnple.
The electronics setup is the same as that used for pulsed DAWS Fig. 42.11. For
these experiments, a one-inch-diameter 0.5 MHz plane wave transducer was used to
generate the input pulse, giving a scattenng mean free path that was greater than 30 mm,
which ensured that the scattering was dominated by singly scattered sound, at least in the
7.76- and 12.2-mm-thick samples that were used. The scattered field is sampled at one

particular time, and by determinhg the corresponding set of single scattering paths of
length

t,,

the average scattenng angle can be found. This is discussed in detail in

Appendix C, which includes an analysis of the effects of the range of input angles 6om the
transducer, the scattering volumes, the angle-dependant scattering amplitude, the angledependent wall transmission, and the small shear wave component in the wails. The basic

result of this analysis is that we measure an average of al1 of the cornponents of the mean
square displacement with the magnitude of

(4) accounting for the variation of the

scattering angle with sampling time, such that
g, ( r ) = e x p [ - q h 2 (r

))] ,

where c/k2 is a parameter that incorporates al1 of the effects mentioned above. The

factor c/k2is plotted in Fig. 4.3.1 for the two samples used (k is the wave vector in the
sample). Once the mean square displacements are found, the root mean square velocities
and the correlation times can be extracted by using the sarne fitting fùnction as was used
to analyze the DAWS data @q. (4.7)]. From the crossover or correlation time we can
determine the dynamic correlation length (dc = r,V', ), which is the average distance
traveled by a particle before its velocity is significantly changed.

Figure 4.3.1 : Near-field single scattenng calculation showing
the value of the constant C for the two sarnple
thicknesses as a funaion of sampling time. The lines
are interpolated fits to the caiculated values (points).

4.4 DSS Far-Field Measurements
The far-field single scattering geometry is more useful than the near-field setup
that we ox-iginally used, but it is somewhat more difficult to arrange because of the large

path lengths that are needed in the water tank. For this reason, we were only able to use
this geometry once the large tank was acquired. The usefulness of this geometry cornes
from the fact that by changing the positions of the generating and receiving transducers,
daerent directions of ij can be selected, and thus the different spatial components of the
rms velocity can be measured independently. This is illustrated in Fig. 4.4.1, where the
scattering geometry used to isolate each component of V,, is shown. By choosing
such that the angle in the sample medium is 4S0, the scattenng angle for the horizontal and
vertical setups is 90°, and

? lies dong the

x and y-axis respectively. The reflection

geometry uses the sarne transducer to generate and detect ultrasound, giving a scattering

Figure 4.4.1 : Far-field single scattering geometry. The solid
lines show the reflection geometry (V,), the dashed lines show the
vertical geomery (Y,) and the dotted lines show the horizontal
geometry (V,).

angle of 180°, and ij parallel to the z-axis.
Plane wave transducers were used, with a central frequency of 250 lcHz and a
diameter of 1.Y. This low fiequency ensured that single scattering was dominant even in
our thickest samples. The pulses used were 20 ps long and square, givhg a reasonable
balance between time and frequency widths. The field was sampled at one particular time,

in the middle of the spread of arriva1 times for the scattered waves. The electronics setup
for the horizontal and vertical experiments was the sarne as that shown in Fig. 4.2.1. For
the reflection geometry the electronics had to be adjusted Fig. 4.4.21, so that the same
transducer could be used as both generator and receiver.
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Figure 4.4.2: Electronics setup for reflection DSS measurements.
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Because of the finite distance between the sample and the transducers, there is a
range of possible scattering angles that are detected at the sampling time, depending on
both the geometry and the time width of the input pulse. The situation for the horizontal
and vertical geometry is shown in Fig. 4.4.3. The transducers are placed 50 cm away from
the sample (in a direction perpendicular to the sample face), and are angled towards the
sarnple at about 35" (depending on the sample's phase velocity), which gives an angle
inside the sample of 4 5 O , and a scattering angle that is twice this. The beam spread angle
is about 5'' which results in a range of scattering angles from 74' to 104". However, in
this case the geometry is not the limiting factor, because we are sampling at one particular

arriva1 time. This limits the range of paths which can reach the detector at the sampling
time to those whose travel time is equal to the time of the central path, plus or minus half
of the time width of the input pulse. It is here that the long path lengths in the water tank
help to reduce the spread in the scattered angle, as illustrated in Fig. 4.4.4, which plots the
change in the travel time versus scattering angle. The spread in the scattenng angle, A&,

is reduced to about k1S0 for the input pulse width of 20 ps. It mua be noted that for al1

Figure 4.4.3: Beam spread for vertical and horizontal geometries.

Pulse width

Figure 4.4.4: Effect of the finite pulse width on the spread of scattenng
angles. The change in arrival time is plotted versus the scattering
angle, with the spread in pulse width indicated by dotted lines and the
resulting spread in scattering angles indicated by vertical solid lines.

of these scattering angles,

4

has essentially the same direction, it is only the finite size of

the transducer and the finite thickness of the sample that have an eRect on the direction.

In practice, the direction of

is limited by the accuracy with which the transducers were

For the reflection geometry, the situation is different. Here the limiting factor on

the spread of scattering angles is the angular size of the transducer as seen from the
sample, as is show in Fig. 4.4.5. For a 1.5" diameter transducer placed 50 cm from the

sarnple, the spread in water angles is t1.7O, giving a spread in the scattering angle of A& =
2'. However, the direction of

q varies by as much as SO, because of the beam divergence

angle of the transducer, although once again this is lirnited by the timing and pulse width

factors to A@,

=4 O

in tbis case.

Once the field autocorrelation fùnction has been measured, the apprmate q can
be substituted into Eq. (2.65), and the mean square displacements can be found. The
resulting expression is

where k is the wave vector in the scattering medium and i represents the appropriate

Cartesian coordinate. This in tum gives the three spatial components of the root mean
square velocity, and the dynamic correlation length in each of the three directions.

Transducer

1

A

Sample

Figure 4.4.5: Reflection geometry scattering angles, showing both the
range of scattering angles A& due to the finite size of the transducer
and the beam spread (5').

The small spread in the direction of

q

leads to a slight m i h g of the different

components of the mean square displacement, especially in the reflection geometry, where
the effect is exacerbated by the fact that V',tums out to be the smallest component of
the rms velocity @y as much as a factor of 4). This mixing effect is of order sin2[A@,],
which at its worst gives a weighting of the order of 0.5%to the rnixed in components.

4.5 Phase Measurements
4.5.1 Setup

When using ultrasound, the fluctuations in the phase of the scattered signal can be
measured in a straightfonvard manner. This was done by recording short segments of the
scattered wave field, instead of just sampling the field at one time, allowing the phase and
amplitude of the wave to be measured. The Gage CompuScope was used to do this, by
setting it up in gated digitization mode with the gate length set to 63 points and a sampling
rate of 30 MSls, giving a 2.1 ps time window (4.7 periods at 2.25 MHz). These
experiments were performed at DAWS frequencies, on the 12.2-mm-thick fluidized bed,
placed in the large tank, using the 60% glyceroVwater mixture as the fluid.

The electronics used are pictured in Fig. 4.5.1. The setup is essentially the same as
that used for the pulsed field DAWS measurements on the generation side, but differs
slightly on the detection side. Instead of using the boxcar, the amplified and filtered
hydrophone signai was put into channel A of the CompuScope, which then recorded a
2.1-ps-long segment of the signal when the gate was high. This 2.1 ps segment started at

a sampling time of 17 ps, corresponding to about 34 scattenng events in the 4 = 0.40
sarnple used. However, as alluded to earlier, the CompuScope has very poor triggering

which jitters by up to 3 points. In order to correct for the poor tnggering of the
CompuScope, a triangle ramp fùnction, generated in sync with the input pulse, was fed
into channel B. This ramp function lasted about 3 ps, and started just before the tirne at
which the gate should have begun. By measunng both the suittered waveform, which

changes fkom one pulse to the next, and this steady ramp fiinction, the waveform could be
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Figure 4.5.1 : Electronics setup for phase measurements.
corrected for the sloppy triggering in the CompuScope. The fact that both channeis had
to be used, means that only about 8300 consecutive pulses could be recorded before the
memory buffer of the CompuScope was &Il. This corresponds to about 16 seconds of
data when the pulse repetition rate is 2 ms. The series of pulses was repeated at least 10
tirnes to improve the measurement statistics.
4.5.2 Phase and Amplitude Extraction

Once the segments of field have been recorded and corrected for trigger jitter, the
phase and amplitude of each record must be found. This is done by using a standard

numerical technique, which has been previously used in Our group [Jones 19961, and is
descnbed below.
The

wave

field

of

the

recorded

segment

can

y ( t )= ~(t)cos[ot+@(t)],where A is the amplitude and

be

written

as

is the phase. This is

multipiied by a reference signal R, = sin [ m l ] , where o is the central frequency of the

ultrasonic pulse:
y ( i )R,( I ) = A (t )cos[of

+ @ (t )] sin [ot]

= ~(coswfcos@
-sinotsin@}sinmt

= ~{cosatsinwtcos@ - sin2of sin@)
= ~ ( + s i n ~ a ~ c o-+[1
s @-cosîmt]sin@}

A
=-[sin2otcos<D+cos2utsinQ,-sin*]
2

.

Similarly, it is also multiplied by a cosine reference signal, R, = cos[ot] :

Then Eq.(4.1 1) and (4.12) are digitally filtered with a low pass filter, to remove the 2at

signals, leaving only
C v ( t ) ~ s ( r )= S =

-'(*)
7sin o(r)

Thus, the amplitude and phase of the segment are given by

This method gives the phase and amplitude of the recorded segments as a function of time
in the segment. Then, by selecting a particular time in the segments at which to sample the

phase and amplitude, the fluctuations in the scattered wave due to the motion of the beads

can be measured.
An example of measured amplitude fluctuations at three different sarnpling times is

plotted in Fig. 4.5.2. The three times correspond to times which are 0.25, 0.5, and 0.75 of
the way across the acquired waveforms. These sampling times are far enough away tiom
each other that the amplitudes are not the same, however they are still very strongly

Figure 4.5.2: Amplitude fluctuations at 3 sampling times in the
record.

correlated with one another. The amplitude gets extremely close to zero 2-3 times in the 5
seconds shown, which is typical for this data set; on average this occurs about once every
2 seconds.

The wrapped phase variations for the same three sampling times are shown in Fig.
4.5.3. As was discussed in Section 2.3.3, the phase can be unwrapped by removing any

jumps in the phase which are larger than K radians. This gives the cumulative phase,
which is plotted in Fig. 4.5.4. The behavior of the cumulative phase at the three sampling

times is very similar, except for differences of Zx, which creep in due to slight differences

- --

Sampled at a,
early time

----.middle time
..-**..
late time
in the record

1

Figure 4.5.3: Fluctuations in the wrapped phase at

three sampling times in the record.

during the rapid variationdjumps of fx in the phase when the amplitude is close to zero.

In most cases the bailistic or electronic DC offset is negligible, but on the
occasions when it is not, it must be corrected for. This is done by writing the measured
fluctuations in the transmitted wave as a sum of the average (or bailistic) and the scattered
components,
w ( t ) = ~ ( t ) e " ( t ) = ~ B e ' @ a + ~ s .( t ) e

(4.15)

Then a time average of Eq. (4.15) is taken, giving the ballistic component in tems of
averages (over the dierent ensembles/segments) of the measured phase and amplitude

A~P
= (E
A ( t )et*')) .

m

I

-early time
----- middle t h e ,
a
.

I
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This equation can be solved for the ballistic amplitude (AB)and phase ( @ B )
AB = ,/(A (t )COS ( t

1): +( A ( t)sin

(tf

t

(A (t) sin 0 ( I ) )
A ( t ) cos (r)

And finally, Eq. (4.15) and (4.17) can be solved for the scattered component of the

transmitted field

O, ( t ) = tan-'

A(t)sin~(t)- A, sina,
A(t)cosQ(t) - A, cos@,

which gives the phase and amplitude fluctuations, corrected for the ballistic offset.
In cases where noise was a problem, smoothing anaiogous to that discussed in
Section 4.3.1 was undertaken. This smoothing was done on the real and imaginary parts
of the wave (i.e. Eq. (4.13)) instead of on the phase and amplitude directly. This method

avoids problems of smoothing out the zeros in the amplitude and the correspondingjumps
in the phase.
From the wnipped and cumulative phases, we cm calculate the probability
distribution and moments of the phase change for different time differences s :

This probability distribution will be compared to the theoretical predictions discussed in
Section 2.3.4.

4.6 Simultaneous Intensity and Field Measurements
To test the Siegert relation [Section 2.3.51, it is convenient to be able to measure
the scattered intensity (or amplitude) at the same time as the scattered field. By measuring
the two simultaneously, we ensure that any deviations from the Siegert relation cm not be
attributed to changes in the sample, thereby giving a very accurate test of Eq. (2.96). The
Siegert relation was tested under three conditions. First we tested it in a cw DAWS
experiment, and then we moved to a pulsed DAWS setup. Finally, it was tested in a single

scattering DSS far-field experiment. In al1 cases the electronics setup was essentially that
shown in Fig. 4.6.1. The amplitude was detected by splitting the arnplified signal, and
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Figure 4.6.1 : Electronics setup for simultaneous amplitude and field measurements.
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sending half to the Matec Amplifier amplitude detector stage [cX Sec. 3.5.21. Two
separate boxcar integrators were used, one to sample the field, and one to sample the
amplitude, both triggered at the same sampling time. The output of the boxcars were fed
into charnels A and B in the GageScope, giving a simultaneous record of the amplitude
and field fluctuations as the particles moved.
Some typical field and amplitude fluctuation data are plotted in Fig. 4.6.2, where
the amplitude data have been corrected for the different gain introduced by the Matec
detector. As expected, the absolute value of the field stays within the amplitude envelope,

Figure 4.6.2: Amplitude and field fluctuations due to the motion of the
scattering particles.

and fluctuates between negative and positive values as the phase fluctuates. There is some
correlation between the two, but the fluctuations in the phase of the scattered wave cause
the field to have different peaks and dips. In this case there is no noticeable DC offset, but

when there was, it could simply be subtracted off of the field, whiIe the amplitude could be
corrected by using the method that was discussed in Section 4.5.2. The intensity was

found by squaring the amplitude, and the field and intensity autocorrelation functions were
then calculated. The factor of p that enters the Siegen relation [Eq. (2.96)], is found by
using the fact that gl(0)= 1, giving a direct test of the Siegert relation.

4.7 Non-Linearity Tests

AU of the analysis and theory in this thesis assumes that the scattering medium is
Linear, i.e. that the ultrasonic propagation properties of the material do not depend on the

amplitude of the wave. While the ultrasonic amplitudes were small enough that nonlinearities were negiigible in water, it is conceivable that the samples are more susceptible
to non-linearity. The assumption of linearity in the samples was explicitly tested in two
ways. First, we varied the amplitude of the input wave over a range of about 40 dB, and
looked for differences in the measured ballistic parameten. Second, we looked for
transmitted signal at frequencies which were twice that of the input wave, caused by the
effect known as frequency doubling, which is expected if there is non-linear propagation.
An example of the first kind of test, for an input pulse at 0.5 MHz, is shown in Fig.
4.7.1. The top panel shows the phase velocity as a hnction of the input amplitude,

expressed as dB down from the maximum that the transducer can generate. The velocity
is quite flat, with al1 variations within the error bars. However, there is evidence of a
slight trend towards slower velocities at the higher amplitudes. In panel (b), the
transmission is plotted as a function of wave amplitude. Here the result is even flatter,
with al1 of the measurements the same within error bars. Again there is the hint of a trend,
this time towards higher transmission at the highest amplitude. However, if there were
non-linearity, one might expect that the transmission at the original frequency would be
reduced at larger amplitudes, since energy is being converted into higher frequency modes.
Therefore, if there is any non-linearity, it is so small that it is at the lirnit of what can be
measured by using this technique.

I

O

i

Phase velocity

(b)

Transmission coefficient

-

k

-

0.92

0.90

I
I

-30

1

I

-20

rn

I

- 1O

1

1

O

input Amplitude (dB fmm max.)
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transmission on the input amplitude.

The second method is perhaps a more sensitive probe. In practice this technique is
somewhat complicated by the fact that the transducer has its first harmonic at this same
double fkquency. This rneans that there is some input sound at the doubling fiequency,

although its amplitude is smaller than at the main frequency by about 45dB. Therefore we
must rneasure both the input pulse and the puise transmitted through the sampie, as a
fùnction of input amplitude, and look for an anomalous peak in the transmission at the
doubling fiequency. This is done in Fig. 4.7.2 for the same 0.5 MHz input pulse. If there
were a nequency doubling peak, we would expect it to be at about 1.0 MHz,and to have

a width about twice that of the input pulse, or 0.06 MHz. There is no compelling
evidence of such a peak in the data at the large amplitudes; if there is frequency doubling,
it is at a level below -50 dB. Therefore, neither procedure was able to detect a sigdcant

non-linearity in the sarnples.
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Figure 4.7.2: Ratio of the input and transmitted amplitudes near 1 .O MHz,for
a primary excitation at 0.50 MHz. A,,, at 1.0 MHz is 45 dB smaller than
A, at 0.50 MHz.

5. Results and Discussion
This section is split into three main parts. In the first part, the results of our wave
propagation experiments, both ballistic and scattered, are discussed. In the second part,
the ultrasonic correlation techniques (DAWSand DSS) are discussed in more detail, and
various methods are tested and compared. The final part presents the results of the
fluidized bed study, and discusses our interpretation of the data.

5.1 Wave Propagation
In this section, the results of our pulsed wave propagation experiments are
presented, and discussed in light of the theory fiom Section 2. Section 5.1.1 deals with
the ballistic measurements, while Section 5.1.2 presents the results of the measurements of
the ensemble-averaged scattered intensity through our glass bead suspensions.

5.1.1 Ballistic Propagation in Glass Bead Suspensions
Using the experimental techniques described in Section 4.1.2, we investigated the

ballistic propagation of ultrasound through sarnples with volume fiactions of glass beads
ranging from 0.045 to 0.61. We made a detailed study of the suspensions in the 75%
glyceroVwater mixture, measuring the velocities and mean free paths over a large range of
fiequencies and volume fractions, with the goal of stnngently testing the spectral funaion
approach used to calculate ballistic parameters [as reported in Cowan et al. 19981. For
the suspensions using the other two fluids, we only measured the ballistic properties
needed for the DAWS and DSS experiments. Therefore, this section will focus on the
system with the 75% glyceroVwater solution, while the ballistic properties used in the

DAWS/DSS study of the other two systems are listed in Appendix D, in Table D. 1.
Some of our measurements of the phase velocity at four volume fiactions are
shown in Fig. 5.1.1, plotteci as a function of reduced frequency. At the lowest volume
fiaction, the phase velocity is very close to the velocity of sound in the bulk tluid,
indicated by the dashed line, over the entire frequency range. However as the volume
fraction is increased, a stronger frequency dependence develops, reaching a maximum

Figure 5.1.1: Phase velocity (points), and theory (lines), for a 75%
glyceroVwater glass bead suspension. kf is the wave vector in
the fluid, and a is the bead radius.

Figure 5.1.2: Group velocity (points), and theory (lines), for a 75%
glyceroVwater giass bead suspension. kfis the wave vector in the
fluid and a is the bead radius.

Figure 5.1.3: Scattering mean fiee path data (points), with effective medium theory

(solid lines) and an isolated glass sphere in fluid calculation (dashed lines).
variation with fiequency of about 40% at ( = 0.61, which is about 7 times greater than at
(= 0.21.

Our group velocity data Fig. 5.1.21 show the same volume fraction trends, with

relatively little dependence on fiequency at the lowest volume fraction but with
progressively larger variations in the fiequency dependence of the velocity as the volume
fraction increases. The variation of the group velocity is in general much larger than that

of the phase velocity; for the most concentrated sample the group velocity changes by

more than a factor of two, reaching values less than 1 mm/ps near the rather sharp

minimum at k/a = 2 - 2.5. Near this minimum, the group velocity is well below al1 the
bulk velocities of both the solid and fluid constituents of the sample, suggesting that the

scattering is having a strong effect on the bailistic propagation at the higher volume
fractions. Measurements of the scattering mean fiee path Fig. 5.1.31 shed further light on
the connedon between strong scattering and the propagation velocities. The scattering
mean fiee path has a pronounced dip for &a between 2 and 3, which corresponds to the
dips seen in both the phase and group velocities. This means that when scattering is at its
strongest, the wave speeds of the ballistic pulse are greatly reduced. Careful inspection of
the Fig. 5.1.3 shows that the position of the minimum in the mean free path moves to
slightly lower frequencies as ( increases; the positions of the minima in the phase and
group velocities also show the same trend, confirming that the reduction in the wave
velocities is caused by scattering. The scattenng mean fiee path data also indicate that the
scattenng in this system becomes very strong in this frequency range, as demonstrated by
the fact that at the minimum in 1, for / = 0.61, the mean free path becornes smaller than
one-haif the wavelength of sound in the sample.
The results of these experiments show that despite the strong scattering, the group
velocity is well behaved, exhibiting no anomalous properties such as negative nor infinite
values, over the entire range of frequencies and volume âactions investigated. One of the
most striking features of our experimental results is the strong volume fraction
dependence of both velocities. At low volume fractions there is weak dispersion, Le. the
velocities have little Frequency dependence, but as the volume fraction is increased the
dispersion increases dramatically. At high volume fiactions this strong dispersion is
similar to that found in earlier experiments [Page et al. 19961 on randomly close packed
((= 0.63) g l a s beads in water.

Our current results show clearly that the volume fraction

dependence of the dispersion seen in acoustic systems is opposite to that predicted for
electromagnetic waves [Sheng et al. 1995, Busch

et

al. 1995 and Busch et al. 19961.

Thus the idea that the most drarnatic dispersion effects should be observed at low volume
fiactions of scatterers does not apply in typical acoustic systems such as ours, a result
which we now explain theoretically using the spectral fùnction approach.
Using the model described in Section 2.1.3, we determined the phase velocity
v, = o l k for each volume fraction of beads from the ratio of frequency to wave vector

along the dispersion curve, givhg the solid curves show in Fig. 5.1.1. To account for the

small 5% variation in the size of the glass beads, the theory dispersion curves were also
averaged over the bead size distribution, which was essentially Bat between the two sieve
sizes used to sort the beads. Excellent quantitative agreement with the data is found at ail
volume fraaions, with the theory correctly predicting the magnitude of the phase velocity,

as well as both the frequency and volume fraction dependence. The group velocity vg =
dm/& is calcuiated by differentiating, with a small amount of smoothing to remove

numencd noise, the dispersion curve to obtain the solid curves plotted in Fig. 5.1.2.
Again very good agreement with the data is found, with the considerable structure in the
frequency dependence of the group velocity being correctly predicted at al1 fiequencies
and volume fiactions investigated.
The same theoretical model can be used to estimate the scattering mean âee path,
which is cdculated âom the scattering cross section of the coated elastic sphere [see
Cowan et al. 19981. This was determined in two equivalent ways, either from the peak of

the spectral tiinction (which is equal to the imaginary pan of the reciprocal of the self

energy) through the use of the optical theorem, or by integrating the square of the
scattering amplitude over ail angles.

Here the mode1 is not as successful, as it

underestimates the magnitude of the scattering because it assumes a uniform environment
around each sphere, in contrast with the actual physical situation in which there are
additional contributions to the scattering fiom the random configurations of the
neighboring spheres. We account for this effect empirically by dividing the theoretical
predictions by a phenomenological scaling parameter p , which is taken to be independent
of freguency and is obtained by fitting theory to experiment. This fitting parameter p, is
found to range fiom 1.6 to 2 as 4 increases fkom 0.2 to 0.6, consistent with exact multiple
sphere scattering calculations that account explicitly for this additional scattering effect
[Jing et ai. 19921. As s h o w by the solid curves in Fig. 5.1.3, reasonable agreement 6 t h
the data is obtained, especially at high volume Fractions, where the theory does an
excellent job of predicting the location of the first minimum in the scattering mean free
path. It is worth noting that the coated sphere calculation is much more successfùl in
predicting the location of this minimum in i, than is a calculation based on the scattering
cross section of single bue glass sphere in water, shown by the dashed curves. This
demonstrates the power of our effective medium technique in accounting for the multiple
scattering effects that are very important at hi@ volume fractions.
To explain the strong volume fiaction dependence of the velocities seen in the
experiments, we calculated the average energy densities as a fùnction of fkequency both
inside the glass beads and in the fluid coating. This calculation is described in Cowan et

al. [1998], and the results at 4 = 0.61 are shown in Fig. 5.1.4. The average energy

Figure 5.1.4: (a) Average energy density in the solid and fluid.
(b) The ratio of the fluid to solid energy density. The arrows
corresaond to the three minima in the group velocity.

densities, normdized by the energy density of the incident wave, are plotted in Fig.
5.1.4(a). This figure clearly demonstrates that the energy density in the fluid layer is much
higher than in the solid spheres at dl fiequencies, and delineates the structure in the
fiequency dependence that results from the scattering. While the normaiized energy
density in the fluid layer shows only a weak dependence on fiequency at high â-equencies,

Er is seen to exhibit a maximum near kfu = 2, corresponding to the resonant condition that
the wavelength in the fluid layer Sequais half the circuderence of the solid sphere. As
expected, this resonance weakens as the volume fraction decreases, and the size of the
fluid pockets between the beads increases. By contrast, the energy density in the glass
beads Es exhibits three peaks at higher frequencies, which correspond to resonant
scattering by the solid spheres. By comparing Fig. 5.1.4(a) with Fig. 5.1.2, it can be seen
that the peaks in Es correspond to the high frequency minima of the group velocity,
indicating that strong resonant scattering can indeed slow down the propagation of
acoustic waves. However, it should also be noticed that there is no resonant scattering in
the spheres associated with the first and the largest dip in the group velocity. Instead, the

energy density ratio Ef/Es
exhibits a strong peak at that fiequency, seen in Fig. 5.1.4@),
indicating that most of the wave energy is trapped in the fluid layer. This is clearly
deheated in Fig. 5.1.5, where the energy density in a liquid-coated solid sphere,
embedded in the renomalized effective medium, is plotted as a fùnction of position for
k/a = 2.6. In this fi-equency regime, the trapping of wave energy in the fluid causes wave

propagation to slow d o m via a different physical mechanism: here the slowdown is due to
the tortuosity of the comected nuid pathways rather than resonant scattering by the solid
152

spheres.
This microscopie picture of wave propagation in Our acoustic system also provides
the basis for understanding why the volume fraction dependence of the dispersion is

opposite to that found for electromagnetic waves [Sheng et al. 1995, Busch et al. 1995
and Busch et al. 19961. For electromagnetic waves, the velocity inside the solid scatterers
is n o d l y lower than in the surrounding medium, since the scatterers usually have the
higher dielectric constant.

Consequently, in the vicinity of Mie resonances the

electromagnetic energy density is very large inside the scatterers and small outside. At

low 4, this leads to a long dwell tirne of the waves inside the scatterers, and large
dispersion effects. However, as / increases, the resonances become smeared out, as the
wave energy that is predominantly concentrated in the scatterers couples from one
scatterer to the next, and the dispersion is reduced [Sheng et al. 1995, Busch et al. 1995
and Busch et al. 19961. By contrast, in our acoustic expenments the velocities of the
elastic waves inside the solid scatterers are higher than in the surrounding medium,
causing most of the wave energy to be concentrated in the fluid, as seen in Fig. 5.1.4 and
5.1.5. Consequently, the two mechanisms that lead to wave dispersion in the acoustic

case, tortuosity slowdown and resonant scattering in the spheres, are both more effective
at high volume fractions of scatterers. It should be clear that the tortuosity effect is most
pronounced at larger values of 4, since the tortuosity of the fluid pathways increases with
the volume fiaction of scatterers as the pockets of fluid surrounding the scatterers shrink
in size. Moreover, the eKect of the resonant scattenng in the spheres is to divert some of
the wave energy fiom the fluid into the spheres, where the waves become partidy

Figure 5.1.5: Spatial distniution of the sound energy density in a coated
sphere scatterer embedded in the effective medium.

trapped, thus also slowing the propagation However, for acoustic waves the majority of
the wave energy still remains in the fluid, and as a result the resonances do not become
washed out at high volume fractions. As

4 inmeases, the waves spend a greater fiaction

of theù time partial& trapped in the spheres simpiy because there are more of them; thus
the magnitude of the dispersion increases correspondingly, in agreement with our
experirnents.

5.1.2 Scattering in Glass Bead Suspensions
The main goal of our measurements of the ensemble-averaged scattered intensity

was to extract diffusion parameters for use in the interpretation of DAWS. To relate the
field autocorrelation function to the relative mean square displacement of the beads, the
transport mean fiee path and one of either the diffusion coefficient or energy velocity must
be known. As mentioned previously, pulsed transmission measurements give information
about the diffusion coefficient and the absorption time in the sample, but do not yield
accurate information about the transport mean free path or energy velocity. The transport
mean free path can be measured directly through total transmission measurements as a
fùnction of sample thickness; however this is difficult in ultrasonics, although it has been
done by Schriemer et al. [1997] for randomly close packed glass beads in water. These
experiments agree well with the theory discussed in Section 2.2.3, which relates the
transpon mean free path to the ballistic scattering mean fiee path, and the energy velocity
to the group velocity. Therefore, the approach we take in this thesis is to use this
theoretical mode1 to calculate the transport mean free path and energy velocity, given the
measured bailistic parameters. In this section 1 will present the results of independent
measurements of the diffision coefficient, and check if the results of the caiculations and
measurements are consistent with Eg.(2.46), which relates the three quantities.
The ratio of the transport mean free path to the scattering mean free path at two
volume fiactions has been calculated and plotted in Fig. 5.1.6, for the fiequency range
over which DAWS data was taken. The differences between the scattering and transpon

mean free paths arise due to anisotropic scattenng. Depending on the volume fiaction, the
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Figure 5.1.6: Calculated ratio of the transport to scattering mean free paths.

ratio approaches 1, corresponding to essentially isotropie scattering, at fiequencies lower
than about 1.O to 1.2 MHz,and has a peak value of 1.2 to 1.3 near a fiequency of 1.8 to
2.2 MHz. Using this calculated ratio, and the scattering rnean free path measured in our

ballistic experiments, the transport mean free path in our samples can be estimated. Figure
5.1.7 shows the calculated ratio of the energy velocity to the group velocity at the same
WO

volume fraaions. Again, the ratio approaches one at low fiequencies (-1.0 MHz),

but at higher fiequencies the velocity ratio is less than one. The ratio also approaches one

Frequency (MHz)
Figure 5.1.7: Calculated ratio of the energy to group velocities.

as the volume fraction gets smaller, because the transport mean free path is larger,
reducing the importance of the scattenng delay (which does not depend strongly on
volume fraction) relative to the travel time between the scattering events [c.f Eq. (2.56)].
The ensemble-averaged scattered intensity transmitted through our suspensions
was measured over a wide range of frequencies and volume fiactions using the technique

discussed in Section 4.1.3. To illustrate the main results, I will focus on the experiments

on the simples with a 75% glyceroVwater fluid, and with thicknesses of L, = 12.8 and 36.5

mm. The data for each sample and frequency were fit using diffusion theory and the
appropriate boundary conditions [Section 2.2.21. In these fits, we used the calculated
values of the transport mean free path and group velocity in the determination of the
boundary conditions, i.e. r d , the distance into the sample at which diffision begins, and
the time at which diffusion begins, zo1 v,. However, the fits were quite insensitive to the
values of the transport mean fiee path and group velocity that were used. The fitting
parameters were the diffision coefficient, the absorption time, and the overall amplitude
factor. Some examples of the data and fits for the samples with L, = 12.8 mm are plotted
in Fig. 5.1.8, while examples with LI= 36.5 mm are plotted in Fig. 5.1.9. Al1 of the data

rise to a peak intensity at fairly early times, and then exponentially decay with time
constants that depend on both the diffision coefficient, absorption time and sample
thickness. For the Lz= 12.8 mm sample, the data for two volume fractions are plotted at
several dEerent fiequencies. The peak scattered intensity ranges from about 1 0 ' ~ to 104
times the input intensity, with the intensity of the scattered sound getting smaller as either
the frequency or the volume fraction is increased. This occurs because the scattering is

stronger (Le. the mean free path is smaller), which leads to the input intensity spreading

out more in both space and time. The tirne corresponding to the peak intensity generally
increases as the mean fiee path gets smaller, because the difision coefficient aiso gets
smaller. However, in the presence of absorption the peak time is no longer ac L:/D, but
is strongly dependant on r,, which decreases with fhquency and volume fraction. This is

Figure 5.1.8: Measured ensemble-averaged scattered intensity (symbols) and
fits of diffision theory (lines) for Lx = 12.8 mm.

Time (ps)
Figure 5.1.9: Measured ensemble-averaged scattered intensity (symbols)
and fits of diffusion theory (lines) for L,= 36.5 mm.

why the f = 2.25 MHz data peak so soon and decay so quickly relative to the 1.6 MHz
data, even though D is similar at the two fkequencies. The L,

= 36.5

mm data show the

same basic trends, but now the peak intensity arrives at a later tirne, and the time it takes
the intensity to decay is also longer. Diffusion theory captures the data quite well, with
the weighted

X2

- 1 for most of the fits; however the theory does have some problems

accurately fitting the initial rise and peak for some of the data sets. Nonetheless, the
diffusion coefficients are accurately determined fiom the fits to the time profiles. Note
that in these fits we have only considered data from effectively thick samples ( L ~ / I '> 4),
where the difision approximation is expected to work [Zhang er al. 19991.
The diffision coefficients are shown in Fig. 5.1.10, with the measured difision
coefficients (from the fits) plotted against the theoretical diffusion coefficient expected

fiom the calculated values of the transport mean fiee path and energy velocity. The
calculated values are based on the measured scattering mean fiee paths and group
velocities, which lead to the error bars shown. The measured diffision coefficients have
uncertainties fiom the fits, which are estimated to be 15%. The measured and theoretical
values agree quite well within error bars over a large range of D, with only a few
anomalous points lying significantly above the line for D < 1 mrn21ps. In the region where

-

the data from the thick and thin samples overlap (D 0.7 to 2 mm2/ps), the rneasured
diffision coefficients are in agreement with each other.
Figure S. 1.1 1 shows the measured absorption lengths (I. = z. v ~ as) a fiinction of
volume fraction, for several ftequencies.

The absorption length decreases (Le. the

absorption becomes stronger) as the volume fiaction is increased, suggesting that the
161

Figure S. 1.10: Diffision coefficients from the fits plotted
versus the theoretical calculations.
absorption is largely interfaciai, since we expect that the bulk absorption in the fluid is
actuaily larger than it is in the glass. The other possible explanation, i.e. that the bulk
absorption in the glas beads dominates, is discounted by the fact that we find that the
absorption in the suspensions with less viscous fluids is weaker than that in higher
viscosity suspensions. Since interfacial absorption will be stronger at higher viscosity,
while the bulk absorption in glass does not depend on the fluid properties to first order,
this means that the observed viscosity dependence is consistent with the dominance of

f = 1.0 MHz
i L =12.8rnm
O L = 36.5 mm

f = 1.2 MHz

Figure 5.1.11: Absorption lengths vs. volume fiaction at
three difEerent frequencies dong with fits of 4-' to
the data.

interfacial effects. AIso, note that the absorption in the suspension is substantially stronger
than the absorption in the bulk fluid

(4 > 200

mm). The absorption lengths have an

approximately (" dependence on the volume fraction at lower volume fiactions, while
they decrease more quickly at the highest volume fractions. The (

'' dependence is

consistent with an interfacial absorption mechanism, since the strength of the absorption
should be proportional to the amount of surface area in the sarnple, which is proportional
to the number of particles and thus to 4. At larger (other mechanisms may be introduced,
due to the narrow channels and rubbing contacts between the glass beads, leading to the
observed increase in the absorption. For completely ngid spheres in a fluid, Ternkin
Il9961 predicts that in the low frequency and volume fraction lirnit the absorption length
has af

-* dependence on frequency. For elastic spheres, Hinden [19911 denves theoretical

expressions for the absorption length by solving the boundary value problem, including the
darnped shear waves in the surrounding fluid, resulting in a f
frequency (kfa

-' dependence in the low

1) and volume fraction limit. However, Our data are in the intemediate

fiequency regime (&a

- 1), as shown in Fig. 5.1.12, where the coefficients of the low

volume fiaction /" fits fiom Fig. 5.1.1 1 are plotted versus normalized frequency. In this
frequency regime, resonant modes in the elastic spheres could in general have a strong
effea on the absorption [Hinders 19911. We find a frequency dependence which lies
betweenf'and f in our suspensions with ( < 0.40, whereas for randomly close packed
glass spheres in water, a Ilfdependence has been found over a sirnilar fiequency range
page et al. 1995, Weaver & Sachse 19951, indicating once again that the character of the

absorption changes at high volume fractions.

Figure S. 1.12: Absorption lengths vs. frequency.

Difision theory describes propagation through Our samples weil, provided that

they are thick compared to

r (L: 11' > 4) [Zhang et al. 19991. Further, the mode1 used to

relate the ballistic parameters to the difisive parameters works quite well over a large
range of volume fractions. This justifies the use of the calculated energy velocity and

transport mean fiee path in the interpretation of DAWS data.

5.2 Spectroscopy Techniques
The results of tests of the self consistency of DAWS and DSS are presented, and
different methods are compared. The phase probability measurements are compared to
theory, and the results are discussed. Finaily, the Siegert relation is tested for pulsed and
continuous wave inputs, and for singly and multiply scattering paths through the sarnple.

5.2.1 Diffusing Acoustic Wave Spectroscopy
In this section, the results of tests of the approximations used in DAWS are
discussed, and a cornparison is made between plane wave and point source input wave
geometry.
5.2.1.1 Test of the Approximations

To test the approximations made in the denvation of Eq. (2.75), (the basic
equation used to find the relative mean square displacement from the field correlation

function) we measured the field correlation function at different sarnpling times or path
lengths. By comparing the relative mean square displacements calculated fiom our data
using Eq. (2.75), we can test whether the t e m introduced by the first and last scattering
events is negligible Fq.(2.7211. This dso allows us to test the basis of pulsed DAWS,

namely that the field correlation time varies linearly with the number of scattering events.
Figure 5.2.1 shows two examples of test data, taken in our thimest sample at two
difEerent volume fractions.

The data sets with large numbers of scattering events (n)

agree quite well with one another at early times. Also note that each data set agrees with

Figure 5.2.1: Cornparison of DAWS measurements at different sampling times (or

number of scattering events n) for two volume fractions.

the others at late times, up untü the tirne at which the data set reaches its own particular

noise threshold, where it levels off However, as the number of scattering events gets to
be less than about 20, there is a noticeable deviation fiom the data sets with larger n. This
is explored in more detail in Fig. 5.2.2, where the relative mean square velocities extracted

fiom the curves in Fig. 5.2.1 are plotted versus the number of scattering events. For n >
20 the differences caused by the lln correction tem in Eq. (2.72) are small (< 5%) and

not overly important when compared to other sources of uncertainty (e.g. the transport

mean free path and energy velocity). However as n gets smdler, the influence of the
correction terni becomes clear. To check the magnitude of the correction term we fit the
data with the fonn expected from Eq. (2.72). For the 50% volume fraction data, the
relative velocity on the length scale of the sample (the average distance between the first
and last scatterings) fiom the fit was 5.0 mrn/s, compared to the independently measured
values of 3.1 m m / s at a separation of L = 5.4 mm, and &Y,

= 7.6 mmls for separations

larger than 22 mm (the correlation length). Thus the value extracted fiom the fit is
reasonable, since the average distance between the first and last scattering events should
be somewhat larger than L,
AI1 of the DAWS data used in this thesis consist of at least two data mns,
measured at two different wnpling times. Both of the sampling times used were late,
correspondkg to long paths, thereby improving the approximations. The results from the
two sampling times were compared, and generaily were in quite good agreement with each
other. By taking data at two different (late) times for al1 of Our data, we ensured that the

DAWS approximations held, and therefore that the data are meaninal. We were also

Figure 5.2.2: Measured rms relative velocity versus number of
scattering events n. The fits shown are from Equation (2.72).

able to use the agreement between the two sampling times to help in calculating the
component of the enor bars due to the Iln correction tem. It also should be noted that
these results mean that it is straightfonvard to use pulsed DAWS on samples that are less
thick than the four mean free paths that are needed for the diffusion approximation to
accurately determine the distribution of path lengths. One need only set the sampling time,

or equivalently the path length, to be long enough that the sound that is detected has
undergone more than 20-25 scattering events. This is in contrast to the situation with
continuous wave DAWS or DWS,where in order to examine thin samples one must go
beyond the diffusion approximation, by using radiative transfer theory or the telegrapher
equation to take the short paths into account [MacKintosh & John 1989 and Lemieux et

al. 19981.
5.2.1.2 Cornparison o f Transmission Techniques

Most of the DAWS data taken in the experiments reported in this thesis used plane
wave input pulses. However, occasionally a focusing transducer was focused on the
sample face, giving a point source input wave. The advantage of a point source is that
there is more signal, since al1 of the input energy is focused down on a small spot, instead
of spread out in a quasi-plane wave. Therefore, when the signal to noise ratio was too
small with a plane wave transducer, a point source transducer could be used to record

more reliable data. In addition to demonstrating the feasibility of extending the signal to
noise by using a point source, by comparing the results fiom the two different input
geometries, we are testing the robustness of the DAWS technique itselE Note that idealiy
the analysis of the pulsed DAWS technique does not depend on the input geometry; al1
that is needed is the average length of the scattenng paths the are being measured.

In Fig. 5.2.3, the relative mean square displacements calculated fiom point source
and plane wave DAWS data are compared. Three different volume fractions are shown,

and there is quite good agreement in al1 three cases. The primary differences are at early
times, where noise may be more of a problem and can lead to the bending over of

Figure 5.2.3: Cornparison of DAWS experirnents that used point source (open)
and plane wave (closed) inputs.

the mean square displacement that is evident in the 50% plane wave data [Sec. 4.3.11.
These data show that focusing transducers can be used to increase the signal to
noise ratio in DAWS, if necessary. The data also provide another test of the theory and
approximations that underlie the technique, by showing that the pulsed DAWS technique
does not depend on the input geometry in practice as well as in theory.

5.2.2 Dynamic Sound Scattering
5.2.2.1 Test of the Far-Field Technique

To test the self consistency of the far-field DSS techniques, we measured the root
mean square velocity for several intermediate directions of ij , and compared the results to

those calculated fiom the measurements of the three prhciple components. An example
of the result is plotted in Fig. 5.2.4; the rneasurements were done with ij lying in two

Figure 5.2.4: Test of the far-field technique at a low volume fraction. The
Iines indicate the expected behavior in the two planes.
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planes, the x-z plane and the y-r plane. The Iines in the graph are fits of,

AV' = JAVA,

sin2O4 + AV: cos2Oq

to the measured data, with Oq being the angle between

4

and the z-axis. The error bars

are a combination of errors fiom the fitting of the phenomenological fùnction @q. (4.7)]
to the mean square displacement, and from the uncertainty in k caused by the finite pulse
width. The results are consistent with Our interpretation, and in fact the two fits give the
same value for the 2-component of the root mean square velocity.
We also tested the reflection geometry, which was used to measure the z-

component of the velocity. In this geometry, the same transducer is used to generate and
to measure the ultrasound scattered back from the sample with a scattering angle of 180°.
To test this technique, we placed two transducers on the same side of the sample, one
inclined towards the sample at -61.and the other at +&. The ij resulting from this setup
points dong the z-axis, and has a magnitude that depends on the scattering angle:

1 1 = 2, sin [%]

The mean square displacements measured at three different scattering angles are compared
in Fig. 5.2.5. They agree quite well over most of the tirne range, with only a slight

difference in the 8, = 110" as it rolls-over. These measurernents also check that the mean

square displacement does not depend on the magnitude of q, at least over the lirnited
range of values that we used (dl of our data has 90°< 8, < 180').

This means that any

Figure 5.2.5: Test of the far-field reflection geometry. The measured mean square

displacement of the beads dong the r direction is show for three different
scattering angles.
possible structure factor effects are not important on the length scales (q -') at which the
measurernents are performed. This is reasonable, because q-' is less than a bead diameter,
and therefore we are measuring the motion of individual beads.
5.2.2.2 Cornparison of DSS Techniques

The far-field DSS technique can give more information about the scatterers and
the analysis is more straightfonvard; t herefore once we had acquired the large water tank,

we abandoned the near-field DSS technique. However, my original data were taken using
the near-field technique, and thus it is important to compare the results of the two
techniques to test their self-consistency. By usiig two methods and comparing the results,

we are also testing the accuracy of both of the measurement techniques.
The results of two tests are shown in Table 5.1. In the first column, the near-field
measurement of the approximate three-dimensional root mean square velocity is shown.

The next column is the fiil1 three-dimensional root mean square velocity, found by
combinîng the far-field measurements of al1 three components. The last two columns
show the expected near-field measurement value calculated from the far-field
measurements [Eq. (C. 12)], and the percent difference fiom what was actually measured
(Le. between colums one and two). The two techniques agree to within k5%, which is
aiso within the expected error bars on each (about 15% on the near-field calculation, and
10% on the far-field measurements). Therefore, the two techniques are consistent with

each other, providing a check on the validity of the near-field technique and the accuracy

of DSS in general.

Near-Fi eld

Far-Field
%d ~ .

v"

V-

#1

1.74

1.86

1.8 1

+3.9

#2

2.18

2.12

2.06

-5.8

VA= Jv;, +v& + 2l5Lwztan2a

L

Table 5.1: Cornparison of the values of V,, measured using the near- and

far-field DSS techniques.

5.2.3 Phase Measurements
5.2.3.1 Wrapped Phase Statistics

The temporal evolution of the phase of the transrnitted wave was measured in a
strongly scattering sample (Le. under DAWS conditions), as was described in Section 4.5.

The wrapped [-xn]phase probability distribution, P(O),is plotted in Fig. 5.2.6. As

expected for a randorn sample, it is flat within statistical error bars. This flat phase
distribution is consistent with Gaussian statistics for the complex field, which is the bais

of the theory that was presented in Section 2.3.4.
Of p a t e r interest are the probability distributions of the change in the phase over

O

(rad)
Figure 5.2.6: Transrnitted phase probability distribution in a random multiply
scattering sample. The solid line is a uniform probability distribution
between -nand x.
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7,

P A ) ) . These distributions should contain information about the motion of

the scatterers in the suspension, which can be extracted by fitting the theoreticai fomi that
was derived in Section 2.3.4. Note that the only fitting parameter is (A)'),

the mean

square phase change of one path through the sample, which is averaged over the same

phase distribution that enters the DAWS formalism.

Therefore, one approach to

extracting information about the motion of the particles is to fit the theoretical form of

P ( A @ ) to w r data at different r, which yields

(A#)

as a function of s. Then ( A ( ~ )

can be directly related to the relative mean square displacement of the particles, as was
done in the DAWS derivation.
In Fig. 5.2.7, the phase difference probability distribution is plotted for four
different values of s, along with fits of Eq. (2.92). The early times have a fairly narrow

peak centered at A@ = O , which broadens as the time difference increases and the
particles move fùrther from their original positions. There also are peaks near k 2 whkh
~
correspond to the jumps in the wrapped phase going from - x to +a or vice versa. As
gets larger, the probability distribution approaches a triangle function

7

Fig. 5.2.7(d)],

which is independent of r. This happens because the correlations have become very small,

and the underlying phase distribution is flat in [-rr,lr] Fig. 5.2.61. Therefore, at the time
depicted in Fig. 5.2.7(d) dl reliable information about the tirne evolution of the particles

has been lost. The agreement between theoiy and experiment is excellent over the entire
range of phases and r.

As a fiirther example of the excellent agreement between theory and expenment,

a
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A@ (rad)
Figure 5.2.7: The wrapped phase-difference probability distribution measured at
four dEerent time differences (points), dong with the theoretical fits (lines).

A> (rad)
Figure 5.2.8: The wrapped phase-difference probability distribution (measured data
(points) and theoretical fits (lines)) at an early time difference. (a) The central
peak and @) the full range of phase differences.

the measured distribution at the earliest time daerence, r = 2ms, is plotted in Fig. 5.2.8.

Panel (a) shows a zoomed in view of the narrow central peak, dong with a fit to the data.
The theory and experiment agree for the central peak in P ( A @ ) extremely well over
almost 4 orders of magnitude. Furthemore, in panel @), the entire range of P ( A 0 ) is

shown, and the same curve fits the small peaks in the data near en;
which are down fiom
the central peak by more than 3 orders of magnitude.
As mentioned previously, one way to extract information about the particle motion

Figure 5.2.9: The relationship between the mean square phase change of the

transmitted field and the mean square phase change of a single path
through the sample (the line is an interpolating îùnction).

is to fit the measured probability distribution at each time dzerence of interest. However,
this is rather calculation intensive, so a more elegant way is to use Eq. (2.92) to relate

(A@')

to (A&) directly,

Then, by calculating (A@') fkom the phase data, and using Eq. (5.4) to calculate (A(*),

the relative mean square displacement of the scatterers can be found as a function of s.
Unfortunately, the integral in Eq. (5.4) must be done numerically, leading to the fbnction
plotted in Fig. 5.2.9. This plot shows explicitly that accurate information about the

Figure 5.2.10: Cornparison of phase (open circles and diamonds) and
field (closed square) methods. The line is proportional to r2.
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motion of the beads is lost as (A@')

gets large, in particular at (A@')

- 6.

This

1

corresponds to a phase change of a single path of (A+')'-

2 radian, which in tum

corresponds to g,+0.1. Therefore at long timeq using the wrapped phase to measure
the motion of the beads does not have any obvious advantage over using the field
fluctuations to measure the phase; both methods lose accuracy as g,+O .
The (A(')

resulting fiom the wrapped-phase method and field fluctuation method

are compared in Fig. 5.2.10. The circles are Rom Eq. (5.4), while the diarnonds are from
direct fits to the probability distribution. Both phase methods compare well to the field
fluctuation data, although the fits to the probability distribution seem to be systematically
below the others by a very small factor.
Overall, the theory used to describe the phase probability distribution describes our
expenmental data remarkably well. The method used to extract information about the
motion of the scatterers also works well, and is in agreement with the field fluctuation
measurementS.
5.2,3,2 Cumulative Phase Statistics

The jumps of 2x cm be removed fkom the time record of the wrapped phase,

giving the so-called cumulative phase, as was discussed in Section 4.5. At small s. the
wrapped and cumulative phase diflerence distributions are essentially the same, except that
the cumulative phase does not have peaks at e x because they have been removed by the

unwrapping algorithm. Removing the jumps in the phase lets us follow its variations for a
longer time, which means that the phase difference probability continues to broaden even

A@ (rad)
Figure 5.2.1 1: Cornparison of wrapped and cumulative phase-difference
probability distributions at a large s.

after the wrapped distribution has saturated as a triangle function. This is illustrated in
Fig. 5.2.11, which shows the wrapped and cumulative phase distributions at a late time r.

The cumulative phase difference distribution is approximateiy Gaussian, but an explicit

theory will have to wait for later work.

5.2.4 Siegert Relation
5.2.4.1 Singk Scattering Test

The Siegen relation was tested in the single scattering configuration on a 12.8 mm
thick sarnple with a 40% volume fraction, and with the scattering vector

4 aligned dong

the vertical direction. The field and amplitude were measured simultaneously by following
the procedure outlined in Section 4.6, giving both the field and intensity correlation
tiinctions. The intensity correlation function g,/fl, and the square of the field correlation
tiinction ( Ig,,I') are plotted in Fig. 5.2.12 as a function of tirne. It is clear that the Siegert
relation does not hold for single scattering in Our system, which means that the spatial

Figure 5.2.12: The field and intensity autocorrelation fûnctions for a single
scattering experiment, as a function of time.

correlations between the displacements of particles in the scattering volume are important.
Using Eq. (2. log), the spatial correlation fûnction of the displacements of particles
separated by a distance Rp can be calculated from the field and intensity autocorrelation
funaions. This equation only takes into account contributions from scatterers that are a
distance Rp apart, where this distance corresponds to the rnost probable separation
between particles in the scattering volume. In Fig. 5.2.13, the results of this calculation
are shown as a hnction of time r.
Note that the spatial correlation function in question can also be expressed in terms

Figure 5.2.13: Spatial correlation function of the displacements of particles
separated by R ,with a fit t o m DAWS and DSS data giving Rp= 22 mm.
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Figure 5.2.14: Far-field, single scattering geometry, showing the size of the
scattenng volume.
of the temporal particle correlation functions measured by DAWS and DSS (we consider
the ycomponents of the displacements, corresponding to Our experimental geometry)

DSS cm m e u r e (Ar' (r )) directly, and DAWS allows us to measure

(A&(r,R))

for

relatively small R. For R that are too large to measure (because 1' would be too large
compared to the sample thickness to achieve multiple scattering) the length scale
dependence of

(&il(r,R))

can be extrapolated [c.E Sec. 5.3.41 to the R of interest. The

fit to the data in Fig. 5.2.13 uses the measured (Ar2(s)) and an extrapolated estimate of

(Ar:, ( r , ~ ) with
) , Rp = 22 mm. The fit captures the overall trends in the data quite well,
dthough the high fiequency oscillations are not reproduced (they are Iikely caused by
insufficient ensemble averaging). To check if the value of R, obtained from the fit is
plausible, a mode1 of the scattering volume must be developed.
The scattenng volume can be approximated by a cylinder with a diameter given by

and a thickness equal to the sarnple thickness LzFig. 5.2.141. The size of the scattering
volume is pnmarily set by the input pulse width (2Ar), in the sarne way as the angular
resolution of far-field DSS was [Section 4.41. Assurning a uniform distribution of particles
in the volume, and ignoring the thickness L, (since L, < D),h(R) (the fiaction of pairs of
particles in the scattering volume that are separated by R) can be expressed as an integral
over the scattenng volume. Consider Fig. 5.2.1 5, where the cross-sectional area of the
scattering volume is drawn, dong with a particle at position P . The arc length ï is
proportional to the nurnber of particles inside the scattering volume that are a distance R
away from this position, and h(R) is proportional to the integral of

r

over al1 of the

particle positions F in the scattering volume. Making use of the expressions shown in

Fig. 5.2.15, we obtain the following result for h(R):

cos y =

(0/;12 - r2 - R~
2Rr

Scattering Volume
Figure 5.2.15: Diagram showing the location of particles separated by R in

the scattering volume.
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The result of numerically evaluating these integrds is shown in Fig. 5.2.16. As
mentioned previously, for a finite scattering volume with a dimension greater than one, h
has a peak, which in this case is at about Rp = 25 mm. The simple model, which just used

the peak separation Rp to calculate the deviations fiom the Siegert relation, gave a value

Rp = 22 mm when fit to the data. Therefore, Our simple model is consistent with the
scattering volume estimates, suggesting that Our picture of the cause of deviations fiom
the Siegert relation is correct. In this picture, the long-range correlation in the motion of
particles in our sarnples leads to the breakdown of the Siegert relation. If the motion of
particles, separated by distances that are comparable to the size of the scattering volume,

was not correlated, then the Siegert relation would hold tme. Thus, the single scattering

Siegert relation will only be valid under conditions where the scattenng volume is large
compared to the particle velocity correlation volume.

Given these results, the deviations fiom the Siegert relation also provide a way to
measure the spatial-temporal correlation fiinction in Eq. (5.5). This correlation fùnction
masures correlations in the displacements of particles separated by R, as a fundion of
tirne. For example, the data in Fig. 5.2.13 show the correlations in the motion of particles
separated by 22 mm, giving a correlation between the early time displacements of the
particles of approximately 0.27. As the time is increased, this correlation first decreases,

until it reaches a minimum and then surprisingly begins to increase again at later times. As
a possible fùture extension of this work, the most probable particle separation, R,, could

be varied by changing the pulse width or beam size, providing a unique and novel probe
into spatial-temporal correlations in the motion of particles.

Figure 5.2.16: Fraction of particles separated by a distance R.

5.2.4.2 Pulsed DAWS Test

We have also tested the Siegert relation in a sample and at a frequency where there
was strong multiple scattering, meanhg that this was a DAWS, not a single scattering

measurement. Measurements were done at three different volume fractions, and for
dEerent scattering path lengths at each volume fiaction. The resulting autocorrelation
finctions are plotted in Figs. 5.2.17 to 5.2.19.

o. 1
Time (s)
Figure 5.2.17: Test of the Siegert relation in a multiply scattering sarnple, with a
volume fraction / = 0.245.

o. 1

Time (s)
Figure 5.2.18: Test of the Siegert relation in a multiply scattering sarnple, with a
volume fiaction i = 0.30.

Fig. 5.2.17 shows the field and intensity correlation fùnctions for four different
path lengths at the lowest volume fraction, ( = 0.245. For the two longest path lengths,
the results obey the Siegert relation, but for the two shorter paths they do not. This trend
continues for the different path lengths measured in samples with higher volume fractions,
show in Fig. 5.2.18 ()

= 0.30) and 5.2.19 () = 0.50).

This efEect is expected, as was

discussed in Section 2.3.5. One possible explanation is that the longer paths include
193

0.1

Time (s)
Figure 5.2.19: Test of the Siegen relation in a rnultiply scattenng sample,
with a volume fraction (= 0.50.

particles fiom a larger volume of the sample. and so the motion of diierent particles in the
scattering paths is largely uncorrelated. This would mean that the phase change of
different scattering paths would also be uncorrelated. Another possible explanation for
this effect is that when the paths include many scattenng events, the direction of the wave
vector between scattering events will be randomized. Therefore even if the motion of the
particles included in two neighboring scattenng paths is strongly correlated, the phase

4=0.245
1=0.30

0

A

-----

(=OS0
Exponential decay

10

Number of scattering events n
Figure 5.2.20: Deviation from the Siegert relation in multiply scattering
sarnples, with a dashed line drawn as a guide to the eye.
changes introduced into each path by the motion of the particles would not be correlated,
because the directions of the scattering wave vectors are uncorrelated. These ideas are
explored in more detail in Fig. 5.2.20, which shows the average deviation from the Siegert
relation plotted versus the number of scattering events. For the purpose of analysis, the

average deviation was defined as the average of

over tirne, h m r = O to the tirne at which

lg,If

drops to 0.03. This value of

Ig,r
195

corresponds to the top of the noise level in the worst of the intensity correlation fùnction
data. The average deviations from dl three volume fractions are plotted on the graph, and
their behavior is remarkably sirnilar. The deviations are essentially zero for n > 10, and
increase exponentially for smaller n. As will be discussed in Section 5.3.5, the velocity
correlation length, 5, of the particles (which gives the average distance over which particle
velocities are correlated) depends on volume fraction, v q i n g fiom
(= 0.245 to 17.5

5=

7.9 mm at

mm at ( = 0.5. The volume that encloses a path of n = 10 steps must

have one dimension equal to at least L, = 12.2 mm (since we are measuring transmitted
sound). To estimate the other two dimensions, we calculate the root mean square
displacement of dfising sound as a fùnction of path length,

Thus the average transverse sire of the scattenng volume occupied by a single path varies
from approximately 3.3 mm at ( = 0.245 to 1.2 mm at ( = 0.5. The scattering volumes

(K) are compared to the correlation volumes (Y',) in Table 5.2. We find that the scattering

Table 5.2: Cornparison of scattering volumes to correlation volumes for n = 10.

volume is much less than the velocity correlation volume, which means that the motion of
the particles in a scattering path is significantly correlated for n = 10. Thus, even in the
presence of significant cortelations, the Siegert relation holds for DAWS paths that are
longer than 10 steps. This occurs because these paths are long enough that the directions
of the wave vectors of the scattered waves are well randomized, so that the phase changes
of different paths are not correlated with one another, even if the motion of the particles in
the scattering paths is correlated. Thus, in contrast to the single scattering case, where the

failure or success of the Siegert relation was determined solely by the correlations in the
system, in the multiply scattering case the properties of the diffising waves themselves
overcome the effects of correlations, allowing the Siegen relation to hold true.

5.2.4.3 Continaous Wave Test
We have also tested the Siegert relation with a continuous wave input, ushg the

same experimental techniques discussed previously. The sample and frequency were
chosen so that there was strong multiple scattering, meaning that this was also a DAWS
measurement. In contrast to a puised input, with a continuous wave input a wide range of
scattering paths contribute to the transmitted field and intensity fluctuations.
The resulting field and intensity autocorrelation fùnctions are plotted in Fig. 5 -2.21

Figure 5.2.21: Test of the Siegert relation in a multiply scattering sample, for
a continuous wave input at two volume fractions.

for two volume fiactions. The agreement with the Siegert relation is quite good for both

volume fiactions over the measured time range. This is true because when a strongly
scaîîering m p l e is thick enough that the diffusion approximation is obeyed, long path
lengths dominate the transmission. Since the Siegert relation is obeyed for paths that are

longer than 10 scattering events, a relatively short path length ( l O I b e ~ : / l ' ) ,the
continuous wave autocorrelation functions also obey the Siegert relation.

5.3 Fluidized Bed Dynamics
This section presents the results of applying our new experimental techniques to
measure some of the properties of fluidized suspensions. 1 begin by considering the
fluidization velocity, or perhaps equivalently the sedimentation velocity, measured for
diierent sample sizes and Reynolds numbers as a fùnction of the average volume fraction

of the suspension. Then 1 discuss measurements of the volume fiaction at different heights
in the bead colurnn, looking br possible variations in the volume fraction with vertical
position in the suspension. M e r these preliminaries, 1 go on to discuss the results of the

DSS and DAWS measurements, in light of the diflerent competing theories presented in
Section 2.4.2.

5.3.1 Fluidization Velocities
We have measured the flow velocity needed to fluidue 0.875-mm-diarneter glas

bead suspensions of difïerent volume fractions for al1 of the combinations of sample sizes
and fluids that we used. The results are plotted in Fig. 5.3.1, nonnaiized by the single

sphere Stokes velocity, which was measured independently. The data scatter around the
phenomenological fit discussed in Section 2.4.1, with K2= 4.4; Our data are in agreement
with other sedimentation experiments with 0.35 mm beads, which gave Kz = 4.65 pussel
et al. 19891. There are some systematic effects, with the high volume fraction flow

velocities for both the high and low Reynolds number samples being consistently higher
than the flow velocities at intermediate Reynolds numben. There is no discemable effect

on the fluidization velocity when only the sample size is changed.

Fluid # 1 (Re=7 e-3)
@ L=12.2mm
Fluid #2 (Re=0.3)
i L=7.76mm
a L=12.2 mm
Fhid #3 (Re=0.9)
O L=5.40 nim
0 L=12.8mm
A L=36.5mm
Fiuid #4(R-7)
e L=12.8mm
A L=36,5 mm

0.0

O. 1

0.2

0.3

0.4

0.5

Volume Fraction, 4
Figure 5.3.1: The fluidization velocity versus volume fraction, for dl of our
samples.

0.6

5.3.2 Ceil Uniformity
It is possible that the local time-averaged volume fraction changes with position in
the fluidized bed. To check to see if this happens, we measured the ballistic transmission
of ultrasound through the suspension at different heights in the fluidized bed.

The

scattering mean fiee path is approximately inversely proportional to the volume fraction,
and thus is a measure of the local volume fiaction. By using a hydrophone placed close to

the exit face of the sample, and measuring the ballistic transmission, we are only sensitive
to the smail region of the sample directly between the hydrophone and transducer.
The results of these measurements at different volume fiactions and on diserent
samples are plotted in Fig. 5.3.2.

While the overall unifonnity of the particle

concentration is good, indicating that the fluid flow is well distributed throughout the bed,
there is some variation in the volume fiaction, especially in the top 30% of the column.
However, the volume fiaction does not change by more than a few percent in the middle
of the column, where we took Our measurements. The slight variation in volume fraction
means that it is important to make al1 of the measurements on a sample at the sarne height
in the column, to ensure that the volume fraction remains constant.

Figure 5.3.2: The variation in the volume fraction with height in the
suspended column, for several average volume fractions.

5.3.3 RMS Particle Velocities
The root mean square particle velocities in our fluidized suspensions were
measured using the DSS (Dynamic Sound Scattering) technique discussed earlier. The
next three sections will focus on the results from the thickest sample (L,= 36.5 mm) at a

Reynolds number of 0.9, in order to illustrate the data collected; the sample thickness and
Reynolds number dependence will be examined in later sections. For this sample, we used
the fat-field DSS technique at a frequency of 250 kHz, which ailowed us to measure al1
three components of the rms particle velocity independently. In a fluidized suspension the
average velocity of the particles is zero, which means that these nns velocities are
equivalent to the mis velocity fluctuations about the mean.
Examples of field autocorrelation functions are plotted in Fig. 5.3.3, for

4 = 0.40

and 0.50, in both the x (large horizontal) and y (vertical) directions. The autocorrelation
functions in the x direction behave as expected, decaying to zero at times larger than the
correlation time. The autocorrelation function in the vertical direction shows the same

behavior for the 40% sample; however for the 50% sample the autocorrelation ttnction
dips below zero, corresponding to a fairly strong anti-correlation at a time of about 0.84 S.
Generally, this kind of behavior in the autocorrelation function is indicative of a periodic
fluctuation in the system, with the anti-correlation peaking when the time difference is half

of a perîod. Periodic volume fraction waves have been observed in fluidized beds at high
volume fractions [Didwania & Hornsy 1981 and Ham et al. 1990, for example], and they

are also found to break up for volume fiactions less than about 50-55% pidwania &

Homsy 19811.

These waves travel in the vertical direction, and therefore

Figure 5.3.3: The measured autocorrelation functior~sin the vertical and
horizontal directions, for (= 0.40 and 0.50-

will only show up in the vertical component of the rms particle velocity, as we have
observed. The voidage wave frequencies we observe are about 0.59 Hz for the samples
with a Reynold's number of 0.9, and 1.8 Hz for the samples with Re = 7. These values are

of the sarne order of magnitude as those found in previous experiments on somewhat
dflerent suspensions Barn et al. 19901. Even in the presence of voidage waves, the
vertical rms velocity can still be estimated at (= 0.50,by using the early tirne behavior of
the autocorrelation function, but the dynamic correlation length (the average distance a
particle moves in the vertical direction before its vertical velocity is changed) can not be
accurately detennined.
For al1 other volume fractions, the determination of the nns velocity cornponents
followed the procedure discussed in Section 4.2 and 4.4. The results are plotted in Fig.
5.3.4, nonnalized by the single particle Stokes velocity. The error bars in the rms velocity

represent a combination of several sources of uncertainty. The pulses contain a range of
frequencies, and therefore there is an uncertainty in the effective ultrasonic wavelength.
There also is uncertainty in the scattering angle as was discussed in Section 4.4. The fits

of the phenomenological tiinction discussed in Section 4.2 also introduce an error into the
extracted rms velocity. There also is uncertainty in the normalizing velocity (in this case
the Stokes velocity, in other cases the fluidization velocity). Finally, there is random
statistical error because the fluidized suspension is a random system, and we are measuring

a statistical average of its properties. Thus there is a combination of random and
systematic errors, some of which are difficult to quanti@ exactly, and so the error bars
shown are conservative, and likely overestimate the uncertainties.

Figure 5.3.4: The measured rms velocity components normalized by the
Stokes velocity, plotted as a function of @, for the L: = 36.5 mm
sample with Re = 0.9.

Figure 5*3*5:The ratio of the rms velocity components for L, = 36.5 mm.

In Figure 5.3.4, the vertical component of the rrns velocity is larger than both of
the horizontal components, and the x-component is larger than the z-component. At low
volume fractions, al1 components of the velocity increase with increasing

4, but between

10% and 30% the velocity is fairly constant, and above 30% it begins to drop again.

Although we only have at most two data points in what could be considered the low
volume fraction limit, the dependence is of order (

'" in this region.

One of the most

striking things about the data is that the ratio of the different components remains
remarkably constant over the entire volume fraction range. This is shown in detail in Fig.
5.3.5, where the ratio of V ,to V, is shown to be 1.8, and the ratio of K to V ,to be 0.79.

Rather than nomaiking the rms velocity by the Stokes velocity (i.e. the
fluidization velocity for a single isolated particle), it is more useful to normalize by the
fluidization velocity for the volume fraction in question, as this is the relevant velocity
scale in the suspension. This is done in Fig. 5.3.6 for the three components shown
previously in Fig. 5.3.4. At low volume fractions, the volume fraction dependence of the
vertical component is still approximately ( ' O , although it could be up to
z-components. Both the 9

(IR

for the x and

'" dependence and the magnitude are in excellent agreement

with previous low volume fraction (< 0.05) measurements of the y and x-components,
performed on very low Reynolds number sedimenting suspensions by direct Mdeo imaging

[Segrè ef al. 19971. In Fig. 5.3.4, the absolute (i.e. nomalized by V. ) rms velocity
decreased at large volume. Now, however, the m s velocity fluctuations normalized by
the appropriate +dependent fluidization velocity actually increase as the volume fiaaion
increases. This increase is much faster than Il", in fact it is approximately linear in 4, and

it only begins to level off at (

- 0.50. This increase has not been observed in recent video

imaging of sedimenthg suspensions at high volume fractions, where instead the velocity
fluctuations were found to be roughly independent of 4 for (> 0.1 [Segrè et al. 20011.

Figure 5.3.6: The measured rms velocity components normalized by the
fluidization velocity, plotted as a function of 4, for the Lz= 36.5 mm
sample with Re = 0.9.

5.3.4 Local Relative Velocity Fluctuations
DAWS measures the relative motion of scatterers separated by the transport mean

fiee path of the ultrasonic wave, thus determinhg the relative mean square velocity. In
Section 2.3.2, Eq. (2.79) relates A , ( 1 ) to the spatial particle velocity correlation
funaion at a particle separation of f . Thus by measuring AV,, (1') for dEerent
changing the ultrasonic fiequency) as well as AV,,

(by

the spatial correlations between

particle velocities can be probed. This is illustrated in Fig. 5.3-7,by plotting
fùnction of

r

r, for two different volume fi-actions, and fitting Eq. (2.79) to

AVrel

as a

the data,

assuming an exponentially decaying velocity correlation function. Of the two data sets
chosen, the ( = 0.15 data is representative of a good fit, and the

4 = 0.23 data is one of

the poorer fits. Nonetheless, even the poorer fit is quite good, except perhaps for the data
point at the highest value of the transport mean free path. At smdl particle separations,
AV,I scdes as the square root of the separation distance f , consistent with an exponentid
decay of the velocity correlation function. At larger particle separations the velocity
correlations weaken, and the relative velocity of the particles approaches &Y,,
value expected for particles that move randornly. As AY,r approaches

, the

fiY,,, both the

data and theory rollover, at a separation corresponding to the instantaneous velocity
correlation length 5, dehed by the exponential decay length of the velocity correlation
finction.

:i

:3
.Ï

..i
.$

*Y,

,1

Fits of exponential
velocity correlation functionl
I

1

L

I

I

I

I

Figure 5.3.7: The measured rms relative velocity as a function of particle
separation r, nonnalized by the fluidization velocity. Two volume
fractions are shown, dong with fits fiom Equation (2.79) with an
exponentially decaying velocity correlation function.

In Fig. 5.3-8, A&

data from al1 of the samples are plotted on normaiized sales.

The relative velocity is nomalized by the corresponding rms vefocity, and the particle
separation is nomalized by the measured instantaneous velocity correlation length.
Remarkably, al1 of the data coiiapse ont0 a single curve, corresponding to an exponential
velocity correlation fiinction. This scaling means that the spatial velocity correlation
function is well described by an exponential decay in al1 of our samples and for effective
particle separations spanning two orders of magnitude. Thus the measured instantaneous
velocity correlation lengths, 5, are found in a consistent manner for al1 of our samples and
volume fractions, and therefore the results can be directly compared to each other.
While DAWS measurements give a probe of the extent of the instantaneous spatial
velocity correlations in fluidized suspensions, they also allow the relative motion of

neares neighbor particles to be measured. The reason for this is illustrated in Fig. 5.3.9,
where 1 have plotted the minimum values of / as a function of q). and compared these
values with an estimate of the average nearest-neighbor interparticle separation [Cowan et
al. 20001. Over much of the volume fraction range, the minimum particle separation

measured is comparable to the nearest neighbor distance; it is only at the lowest volume
fiactions that DAWS begins to mesure the relative motion of next nearest neighbon.
Furthemore, by using the scaling of the relative velocity that was demonstrated in Fig.
5.3.8, one can extrapolate or interpolate A b to the nearest neighbor particle separation.

This means that DAWS is a direct probe of the local motion of the particles, right down to
the shortest distances over which the relative motion cm be defined in the suspensions.
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Figure 53a1: The relative velocity scded by the rms velocity, and plotted as a
function of the particle separation scaled by the measured
correlation length. Data from al1 of the sarnples fa11 ont0 the same
curve, govemed by an exponentially decaying velocity correlation
tùnction.
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Figure 5.3.9: The shortest values of / used in relative velocity measurements,

compared with the average nearest neighbor separation of the
particles.

In Fig. 5.3.10(a), the relative velocity of nearest neighbors (normaiized by the
fluidization velocity) is plotted as a function of the volume hction, for al1 three sample
thicknesses L, at a Reynolds number of 0.9. The data from the three sample sizes agree

with each other remarkabiy well, with the only significant difference showing up at the
lowest volume fraction. The overall magnitude of the local relative velocity is of order the
fluidization velocity, and not much smaller than the rms particle velocity. The data have a

4 '13 dependence from low volume fractions up to 40%, above which the relative velocity
drops down again. Measuring the local relative velocity means that we can measure the
local strain rate in the suspension, defined by

where r,, is the nearest neighbor separation. This strain rate is ploned in Fig. 5.3. IO@),
normalized by the characteristic time that it takes the fluid to travel a bead radius, a/Vf .

The strain rate is quite large, approaching a maximum of about 0.6, indicating that there

are large local rearrangements of the particles taking place in a relatively short period of
time. The local strain rate has a 4" dependence at volume fiactions less than 40%, and it

is independent of L,.

Figure Sm3m3.10: The relative ms velocity and average local strain rate,

extrapolated or interpolated to the nearest neighbor particle
separation. Data fiom dl three sample thicknesses at a Reynolds
number of 0.9 are shown.

5.3.5 Velocity Correlation Lengtbs
By using DSS to masure the mean square displacement of the particles in the

suspension, both the rms velocity and a crossover or correlation time can be detennined.

This correlation time, when multipiied by the rrns velocity, gives the dynamic correlation
length d , which is the rms distance traveled by a particle before its velocity is changed
through interactions with its neighbors (mediated by the nuid). As discussed in the last
section, by using both DAWS and DSS the instantaneous particle velocity correlation
length can also be measured. The instantaneous correlation length is the average distance
over which the instantaneous velocities of particles are correlated, Le. the sue of the
correlated region in a "snapshot" of the velocities of the particles at one instant in tirne.
In this section, Our results for both of these correlation lengths will be discussed and
compared.
Far-field DSS gives access to the dynarnic correlation lengths in al1 three
directions, e.g. the average distance traveled in the x direction before the x-component of
the rms velocity is changed. The technique also gives the three-dimensional dynamDc
correlation length, i.e. the average distance traveled before the full 3-d rms velocity is

changed. The components of the dynamic correlation length are plotted in Fig. 5.3.11 for
the thickest sample, at a Reynolds number of 0.9. The most striking feature of the data is
that the vertical (y) component of the dynamic correlation length changes significantly
with volume fraction, and is generally larger than the x and z-components, which do not
change very much as the volume fiaction is varied. In this thickest sarnple, the zcomponent is only slightly Iess than the x-component on average (both are of order 5-7

Figure 5.3.1 1: The components of the dynamic correlation length,
norrnalized by the particle radius and plotted as a function of volume
fiaction.

bead radii), while the y-component is up to two times larger, varying from 7 to 15 bead
radii over the range of volume fractions measured.
approximately I

The y-component has an

' dependence
~
on volume fraction up to about 4 = 0.30, above which it

increases. The horizontal components are independent of ( within error bars, with the z-

component about 0.8 times the size of the x-component, approximately the same as the
ratio of the mis velocity cornponents found earlier Fig. 5.3.51. Recall [ftom Table 3.31
that the sample thickness LIis 36.5 mm (83 bead radii), the width Lx is 178 mm (407 a)

and the height is 450 mm (1030 a), so that al1 of the measured dynarnic correlation lengths
shown in Fig. 5.3.1 1 are considerably less than the dimensions of the fiuidized bed.
The full three-dimensional dynamic correlation length can also be found by
combining the data taken dong the three directions; the result is plotted in Fig. 5.3.12,
dong with the instantaneous correlation length. The dynamic correlation length has a 4""
dependence at low volume fractions, up to

4 = 0.30. It is smailer than the instantaneous

correlation length, by a factor of about 1.5 at low volume fractions, giving the physical
picture of large instantaneously correlated regions, or swirls, which break apart as the
particles interact. The instantaneous correlation length also has a (""dependence at low
volume fractions, and again the magnitude is in excellent agreement with video imaging
measurernents at lower Reynolds numbers [Segrè et al. 19971. However, above about 4 =
0.15, the instantaneous correlation length begins to increase quite quickly, with an

approximately linear (dependence. As a result, the dynamic length is up to a factor of 4
smaller than the instantaneous correlation length at large volume fractions, meaning that
the correlated swirls are relatively short lived. Note that the low volume fiaction )""

dependence of the instantaneous correlation length corresponds to a correlation volume,

t3,,th

a 6'dependence, and thus the number of particles in the correlated swirl remains

constant at low volume fractions. However at large volume fiactions we find that the
volume of the correlated region increases as approximately 4 3, meaning that the number
of particles in a correlated swirl in our fluidized suspensions increases, as approximately

b4.

This observation is in contrast to the results of recent video imaging expenments on

low Reynolds number sedimenting spheres [Segrè et al. 20011, which found that the
number of particles in the correlated regions rernained roughly constant at high volume
fractionsjust as at low volume fractions.

L

= 36.5 mm:

1

Instantaneous, 5 1 a

Dynamic, d 1 a
C

Volume Fraction
Figure 5.3.12: The three-dimensional instantaneous and dynamic correlation
lengths, nomalized by the particle radius and plotted as a fùnction of
volume fiaction.

5.3.6 Discussion of the Volume Fraction Dependence

The results from the 1st sections described the scaling of the correlation lengths
and average particle velocities with the volume fraction of particles in the suspension. We
found the following scaling relations:

J

-

AVm,( r ) r"'

Here r.,, is the average nearest neighbor distance, which scales as ( " O . As far as we are
aware, theories have only attempted to model the rms velocity and the instantaneous
correlation length. In the low volume fraction limit we do not see the scaling laws
predicted by Koch & Shaqfeti [1991] or Levine el al. [1998], and the existence of a
instantaneous correlation length smaller than the system size rules out the simple Cafiisch
& Luke [1985] scaling. However, Brenner [1999] does predict the volume fraction

scaling that we observe [Sec. 2.421.

To understand these scaling laws in more detail we consider the simple heuristic
'blob" model, foliowing Hinch et ai. [1988], Segrè et al. [1997 & 20011 and Brenner
[1999]. In this model we consider a correlated blob of particles moving with an average

velocity V, in the vertical direction. The volume of the average blob will be

- &Q&. If

the particie distribution is random, the average number of particles in the blob, (N), , will
fluctuate as

Mrç = ,/TN);, leading to a net deficit or surplus of particles compared to the

average background. This will lead to a buoyant force, Fs on the blob, which will be
balanced by a viscous drag, FD:

Balancing these two forces leads to

If we identie the size of the "blob" with the instantaneous correlation length, this equation

relates the vertical components of the rms velocity and instantaneous correlation length.

Since the vertical components dominate the horizontal components, Eq. (5.13) also
approximately relates the full 3-d rms velocity and instantaneous correlation length'. Aiso
note that at constant volume fraction this result means that the correlation length will be
proportional to the square of the nns velocity. The low volume fiaction scaling laws

found in our experiments are consistent with Eq. (5.13).
Segrè et al. [ZOO11 have proposed a way to extend the "blob" model to the high
volume fraction regime. To do this they use an estimate of the effective viscosity of a

'

Although we can not separate the spatial cornponents of eushg DAWS, the data from Se& et al. Il997
& 20011 implies ihat the ciifference bctween the ratios vY/& and v/$ is only 5% in a sample that

is Mciently thick that the x and z-components are equivalent.

-

non-Brownian suspension q (4) instead of the fluid viscosity in Eq. (5.12). As well, they

argue that the fluctuation in the number of particles in the blob can no longer simply be

,/O,
because volume exclusion effects reduce the available particle configurations (Le.
the particle positions can no longer be entirely random because the spheres c m not
overlap).

Therefore the number fluctuations are suppressed by a factor of

(AN)/ J(N) =

for very large voiumes (or very large (N) ), where S (O, 4) is the

static structure factor in the q = O limit [Segrè et al. 2001, Russel et al. 1989, Lei et al.
200 11. More generally m s e n & McDonald 19761, the number fluctuations are given by

where Vis the volume of interest and d2'is the pair distribution fùnction, which is related

to S(q,6 through its Fourier transform

If the particle positions are uncorrelated, 8'= 1, and Eq. (5.14) gives random Poisson
statistics. If, on the other hand, the average value of the pair distribution finction in the
volume of interest is not 1, then the number fluctuations can be either suppressed or
enhanced. Also, note that it is only for an effectively infinite volume (or equivalently
average number of particles) that the relationship (AN)/@)
Allowing for the possibility that AN,

#

,/(Nj,

=

holds true.

and accounting for the

dependence of r] in Eq. (5.1 2), the original scaling argument F q . (5.12)] becomes

4

The left hand side of Eq. (5.16) is plotted in Fig. 5.3.13(a) for al1 of the samples with Re =
0.9. The difEerent sample thicknesses agree with each other within error bars, and they

scale as 0.93 ( I R . This means that at this Reynolds number

This relation is in contrat to the results of Segrè et al. [2001], where the quantity in the
square brackets was not independent of 4, but varied from 0.9 at (= 0.1 to 0.5 at 4 = 0.5.

To explain their results, Segrè et al. [2001] have approximated the number
fluctuations by AN4/,/fl

= ,/S(o,o, and used an expression for

S(O,() based on

volume exclusion effects in a random Brownian particle system, arguing that this
expression will also hold for nonBrownian particles. They have also proposed an
approximate form for r l ( ~ ) / r l ( /based
) , on measurements in suspensions of nm-sized

colloidal particles. The effective viscosity of a suspension of these suspensions of

Brownian particles is approximately given by, [Russel ei al. 19891

in the low shear rate limit, and

I

I

1

I

I

I

.
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Extrapolation of the
/ = 0.004rneasurement
[Lei et al. 2001]
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-.

Prediction for a random
distribution of Brownian spheres

..

Figure 53.13: (a) The high volume fraction scaling of the "blob" model, for
al1 of the Re = 0.9 data.
@) The estimate of the number fluctuations in the correlation volume,
using the estimate of the effective viscosity and the data in (a).

'

in the hifi shear rate limit. Segrè et al. 120011 have chosen to use the high shear rate limit
for q (4) . They argue that at high shear rates viscous effects dominate Brownian motion,
which suggests that the high shear rate result may be more applicable to non-Brownian
suspensions. Using these assumptions, they find quite good agreement with their data for
the instantaneous correlation length and rms velocity fluctuations.
However, the basic assurnption of the Segrè et al. [20011 mode1 for S(O,+),
namely that without volume exclusion effects the particle number fluctuations follow the
Poisson distribution, has been called into question by recent measurements by Lei et al.
[20011. In these video imaging experiments, the number fluctuations were measured

directly in a very dilute sedimenting suspension () = 0.004), where volume exclusion
effects are negligible. Nonetheless, quite strong suppression of the number fluctuations

was seen, especially for large volumes (or large (N)) and long sedirnentation times,
suggesting that there is a small amount of long range order in the particle positions. This
suppression also evolves donng sedimentation, at least in relatively large cells. For a
random Poisson distribution of particle positions, as the length scde is increased, the rms
velocity will also increase; i.e. the rms veiocity will diverge with increasing sample size as
pet the Caflisch & Luke [1985] result. However, suppression of number fluctuations as
the length scale is increased would have the effect of suppressing the expected divergence
of the velocity fluctuations wit h sample size [c.f Eq. (5.16)], in effect setting a velocity
correlation length. In fact, the decay of the number fluctuations as the sampling volume is
increased can be viewed as the mechanism that lads to an instantaneous velocity

correlation length [Lei et al. 200 11.
Using Eq. (5.16), our data cm be used to estimate the suppression of the
fluctuations in the number of particles in a correlation volume:

To mode1 the effective viscosity of our suspensions we use the low shear rate limit p q .
(5.18)1, whereas Segrè et al. 120011 used the high shear rate viscosity. We use the low
shear rate viscosity because it diverges at random close packing (# = 0.63), consistent
with our observation that the suspension no longer acts as a fluid when it is not fluidized
and has settled at random close packing. The results of using this viscosity and Our data

to estimate the number fluctuations in the correlation volume are shown in Fig. 5.3.13(b).
Also show in Fig. 5.3.13(b) is the extrapolation of the measured number fluctuations in a
correlation volume at 4 = 0.004 from Lei et al. [2001], although this is adrnittedly oniy an
estimate, since they have not yet reached the steady state in their expenments (the number
fluctuations are still evolving in tirne)*. Our data are essentially independent of volume
fraction and sample thickness over the entire volume fiaction range measured, and are

similar in magnitude to the estimate from Lei et al. [2001]. Aiso shown for cornparison is
the suppression of the number fluctuations expected in a random distribution of Brownian
spheres due to volume exclusion effects (in large sample volumes) [Segrè et al. 20011. If
the decay of the suppression of the number fluctuations with increasing sampling volume
In fan -nt video imaging measurements of sedimentaiion in cells that wea much larger than those
in Segrè et al.*s exqeriments (1997 & 2001) suggest that equilibrium is never reached if the ce11
dimensions are large (L,»4 [Shang-You Tee & D.A. Weitz, personal communication]. This finding is
in contras to fluidization, where wve reach equilibrium evcn in our largest cell.
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is what sets the instantaneous velocity correlation length, one would expect that
AN/@)

rneasured in a correlation volume will be a constant value, independent of the

actuai size of the correlation volume, and thus the volume fiaction and ce11 size. This is

what we see in Fig. 5.3.13(b), implying that the decay of the number fluctuations is the

underlying mechanism behind the instantaneous velocity correlation length. The question
of what causes the number fluctuation decay remains unresolved, and some possibilities
will be addressed in the next two sections.
The "blob" mode1 only considers the effect of the mis velocity and instantaneous
correlation length, taking the view that these are what control the scaling of the dynamics.
Another perspective on the dynamics is to consider the local fluctuations in the velocities
of neighboring particles, which give nse to the local relative velocity measured by DAWS.
As the length scale, r, is increased, i.e. as we look at the relative velocity of particles

fùrther apart in the suspension, the relative velocity increases as ria. This divergence of

ArnIwith sample size is eventually cut-off at larger lengths, once the r -' dependence of
the fluid flow field is cut-off by wall, inertial effects, or other intnnsic effects [Sec. 2.4.2,
and Sections 5.3.7 and 81. From this perspective, the size of the rms velocity can be seen

to be the result of the magnitude of the rms local relative velocity, and the length scale cat
which this divergence is cut-off

Given the measured volume fraction scaling summarized in Eq. (5.1 l), our data are

consistent with this interpretation at both high and low volume fractions. This is shown in
detail in Fig. 5.3.14, which plots Eq. (5.21) as a fûnction of volume fraction. In that figure
we see that Eq. (5.21) holds true for ail Reynolds numbers and sample sizes investigated.
As was shown previously in Fig. 5.3.10, the local relative velocity is independent

of sample thickness L , whereas we shall see in the next section that both the rms velocities
and correlation lengths increase as the sarnple size is increased. This reinforces the picture
that the collective dynamics are controlled by both the local behavior of the particles,
which is independent of sample size, and the correlation length, which we shall see is
controlled by both sample size and inertial effects for the range of ce11 sizes studied in this
thesis.

The "blob" model and the local fluctuation model of the volume fiaction scaling
provide different and complementary perspectives on what controls the particle dynamics.
In the "blob" model, it is statistical fluctuations in the number of particles in a correlated
region that controls the dynamics - a large-scale, collective point of view. In the local
fluctuation picture, the local interactions and resulting local velocity fluctuations ultimately
control the magnitude of the m s velocity, in combination with a correlation length that is
imposed by either boundary conditions, inertial effects, or other intrinsic effects (as will be

discussed in Sections 5.3.7 and 8). Equation (5.21) and Fig. 5.3.14 suggest that AV,, is a
fiindamental quantity, which sets the ratio Y,/@.

This realization, one important

consequence of our DAWS measurements, should motivate the development of a
iùndamental theory for AV,, .

Figure 5.3.14: The demonstration of the agreement o f our data with the
volume fiaction scaling from the local fluctuation model, for the dl of
Our samples.
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5.3.7 Sample Size Depeudence
To investigate the sample size dependence, three dfierent sample thicknesses (L,)
where used: 5.4 mm (= 12.3 a), 12.8 mm (= 29.3 a) and 36.5 mm (= 83.4 a). Depending
on the volume fraction, these thicknesses range fiom a small fraction of
times

C

4 up to several

The rms velocities and instantaneous and dynamic correlation lengths were

measured for each thickness, at volume fiactions ranging corn 0.04 to 0.5. In this section,

we will first present the results of this investigation, and then discuss their implications.
The components of the rms velocity for the three thicknesses are plotted in Fig.
5.3.15. Despite some scatter in the data, the same general volume fraaion dependence is

seen for al1 three thicknesses. Al1 three components show a decrease as the sample
thickness is reduced; however the decrease is much larger for the z-component. At low
volume fiactions (< 20%), we compared the results fiom the différent thicknesses by
fitthg a 4

'" power law to the data.

The coefficients of the fits are plotted in Fig. 5.3.16

for all three components, dong with the total ms velocity. The x and y components both
show approximately the same L,'" scaling, and since the vertical component dominates the

hl1 three dimensional rms velocity, it also shows this scaling. However the z-component
changes more quickly, varying approximately as L:'".

Figure 5.3.15: The components of the ms particle velocity for the three

different values of L,,normalized by the fluidization velocity and
plotted as a tiinction of volume fraaion.

Figure 5.3.16: The scaling of the rms velocity components with Lz.

The dynamic correlation lengths for al1 three directions were also measured, except
for the y direction in the thinnest sample, where d, could not be determined at most of the
volume fiactions due to expenmental difficulties

pg.5.3.171.

Once again, the same

general volume fraction dependence is seen in ail three samples, with the vertical
component changing rapidly as /

'U3

at low volume fractions and the horizontal

components both remaining roughly independent of volume fiaction. As the thickness is
changed from 83.4 a to 29.3 a dl of the lengths decrease. However, in going fiom LI/ a =
29.3 to 12.3 there is no significant change in any of the three lengths. This trend is borne

out in the full three-dimensional dynamic correlation lengths as well Fig. 5.3.181, which
continue to show the low volume fraction scaling of

('ID,

and no change From the 29.3 a

to 12.3a sarnples. To compare the data tiom cells with different thicknesses, we fitted the
vertical and 3-dimensional dynamic correlation lengths with

4-" and

)

-'" respectively.

The two horizontal components were compared by fitting a constant to the data (i.e.
averaging the lengths from al1 volume fractions).

The measured instantaneous correlation lengths in the three samples are plotted in
Fig. 5.3.19. The data from ail of the samples scales as (*lnat low volume fiactions, and
as approximately / at high volume fractions, allowing us to use fits of these expressions to
our data when comparing Our results for different thicknesses. This approach provided a
good way of smoothing the fluctuations in the data, giving a more reliable masure of the
thickness dependence. At low volume fractions we find that the instantaneous correlation
lengths get steadily smaller as the sample thickness is reduced. At large volume fractions
we again find a decrease in the length when going from the 83.4 a sample to the

Figure 5.3.17: The components of the dynamic correlation length, for al1
three sample thicknesses.

Volume Fraction
Figure 5.3.18: The full three dimensional dynamic correlation length, for
al1 sample thicknesses.

0.1

Volume Fraction
Figure 5.3.19: The instantaneous correlation length, for al1 sample
thicknesses.

0.6

29.3 a sample, but no significant difference in going from the 29.3 a sample to the 12.3 a

sample.
The scaling of the dynamic and instantaneous correlation lengths with sample

thickness is shown in Fig. 5.3.20. Panel (a) shows the three-dimensional dynamic length,
with a curve with a dependence of L*'". In panel @), the three components of the

dynamic correlation length are shown, dong with curves showing L,'" and L~~ behavior.

The L,'" curve fits the vertical cornponent data for ail three thicknesses, and the xcomponent data from the two thickest samples, but not the data Rom the thimest sample.
The LZMcurve fits the z-component data h m the two thickest samples, but once again

t
does not fail on
not the data fkom the thimest sample. The reason that the t h i ~ e ssample
the curves within error bars, for the two horizontal components, is that there is no

measured change in the any of the components of the dynamic correlation length going
fiom the LI/ a = 12.3 to 29.3 samples. In the case of the z-component this is perhaps
understandable, because in the 29.3 o sample the dynamic length is approximately 2a, or
the diarneter of a particle, so it may have reached a minimum value. Then, assurning that
the coupling between the different spatial components fixes the ratio of the lengths, one
might expect that the x and y components will also saturate, as seen in our data.

The scaling of the instantaneous correlation length is shown in panel (c) for the
low volume fiactions and panel (d) for high volume fractions. The low volume fiaction

data sales as L,'", quite convincingly. The high volume fiaction data is also consistent
with a L,'" dependence, although not as convincingly. Thus both the dynamic and
instantaneous three-dimensional correlation lengths scale approximately as L,".

Recall

Figure 5.3.20: The scaling of the dynamic and instantaneous correlation
lengths with Lr.

that fiom both the "biob" mode1 and the local fluctuation model, we expect that the

vertical component of the instantaneous correlation length will scale as the square of the
vertical rms velocity (at constant volume fraction). Since we expect that

5 is dominated

by its y and x components, this means that the measured L,'" dependence for the

instantaneous correlation length is consistent with the L ~ ' 'dependence
~
measured for the x

and y components of the rms velocity.
To investigate the thickness dependence in more detail we look at the scaling of
the anisotropy between the x and z components, by plotting the ratio of the components of
the mis velocity and dynarnic length [Fig. 5.3.2 11. These component ratios are an average

over the entire volume fraction range (0.05 to 0.5). Also, the symrnetry of the system in
the horizontal direction means that, for example, the bed with a thickness L,

and width Lx = 178 mm is completely equivalent to one with a thickness L,

=

=

12.8 mm

178 mm and

a width Lx = 12.8 mm, i.e. swapping the labels does not change anything. Thus we have
plotted the component ratios for six values of L: / L, in Fig. 5.3.2 1. The symrnetry in the
horizontal direction fùrther dictates that if L, = I the two horizontal directions will be
equivalent, and the components of the rms velocity and correlation length should be equal.

The measured ratio of

to Y , is equal to (LII L,)"~, which is consistent with the low

volume fraction scaiing relations found for

and V, separately. The fit to the velocity

ratio data aiso passes through 1 when the thickness and width are equal, which suggests
that this scaling law holds for al1 values of LI /

L

and not just for the extremely

anisotropic beds that we have looked at. On the other hand the (L: 1 &)ln scaling found

for the dynamic length ratio is only valid when the width and thickness of the bed are quite

Figure 5.3.21: The scaling of the x-r a~sotropywith L,.

different, as the extrapolations do not pass through 1.
Ow basic fhdings are that while the velocity in the x and y directions do not

depend strongly on the smallest dimension of the container, the velocity in the z direction
does depend more strongly on L:. We also see that the L, dependence of the correlation
lengths is the square of that for the velocities, as expected. At low volume fiactions the
measured scaiing is

- and -- f 1.04 and 0.62)
vY

v x

Vf

vf
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The anisotropy in the horizontal velocities scales as

We do not rneasure any change in the components of the dynamic correlation length in

going from the thinnest ce11 to the 29.3-a-thick cell; however the dynamic correlation
lengths are larger in the thickest cell. Our measurements have been taken in cells whose
thickness ranges from 0.3 io 4.2 times the instantaneous correlation length, while the
width and height are always larger than 5
Previous experiments on sedimenting spheres Picolai & Guazzelli 1995, Nicolai et
al. 1995, Peysson & Guazzelli 1998 and Segrè et al. 19971 have measured the n n s
velocity in sample cells of different sizes using imaging techniques, although only the x and
y wmponents of the velocity where measured. Nicolai & Guazzeili [1995], Nicolai et al.
[1995] and Peysson & Guazzelli [1998] tracked the trajectory of several silvered particles

in their sedimenting suspension, extracting the nns velocity fluctuations fram the time
average for each particle. In these experiments, the smallest dimension of the ce11 was
changed, while holding the othen constant. In particle tracking experirnents like these, the

Figure 5.3.22: Cornparison of our data with the sedimentation experiments
of Segre et al. [1997], Nicolai & Guazzelli [1995] and Nicolai ei al.
[19951.

particles will spend longer near the walls where Y,, is smaller, thus the average is
weighted more by the low values of Vm. By contrast, our DSS measurements give equd
weights to particles at ail depths in the cell. Segrè et al. [1997] used particle image
velocimetry techniques, taking two snap-shots of a large number of pmicles, separated by

a short time. From these images, the velocities of clusters of - 4 spheres where extracted,
and 6om the spatial average the x and y components of the mis velocity fluctuations were
determined. Due to the local averaging of the vector velocity over these small clusters of

particles, we would expect that Segrè et al's [1997] measurements underestimate the
magnitude of the mis velocity by a small arnount. In these experiments, the thickness and

width of the sample ceils were generally changed simultaneously, preserving the sarne
aspect ratio of 10.
Neither of these sets of experiments reports a variation in the rms velocity with the
smallest dimension of the container. However, they have not looked at the dynamics in
the direction of the smallest dimension of the container (the thickness L-),where we see
the strongest eKect.

Furthemore, considering their rather large error bars, their

measurements are not inconsistent with the weak L:"~dependence that we observe in the x

and y directions. In Fig. 5.3.22 a comparison between the measured vertical components
of the rms velocity in Our experiments and these previous experiments is shown. The data

from Nicolai & Guazzelli [ 19951 and Nicolai et al. [ 19951 have considerable scatter and
quite large error bars, because they generally oniy measured one volume fraction for each
ceIl thickness. Nonetheless, their data are consistent with ours in the region where the cell
thicknesses overlap. Figure 5.3.22 only includes data from the two cells where Segrè el

'"

al. [1997] see a ( dependence on volume fiaction. Their thin cells (compared to the
interparticle separation at their extrernely low volume fractions) can be interpreted as

being in Brenner's dilute limit, which leads to a ( IR dependence Brenner 1999 and
Section 2.4.21, so that the data fiom these ceUs are in a ditferent regime. Their two

remaining m s velocity data points are generally smaller than our results as expected, but
do nonetheless show an increase with increasing thickness. In Our data, we see an effect
that has not previously been observed, a weak but significant scaling of the rms velocity

with the smallest dimension of the cell.

Our data are clearly not in agreement with the simple Caflisch & Luke [1985]

V,

- L"'

scaling. Neither do we see the scaling predicted by Koch & Shaqfeh's [199 11

theory [Eq. (2.1 16)] by or Levine et al. [1998]p q . (2.117)]. The main discrepancy
between these theoretical predictions and Our data is that Our measured instantaneous
correlation length depends on the sarnple thickness, even when 5 is smaller than L., the
smallest dimension of the cell. In Koch & Shaqfeh's and Levine et al.'s theories, as well
as in the sarnple size scaling ideas in Segrè et al. [1997], the instantaneous correlation
length is expected to scale as the sample dimension L, until

5 - L,

at which point it

becomes independent of L. In our sarnples, the correlation length is always smaller than
the Iargest dimension of the cell, and yet we do see scaling of 5 with thickness, controlled
by the smallest dimension of the cell, which is itself often larger than

Thus our data

strongly suggest that wall effects play an important role in setting the dynarnics in fluidized
suspensions.
As far as we know, only Brenner [1999] has explicitly considered the effects of the

walls on the dparnics of the particles. Our results for the scaling of the velocities and
correlation lengths are not in agreement with B r e ~ e r ' stheory [Sec. 2.4.21, in part
because he assumes that the scaling is isotropic, whereas we see different scaling in
different directions. In his theory, he also assumes that the z-component of the dynarnic
correlation length scales linearly with the sample thickness, a result that we do not
observe. Therefore the simple assumptions used in his theory are not sufficient, and a

better theory is needed to describe the effects of the sarnple ce11 walls.

5.3.8 Reynolds Number Dependence
Al1 of the data discussed above was taken using a 75% glyceroVwater solution as
the fluid, which gave a particle Reynolds number of 0.9 at 27

OC.

We have also

investigated the Reynolds number dependence of the fluidization dynarnics, by changing
the percentage of glycerol in the fluid. Data were taken at four particle Reynolds
numbers, 7xW3, 0.3, 0.9 and 7, corresponding to the low to intermediate range. The low
Reynolds number (7xW3) and Re

=

0.3 data were taken in the original ceiis with

thicknesses of 12.2 mm (27.9 a) and 7.76 mm (17.7 a), whereas the Re = 0.9 and 7 data
were taken in the new cells with thîcknesses 12.8 mm (29.3 a)and 36.5 mm (83.4 a). The
rms velocity data with Re

=

0.3 and L, = 12.2 mm (27.9 a) were not completely

tnistworthy, due to problems with clogged pores in the diffiser, and are therefore not
used here. Only the Re = 0.9 and 7 data were taken using the far-field DSS technique, so
that it is only for these sarnples that we have measured the three spatial components of the
nns velocity and dynamic correlation length separately.
The components of the rms velocity are shown in Fig. 5.3.23,normalized by the
appropriate fluidiition velocity. The top panel shows the two Reynolds numbers (0.9

and 7) in the 29.34-thick cell, while the bottom panel shows the data taken in the 83.4 a
cell. In the 83.44-thick celi we were only able to attain volume fractions greater than
about 0.20 at Re = 7, because of the flow rate limitations of our pumping system. One of

the main effects that we see is an overall average reduction in the magnitude of al1 of the
components of the rms velocity at the higher Reynolds number in the L, = 83.4 a sample.

In the L,= 29.3 a cell, the velocities are reduced at the lowest volume fiaction, but are not

Figure 5.3.23: The volume fiaction dependence of the components of
the rms velocity, ploaed for two Reynolds numbers. Solid lines
are fits of a linear volume fiaction dependence to the lower Re
data at high 4, dashed lines are fits to the higher Re data at al1 4.

significantly different at the higher volume nattions. Thus at the larger Reynolds number,

'

the volume fraction dependence is now approximately ( over the entire range of

measured volume fractions.
The ratio of the components of the rrns velocities at the high Reynolds number are
pIotted in Fig. 5.3.24. The ratio of

to Y , is (within our error bars) roughly independent

of volume fraction. The value of the ratio is also the same as that found at d l / at the
lower Reynolds number (0.9) at each of the two sample thicknesses used, although the
scatter of the data is larger at the larger Re. However, the ratio of V, to V, has a different
behavior at the high Reynolds number. It is no longer independent of volume fiaction,
starting at about 1.8 at high volume fractions (in agreement with the Re = 0.9 data) and
then decreasing as the volume fiaction decreases, to about 1.25 at 4

- 0.10.

This is in

contrast to the Re = 0.9 data, where the ratio is independent of 4.
To compare the Re = 7x10" data and the higher Reynolds number data, we have
plotted the full 3-dimensional velocity for al1 of our samples in Fig. 5.3.25. In the top
panel the data fiom the L2/ a = 17.7, 27.9 and 29.3 cells are plotted. The data in the top
panel are al1 consistent with each other within error bars at al1 Reynolds numbers, except
at the Iowest volume fractions, where the rms velocity at the highest Reynolds number is
smailer. This suggests that at the highest Re the low ((< 0.2) rms velocity has a different

4 dependence, with the data falling on the sarne linear dependence seen at al1 Re at high 4.
The bottom panel shows the rms velocity in the thick sample. Although at each volume
âaction the data at Re = 0.9 and 7 differ by approximately one error bar, al1 the data
points at Re = 7 f i l below the corresponding data at Re = 0.9. Therefore there is a

Figure 5.3.24: The ratio of the components of the mis velocity at
Re = 7,with lines drawn to guide the eye.

Figure 5.3.25: The volume fiaction dependence of the full rms
velocity, plotted for several Reynolds numbers and two
sample thicknesses with power law fits drawn to guide the
eye.

smail but significant decrease in the mis velocity at the higher Re in this thick sarnple even
at high

4, as was seen earlier for the individual velocity components [Fig. 5.3.231.
The components of the dynamic correlation length in the 29.3 and 83.4 a sarnples,

at Re = 0.9 and 7, are plotted in Fig. 5.3.26. The open symbols represent the high

Reynolds number correlation lengths. Any slight differences that may exist between the
data at different Re are difficult to see directly, although the high Re data may be on
average slightly larger than the lower Reynolds number data. Both of the horizontal
components are essentially independent of volume fiaction, within error bars, for both
Reynolds numbers. The vertical component was hard to measure, because of difficulties in
following the particles for a long enough time, but fiom the limited data, it appears that
the vertical component could have a similar ( dependence at both Reynolds numbers.

Figure 5.3.27 shows the full three-dimensional dynamic correlation lengths in the 27.9-athick ce11 at Re = 7x105, and the 29.3s-thick cell at Re

= 0.9

and 7. There is a slight

difference between the dynamic correlation lengths at the different Reynolds numbers,
although the differences are not large compared to the experimental uncertainty. The
trend is that the dynamic correlation length appears to increase weakly with increasing
Reynoids number.

Figure 5.3.26: The volume fiaction dependence of the components of
the dynamic correlation length, plotted for several Reynolds
numbers and sample thicknesses.

Figure 5.3.27: The volume fraction dependence of the full three
dimensional dynamic correlation length, plotted for several
Reynolds nurnbers. The lines are fits of a &*power law to
the data.

Figure 5.3.28: The volume fraction dependence of the local

relative velocity measured with DAWS, plotted for several
Reynolds numbers.

Another quantity whose Reynolds number dependence is of interest is the local
relative velocity of the particles. In Fig. 5.3.28 the local relative velocities for the samples
with Re = 0.9 is re-plotted [ c f Fig. 5.3. IO], dong with the data fiom the Re = 7x1U3, 0.3
and 7 samples3. The low Reynolds number data are the same within experimental
uncertainties as the intermediate Reynolds number data. However, the high Reynolds
number data are different at the lowest 4. The 4 dependence is very different, scaling as
approximately 4'" instead of 4

'" at low volume fractions up to 4 = 0.4.

Figure 5.3.28

also shows that the relative motion of neighbors in the suspension at low volume fractions
is slower at larger Reynolds numbers (when nomalized by the Buidization velocity, which
increases as i el^). One possible physical explanation for this effect may be the presence
of wakes that are generated by particles moving at a large velocity relative to the fluid
(due to inertial effects in the fluid) [e.g. Koch 19931. These wakes may tend to pull
neighboring particles dong, coupling the local motion of particles more effectively than
the purely viscous effects that dominate at lower Re, and leading to less relative motion

between neighboring particles. One may fiirther expect that wakes will have a stronger
effect when the velocity of the particles relative to the Buid (- l$) is aat its largest, which on

an absolute sale occurs at low volume fractions, where we see the largest differences.
The instantaneous correlation length is plotted in Fig. 5.3.29 for Re = 7x105, 0.9,
and 7.

The instantaneous correlation lengths at the low and intermediate Reynolds

numbers are the sarne within error bars (for the 27.9- and 29.3-a-thick samples
respectively). At large volume Gactions, the

4 dependence remains approximately / ' for

The Re = 0.3 data has appeared previously in Cowvan et al. [2000]; however it has k e n reanaiyzed using
the more complete tl~eorythat wve have since developed, leading to an increase in AVd of 15-20%.
258

Figure 5.3.29: The volume fiaction dependence of the instantaneous

correlation length, plotted for severai Reynolds numbers and
sample thicknesses. Solid lines are fits to the data represented by
the solid symbols and the dashed lines are fits to the data
represented by the open symbols.

both of the higher Reynolds numbers. In the Ltl a = 29.3 samples thete is no measurable
dinerence behveen the lengths, within error bars, at large volume fraaions. The Re = 7
instantaneous correlation lengths are smaller on average than the Re

= 0.9

instantaneous

correlation lengths in the 83.4-a-thick sarnple cell.
To look at the Reynolds number and L, scaling of the dynamics in more detail, we

use power-law fits to the

4 dependence to average over the fluctuations inherent in the

data, so that the data from the different samples can be more meaningfully compared. For

'

the mis velocities we fit ( to the high volume fraction data for Re = 7x105 and 0.9,and
to al1 volume fractions for Re = 7. The results are plotted in Fig. 5.3.30,with the full rms
velocities in the top panel, and the components in the bottom panel. For the two thimer
samples (closed symbols) the rms velocity does not change significantly with Reynolds
number. However, in the thickest sample (open symbols), the rms velocities al1 decrease
significantly going from the intermediate to the high Reynolds number. This sarne pattern
is echoed by the instantaneous correlation length, plotted in the bottom panel of Fig.
5.3.3 1.

The observed thickness and Reynolds number dependence is in qualitative

agreement with the ideas of Brenner [1999] [Sec. 2.4.21. Following the ideas of Hinch
[1988], B r e ~ e proposed
r
that as the Reynolds number is increased in a sample with a

fixed thickness, eventually the screening length due to inertial effects becomes smaller than
the screening distance due to wall effects, at which point both the correlation length and
rms velocity will decrease with fùrther increases in the Reynolds number. Thus for the

thinner sample, with its already smaller correlation lengths due to wall effects, the
Reynolds nurnber would have to be increased above 7 to see the effects of inertial

Figure 5.3.30: The large volume fraction scaling of the m i s velocity
with particle Reynolds number, lines are drawn as a guide to
the eye.

Figure 5.3.31: The scaling of the correlation lengths with particle

Reynolds number, lines are drawn to guide the eye.

screening, whereas in the thicker sample, where wall effects are weaker, we can already
see a decrease due to inertial effects. We can extrapolate the Re dependence that Brenner
expects in the inertial regime

-

(6 ~ e - V,,~ -, ~e"") back tiom the L, = 83.4 a,Re = 7

data points to fUid the critical Reynolds number at which inertial effects begin to dorninate
over wall effects in the Lz1 a = 83.4 cell. This is done by assurning that the Re = 0.9 data
points in the thickest sample are still in the low Reynolds number limit, where the nns
velocity and instantaneous correlation length are independent of Reynolds number. Then
by extrapolating back fiom the Re

=7

data points to this level, we can roughly estirnate

the Reynolds number at which inertial effects become important in a ce11 of this particular
thickness. The results are Re, = 4.2 from the spatial correlation length and Re, = 3.9 tiom
the nns velocity, which are consistent with each other within experimental uncertainties.
We would also expect, from the same extrapolations, that inertial effects would begin to

change the spatial correlation length and rms velocity in the

Lt1 a = 29.3 sample at a

Reynolds number of about 10. Thus the overail qualitative behavior of the instantaneous
correlation length and rms velocity as a finction of Re and Lz agrees with Brenner's
theory. However, the low volume fraction scaling of the rms velocity appears to change
at the highest Reynolds number, and this is not predicted by Brenner's theory.

The dynarnic correlation length on the other hand appears to show different
behavior. In contrast to the instantaneous correlation length, the dynamic length appears
to increase fkom the lowest tc the intermediate to the highest Reynolds number. This

means that the dynamic and instantaneous correlation lengths become closer to each other
at the highest Reynolds number.

The volume fraction scaling that was previously presented for Re

= 0.9

in Fig.

5.3.13 (fiom the "blob" model) is somewhat different at the highest Reynolds number,

although the low Re = 7x10'~and 0.9 data are the same pig. 5.3.32(a)]. Instead of the

PRdependence seen at lower Re, the data are seen to scale approximately as )

at the

highest Reynolds number. This measured scaling, and Eq. (5.16), give

at Re = 7. In comparison, at lower Reynolds numbers the tem in the square brackets was
found to be a constant, roughly independent of volume fiaction. Also, the observed

scaling of the local relative velocity at the high Reynolds number (4") is consistent with
the observed scaling of V-

/ft2

, through the use of Eq.(5.2 1).

Since Q/ V0 does not change significantly with Reynolds number [Section 5.3.11,
the difrent behavior found in Eq. (5.24) at the highest Reynolds number suggests that
one or both of the number fluctuations or effective viscosity are Reynolds number
dependent. It is reasonable to assume that the suppression of the number fluctuations in a
correlation volume is constant and independent of Reynolds number, since the decay of
the number fluctuations with increasing length scales may be the mechanism that Ieads to
the velocity correlation length Fei et al. 2001 and Sec. 5.3.71. If we interpret our data
using this assumption, we deduce that the effective viscosity at Re

=

7 has the different

volume fiaction dependence show by the open symbols in Fig. 5.3.32(b). This suggests
that inertial effects, largely through their influence on the local relative velocity, also
modiS, the effective viscosity of suspensions of non-Brownian particles.
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Figure 5.3.32: (a) The volume fiaction scaling fiom the "blob"
model, at high and low particle Reynolds numbers.
(b) The estimated effective viscosity is plotted in the bottom
panel.

6. Conclusions
6.1 Wave Propagation
Wave propagation can be split conceptually into a ballistic and a scattered
component. By using the ability of ultrasonic detectors to measure the field, these two
components can be rneasured separately in Our experiments. The spectral fùnction
approach, using a coated sphere scatterer model, allows us to calculate the bailistic
propagation parameters, as well as the diffusion parameters that approximately describe
the propagation of the scattered waves.
We have measured the parameters that govem the ballistic propagation of
ultrasound through fluidized suspensions of glas beads in a glycerol and water solution,

and investigated their dependence on the volume fraction of the scatterers [Cowan 1997
and Cowan

et

al. 19981. Our data are in excellent agreement with the theoretical

predictions of the spectral function approach. The good agreement between our ballistic
theoretical model and expenmental results suggests a physical picture for bailistic wave
propagation. in the intermediate frequency regime, the strong scattering causes the

material properties of the medium to become renormaiized, with the result that the
effective medium in which the glass beads are embedded takes on some of the character of
the scatterers themselves. Since it is precisely this renormalized effective medium that is
sensed by the coherent ballistic wave, the phase and group velocities becorne signiticantly
affiected by the scattering; as a result, both velocities exhibit considerable dispersion, even
though they describe the propagation of the small fiaction of the incident pulse that is not

scattered out of the forward direction.

To model this behavior, we determine the

dispersion curve using a spectral function approach, in which we calculate how the
scaîîering properties of a coated elastic sphere are modified by the coupling to the
embedding medium. Thus, we are able to accurately calculate the renorrnalization of the
effective medium and hence to correctly account for the frequency and volume m i o n
dependence of both the phase and group velocities. Furihennore, by exarnining the energy
densities as a function of frequency, we identify two Mcroscopic rnechanisms for the
velocity dispersion that is observed in our experiments: in addition to resonant scattenng
fiom the glass beads, where a significant fiaction of the energy is trapped in the solid
particles, we demonstrate the existence of "tortuosity slowdown", where the wave energy
is mostly confined to the tortuous fluid pathways. Since the bulk of the acoustic energy
remains in the fluid, both of these effects cause the dispersion to become greater as the
volume fiaction of the scatterers is increased, in agreement with our expenmental results

and with the quantitative predictions of our theoretical model.
We have also measured the ensemble-averaged scattered intensity of ultrasound in
these fluidized suspensions, and compared the experimental results to the predictions of
the diffision approximation. The agreement between the diffision approximation and Our

data is quite good. This allows us to r e a r m that the diffision approximation provides a
good description of the average transport of wave intensity through a strongly scattenng

sample, provided the sample is sufficiently thick compared to the rnean free path of the

wave. Using the diffusion approximation, we cm rneasure the difision coefficient and the
absorption coefficient. The agreement between our data and the diffusion coefficients

calculated using the spectral fùnction approach is very good, justifjmg the simple physical

picture underlying our model. This model relates the energy and group velocities by
averaging the time delay caused by resonant scattering in a single scatterer over the
scattering mgle. This extra tirne delay slows (our possibly speeds up) the speed at which
the wave difises, and in our system this causes the energy velocity to be slower than the
group velocity. The good agreement between the experimental and calculated difision
coefficients in fluidized suspensions, as well as the direct cornparison between expenment
and theory for [ that was made at randorn close packing [Schriemer et al. 19971, provide

strong justification for our use of the calculated transport mean fiee path and energy
velocity in the analysis of DAWS experiments in these systems.

6.2 Spectroscopy Techniques
We have tested the Siegert relation, which relates the field and intensity
autocorrelation functions, and is of utmost importance in optical applications. To do this
we take advantage of the ability to measure the ultrasonic wave field directly, allowing us

to compare the field and intensity autocorrelation fùnction directly.

in our single

scattering experirnents, we have found that for our system, where the motion of the
scatterers is correlated on length scdes that are comparable to the scattering volume, the
Siegert relation fails. However, in systems where the particle motions are not correlated,

the Siegert relation would be expected to hold. In multiple scattering experiments, the
Siegert relation can also fail if the number of scattering events is small, but we have found
that the Siegert relation holds for n > 10. This occurs even though the motion of particies

in the average volume that contains scattenng paths of this length is still correlated. The
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reason for the success of the Siegert relation for long multiply scattered paths is that the
direction of the scattenng wave vector becomes randomized, so that even though the
motion of the particles is correlated, the resulting contributions to the phase change of the
scattering path are not correlated. This result is quite general, as it depends only on the
properties of diffusing waves, and not on the details of the system. These experiments
suggest that care must be taken in applying the Siegert relation when correlations in the
motion of scatterers exist over an appreciable length scale.
Two new experimental techniques have been developed and tested; Dynainic
Sound Scattering @SS) uses singly scattered ultrasound to measure the mean square
displacement of scatterers, and Diasing Acoustic Wave Spectroscopy (DAWS) uses
multiply scattered ultrasound to measure the relative mean square displacement of
scatterers separated by a transport mean free path. The approximations underlying pulsed

DAWS were tested by measuring the scattered field at different travel times (or path
lengths) tbrough the sample. The results showed the expected behavior: for short paths,
contributions fkom the first and last scatterer were significant, and thus the displacements
deduced from the simple relationship in Eq. (2.73) depended on the path length.
However, as the paths increased in length, this effect becarne negligible, and Eq. (2.73)
accurately determined the relative mean square displacement for 11 > 20. One important
consequence of these results is that, provided the measured path length is chosen to be
long enough, the pulsed DAWS technique can be used on sarnples that are only a mean

tiee path thick. Uniike in the continuous wave case, in our pulsed experiments no
complicated corrections that go beyond the diffusion approximation (e.g. using the

telegrapher equation) are needed to analyze the data. DAWS was also tested by using
both plane wave and point source input waves, the results of which agreed well with each
other. The detailed tests that we have performed lend confidence to our interpretation of
our DAWS measurements.

Two different implementations of DSS were developed, a near-field and a fa.-field
technique. The near-field apparatus is more compact and convenient to use, but the
analysis of the results is cumbersome, and it can not separate the spatial components of the
m i s particle displacements. The far-field technique can measure the t hree components of

the rms particle displacements independently, and therefore gives more information about
the motion of the particles than the near-field technique does. The results of the two
techniques agree with one another to within 5%, giving an important validation of the
compticated analysis needed to interpret the near-field data.
We have also investigated the fluctuations in the phase of the scattered sound
caused by the motion of the scatterers. Our mode1 for the phase difference probability
distribution gives a very accurate description of the measured probability distribution.
This excellent agreement has allowed us to relate the phase fluctuations to the relative
mean square displacement of the scatterers, as in DAWS.

When DAWS and DSS are combined together, they can measure many aspects of
the dynamics of the scattering particles. DSS gives the three components of the rms
particle velocity, and the three components of the dynarnic correlation length (the average

distance traveled before a particle's velocity changes significantly). By combining the rms
velocity measurements with DAWS measurements of the relative particle velocities at

interparticle separations spanning a wide range of values, the spatial velocity correlation
function can be measured. Thus we are able to measure the instantaneous velocity
correlation length, Le. the distance over which the velocities of different particles are
correlated in a "snap-shot" of the sample [Cowan et ai.20001.
These techniques are ideally suited to the measurernent of fluidized suspensions
with high volume fractions and large, mm-sized pariicles. By contrast, current light
scattering techniques, because of light's much shorter wavelengths, are most usefùl for

pm-scale particles. The larger particles have different and interesting dynamics: higher
Reynolds numben are easily attainable, and there is no measurable Brownian motion, so
that hydrodynamic interactions dominate. Another competing technique, direct imaging of
the particles using digital video carneras, works best at low volume fractions. There must
be some index contrast between the particles and the fluid in order to see particles, but the
sample must be transparent enough to image particles in the middle of the sample, which
means that imaging gets steadily more difficult as the volume fraction increases and the

suspension becomes more opaque. Therefore, DAWS and DSS are best suited to a class
of suspensions to which the previously available experimental techniques are least suited,

and this class of suspensions is aiso of interest from both a technologicai and a basic
physics standpoint.

6.3 Fluidized Bed Dynamics

We have used Our new ultrasonic techniques, DAWS and DSS, to measure the m i s
velocity fluctuations and correlation lengths of particles in fluidized suspensions. In
particular we have investigated the scaling of these quantities with volume fiaction, the
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s d e s t sarnple dimension, and Reynolds number.
At low volume fractions and Reynolds nurnbers less than 1, the behavior that we
observe for the rms velocity and instantaneous correlation length agrees with the behavior
seen in video irnaging measurements of sedimenting suspensions at very Iow Re [Segrè el

al. 19971. However at larger volume fractions, the scaling of our data difTers significantly

from that found in video imaging measurements [Segre et al. 20011, leading to the
conclusion that the dynamics of fluidized and sedimenting particles can be quite different.
While this conclusion is not entirely unexpected, for the reasons discussed in Section 2.4,
the differences between fluidization and sedimentation are frequently overlooked.

To understand the scaling of our data, we have presented

two complementary

pictures of the volume fiaction scaling of the mis velocity and instantaneous correlation

length. In the first picture, we look at the scaling of the nns velocity of a "blob" of
particles of size 6, by balancing the viscous drag and the gravitational driving force caused
by local variations in the density of the suspension [Segre el al. 1997, Brenner 1999,

Segrè et al. 2001 and Lei

et al.

20011. If the size of the blob corresponds to the

correlation volume, then the rms velocity of the "blob" will be eqiiivalent to the rms
velocity of al1 particles in the system. This model therefore gives a relationship between
the instantaneous correlation length and the rms velocity, but does not determine the

magnitude of either. At low volume fractions we find that the scaling predicted by this
model is in agreement with our data, as was also found in the sedimentation measurements

of Segrè et al. [1997]. At larger volume fractions the scaling relationship becomes more
complicated, because the viscosity of the suspension differs from that of the pure fluid and

bewmes volume fraction dependent, and because the particle number fluctuations may
become volume fraction dependent due to volume exclusion efEects [Segrè et al. 20011. If
we use an estimate of the effective viscosity of the fluidized suspension, our data can be

used to estimate the suppression of the number fluctuations in a correlation volume
relative to random Poisson statistics. In contrast to Segrè et al. [2001], we find that the
suppression of the number fluctuations in the comlation volume is independent of volume
fraction, and significant even at ?mal1 volume fractions. This result is supported by the
recent direct measurements of the number fluctuations of Lei et al. [2001]. They find that
the number fluctuations are suppressed at long length scales, suggesting that the decay of
the number fliictuations is what cuts off the increase in the rms velocity with sample size

and therefore sets the velocity correlation length. Thus the mechanism behind the
instantaneous velocity correlation length is identified as the decay of the number
fluctuations, which implies that the suppression of the number fluctuations in the
correlation volume should be a constant value.

The second picture of the volume fraction scaling takes quite a different
perspective. Instead of starting with rms velocity fluctuations in the correlation volume,

we start by considering the relative motion of neighboring particles in the suspension. The
relative velocity of particles separated by a distance r scales as rlR, until the growth of the
fluctuations is suppressed at the instantaneous correlation length.

Therefore, the

magnitude of the rms particle velocity in the sample is set by both the magnitude of the
relative velocity of nearest neighbors, and the correlation length Ç We have found that

the simple relationships predicted by this local view of the dynarnics hold at al1 of the

Reynolds numbers, sample sues and volume fiactions we have investigated, implying that

A

is a quantity that is of fundamental interest, setting the ratio

~,/g.

Theoretically, the challenges for a microscopic theory of the dynamics are the
development of models for AV,, and the instantaneous velocity correlation length.
To learn more about what sets g, we have investigated the system size dependence
of the velocity fluctuations. The overall picture of the sarnple size dependence of the nns

velocity that emerges from our data is qualitatively similar to that proposed by Brenner
[1999].

As the smallest dimension of the ceIl is increased, both the instantaneous

correlation length and the rms velocity fluctuations increase, but we see anisotropic
behavior, which is not consistent with Brenner's simple scaling arguments. Nonetheless,
Brenner's wall effect ideas do lead to predictions that are qualitatively consistent with our
observations, in that we do find in our experiments that the increase in both the correlation
length and rms velocity is controlled by the smallest dimension of the sample, even in cells
that are already larger than the correlation length. As far as we know, our experiments are
the first to report measurements of al1 three components of the rms velocity, with other
workers only meamring the velocity in the vertical direction and along the largest
horizontal direction. The weak L,'" dependence that we see in the x and y components of

the nns velocity has not been observed in other experirnental investigations in sedimenting
suspensions [Nicolai & Guazzelli 1995 and Segrè et ai. 19971, due largely to their rather

large error bars. Our experirnents ale0 suggest that the increase in the rms velocity
fluctuations with sarnple size is not without limit. For a given particle Reynolds number,

as the ce11 size is increased, eventually the screening length due to wall effects wiil become
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so large that the screening length due to inertial effects will dominate, and further
increases in the sarnple size will not change the correlation length or the rms velocity. We

see evidence of this inertial screening effect in the scaling of the instantaneous correlation

length and rms velocity in the Re = 7 suspensions. Overall, our data give valuable new
experimental evidence to elucidate the mechanisms that either slow down or cut off the
divergence of V , with system size that was originally predicted by CaIlisch & Luke
[1985].

Appendices
A. Average Wall Reflection Coefficient
In Section 2.2.3, the boundary conditions for difiking sound intensity were
expressed in ternis of the angle dependent wdl reflection coefficient, R ( 0 ) . The waU
reflection coefficient cm be detedned from the reflection coefficients for each boundaq
in the waii, as indicated in Fig. A. 1. The calculation is complicated by the fact that there is
mode conversion from the longitudinal to shear at the sarnpldwall and wall/water
intenaces. Thus, we require 4 transmission coefficients and 9 reflection coefficients,
which are given by prekhovskikh 1960 and Shutilov 1988 (with corrections)]:
Sample (1)
z

Wall (2)
zl and ZT

Water (3)
23

Figure A. 1: Wall geometry for reflection coefficients.
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Using Eqs. (A.1) to (A.14),and including the efect of the attenuation of the shear and
longitudinal modes in the plastic wails, the net reflection coefficient R ( 8 ) cm be
calculated to arbitrary order in the number of reflections. In practice, it was only
necessary to run the calculation to 3" order before the reflections were negligible. The

angular dependent wall reflection coefficient can be substituted into Eq. (2.50),
completing the description of the boundary conditions for the diffusion approximation.

B. DAWS Wall Corrections
in Section 4.2.1, the correction to the DAWS sampling time due to the extra travel
time through the output wall is given by an angular average p q . ( 4 3 1

where

and c,,l are the angle and velocity of either the shear (6,cr) or longitudinal

(8, cl) mode in the wall. To perfon the average we begin by assuming that the scattered
waves are diffisive, which results in an approximately uniforrn angular distribution of the
scattered intensity at the boundary of the sample. However, for an output angle 8, there

are two rings at the sample-wall interface with radii given by r, ( O ) and r, (a), from
which the sound will reach the hydrophone pig. B. Il. These two different radii result

from the longitudinal and shear modes in the wall, and are given by
5 (O) = d tan O,,

r, ( 9 ) = d tan 0-

+ L ,tan 8'
+ L,, tan 8,

.

This results in a weighting factor of r(8)dO in the angular/mode average. Also
weighting the average is the angle and mode dependent transmission coefficient of the
wall, given by (not including multiple reflections in the walls, which are small):

for the longitudinal mode, and
r

-,

-

-

4zzT sin' (28,)exp - LI
- i, COS O, cos (8-1 [zTsinZ[28,] + r, cos2[zo,]+ r][r, sin2[29,] + zl cos2[2û,] +]z,
COS

e

(B-3)

for the shear mode. In addition, the hydrophone detector has an angle dependent response
given approximately by cos [O,,,].

By using Snell's law, al1 of the angles cm be

expressed in tems of 8, and the average in Eq. (4.5) can be done numerically:
t, =

p z 4 ( @ ) ] 1; ( @ ) r d( @ ) c o s w+ p r ( O ) ] T,(@)t,, ( @ ) c o s @ d O
1 [ 2 z r ,( O ) ] ( 8 )cos @,#O

+ 1 [ 2 q (Q)]TT ( O ) COS owd0

9

(B.4)

where twland twr are the angle dependent delay times for the longitudinal and shear modes
respectively. The small contributions to the integral fiom r's that are larger than the input

beam radius are aiso eliminated fiom the integrals. The results of this average are
presented in Table B. 1.

Figure B.1: Wall corrections for DAWS.
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Table B.1: DAWS timing corrections

C.Near-Field DSS Calculations
To relate the near-field DSS sampling times to the scattering angle, and Q , we
need to consider the ray diagram in Fig. C. 1. There is a range of input angles, with
different amplitudes; for the 0.5 MHz plane wave transducer used for these measurements,

the amplitude versus angle was approxirnately Gaussian with a -3 dB point at about Ho.
The rays then enter the wall, where they are refiacted into a different direction, 0,. There

is also coupling into a small amplitude shear wave, but the input angles from the
transducer are small enough that this is negligible. As the rays enter the sarnple, they are

refracted into an angle 8,. At a depth, s,the sound is scattered towards the hydrophone,
and on its way it passes through the exit wall as either a shear or longitudinal wave. The
time it takes to travel this path, relative to the time it takes the ballistic pulse to travel

straight to the hydrophone, is given by

0.5 MHz
Plane wave
Transducer

l
Figure C.l: Near field DSS timing calculation.

Hydrophone

where the phase velocity in the exit waU can be that of either the longitudinal or shear
modes. We can also write two equations for the scattering radius (the perpendicular
distance to the scattenng point from the ballistic path through the sarnple Fig. C. 11):

For a particular scatrenng depth (s), sampling tirne, and wall mode, Eqs. (CA)to (C.3)

can be inverted numerically to find the scattering angle (B,), the input angle (O,),
scattering radius.

and the

This gives a range of possible scattering and input angles

(corresponding to the range of scattenng depths fiom s = O to s = L,) for each wall mode.
For the longitudinal case, the range of possible angles is quite tight [Fig. C.21,so we use
the mean value of the angles in the correlation fùnction. However for the shear case, the
range of angles is larger, so we must average the correlation function over the scattering
depth (s). Since the field detected by the hydrophone is composed of a superposition of
uncorrelateci waves that have gone through the exit wall as either a shear or longitudinal
mode, the field correlation function, for a particular sampling time t,, can be decomposed
into a shear and a longitudinal part:

__-+*_...___._.._...-.---*--------*-...-

..___..._.-..-

Lz= 12.2 mm ~ample
LongitudinJ mode
Average 0,
Min/max 8,
Midmax 0Shear mode
Average 6,
- .*. ..... Min/max
MWmax

-

<

. - - - m . . - +

Figure C.2: Allowed scattering and input angles for the
longitudinal and shear wall modes.

w here

and

Figure C.3: Scattenng vector geometry.
Coordinate system as in Figure 4.4.1.

Here, AL ( I ' ) and

4 ( s , t f ) give the relative intensities of the longitudinal and shear

components respectively (the details of which

A h ( 5,t ') = ijL( t t ) AF ( r ) and

will be

Ab (r,s, i f ) = f, (s, t ' ) AT ( r)

discussed

below),

are the phase changes due

to the motion of the particles, and tr ( t t ) is the input pulse envelope.
Figure C.3shows the scattering vector,

an angle a = 0, -8,/2.

9 , which is inclined above the x-y plane by

There is cylindrical symmetry about the z-axis, so the set of

possible ij forms a cone. This gives
q, = qcosacosfl
q, = qcosa sinp
qz =qsina ,

where
give

is the angle of rotation about the z-axis. The phase average cm be expanded to

Substituthg Eq. (C.7) into (C.8), averaging over B, and using

+

p) = (sin' P ) =
(COS fl) = (sin j?) = (cos @in P ) = O
(COS'

For the longitudinal case, a is about -1 7O, giving cos' a = 0.92 and sin' a = 0.08,
which means that the contribution of the z-component to Eq. (C. 10) is very small. For the
shear case, a is about -30°, giving cosLa = 0.75 and sin2a = 0.25 , which, given that

(Ar:) is already small, and that the shear component is srnallet than the longitudinal one,
means that the z-component contributes very little to the phase change in this case too.

..
(ëO')
= 1 - k' sin2[$]cos2 n (Ar'). ,

(C.i 1)

where the measured rnean square displacement ( A r 2 r is approximately equal to the full 3dimensionai mean square displacement (ArL) (because the z-component of the rnean
square displacement tends to be small),

(A?)' = ( ~ r : ) + ( ~ r ; ) + 2 t a n ' a ( e )
= (Ars2)+ (A,;) = (Ar') .

(C.12)

The longitudinal component of the field autocorrelation function can be simplified

u 2 ( - A sin

1-k2(Ar2( r ) )

IuZ( t f-IJ

(C.13)
The shear component cm sirnilarly be simplified to

gr

(4 =

j'u2 (t' -t, ) [ & i s 1 d t t

l u 2(t' - ts)dtf

lu2
1- k2 (Ar2( r ) )

[1h4sin2{3}ms2 c~]dt"
Iu' ( t f- t s ) [ j 4 d r ] d t '

From Eq. (C.4), this gives an overall field correlation function of

(C.15)

The factor C can be found by numerically evaluating the integrals in Eq. (C. 13) and

(C.14), given the weighting amplitudes and angles.
The anguiar dependence of the longitudinal weighting factor is given by

= r,[4A,T,I~r COS0,

{$}

(C. 16)
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where An is the normalized amplitude of the input wave at the angle 8, A, is the
s c a t t e ~ gamplitude from a coated glas bead at the scattering angle O!, T, is the output

dr

waii transmission for a longitudinal wave at the angle OP2, the factor of r - represents

4

the scattering volume sampled in a time d&, and cos& is the angular response of the
detector. The shear weighting factor can be wriaen,
(C. 17)

The angular dependence of the scattering amplitude from a single coated sphere in
the effective medium can be calculated using the spectral function method [Section 2-1-31.

The wall transmission coefficients can be calculated by using Eq. (B.2) for the longitudinal

case, but since the shear wall incident angles are larger than the longitudinal critical angle,

Eq. (B.3) for the shear case must be modified to

r,=cos (6, -eo}
cos {L

r

)

Ldl

1

4 ~ r , r i n ' { 2 8 ~ } e xla,
~ ~cos
- 8,

(C.18)

where

for [8, -8,] >

.

By expressing al1 of the angle and amplitude factors as a function of the sarnpling

time and s,

CL,Cr,AL,and 4 cm al1 be calculated, as shown in Fig. C.4. Then, given the

longitudinal and shear results, C can be evaluated for both sample thicknesses. The
results of this process are shown in Fig. 4.3.1.

Figure C.4: Cornparison of shear and longitudinal modes
for the L = 12.2 mm sample.

D.Ballistic Results used in DAWS and DSS

60% Glycerolhvater glass bead suspension
I

I

I

Table D.1: Ballistic parameters used for DAWS & DSS.

60% Glycerolhvater glass bead suspension ( ~ o n t )
1

I

I

I

Table D.l (cont.): Ballistic parameters used for DAWS & DSS.

I

1 75% Glvcerohater dass bead sumension

75% GlyceroVwater glass bead suspension (cont.)
I

1

I

I

1

v

94% Glycerolhvater glass bead suspension
I

r

1

References
M. P. van Albada, B. A. van Tiggelen, A. Lagendijk and A. Tip, "Speed of Propagation of
Classical Waves in Strongly Scattering Media", Phys. Rev. Lett. 66, 3 132, 199 1.

N.W.Ashcroft and N. D. Mermin, Solid State Physics, Saunders College, 1976.
B. J. Berne and R. Pecora, Dyrmic Light Scattering, John Wiley and Sons, 1976.

D. Bicout and G. Maret, "Multiple light scattering in Taylor-Couette flow", Physicu A
210, 87, 1994.

D. Bicout and R. Maynard, "Diffising wave spectroscopy in inhomogeneous flows",
Plysicu A 199,387, 1993.

L. Brekhovskikh, Waves in Layered Media, Academic Press, 1960.
M. P. Brenner, "Screening mechanisms in sedirnentation", Phys. oofFhids 11, 754, 1999.
K. Busch, C. M. Soukoulis and E. N. Economou, "Transport and scattering mean free
paths of classical waves", Phys. Rev. B BO, 93, 1994.
K. Busch and C. M. Soukoulis," Transport Properties of Random Media: A New ERective
Medium Theory", Phys. Rev. Lett. 75, 3442, 1995.

K. Busch and C. M. Soukoulis, "Transport Properties of Random Media: An EnergyDensity CPA Approach", Phys. Rev. B 54,893, 1996.
R. E. Caflisch and J. H. C. Luke, "Variance in the sedimentation speed of a suspension",
Phys. FFi& 28,759, 1985.
H. S. Carslaw and J. C. Jaeger, Conducrion of Heat in Soli&, 2ndedition, Oxford
University Press, London, 1959.

B. Chu, Laser Light Scattering, z2"edition, Academic Press, 199 1.

M.L.Cowan, J. H.Page and D. A. Weitz, "Velocity Fluctuations in Fluidized
Suspensions Probed by Ultrasonic Correlation Spedroscopy", Phys. Rev. Lett. 85.453,
2000.

M.L.Cowan, K.Beaty, J. H. Page, 2.Liu and Ping Sheng, "Group velocity of acoustic
waves in strongly scattering media: Dependence on the volume fraction of scatterers",
Phys. Rev. E 58,6626, 1998.

M. L. Cowan, "Group velocity in strongly scattenng media", Phys. zin Cana& 53(4), 1456, 1997.

J. F. Davidson, R Clifi and D. Harrison, editors, Fluidzatiion, 2" edition, Academic
Press, 1985.
A. K.Didwania and G. M. Homsy, "Flow regimes and flow transitions in liquid fluidized
beds", IM. J Multiphase FM 7, 563, 1981.

DOW Chernical, OPU'f Glycerine, 1989.
D.J. Durian, 'The Influence of Boundary Reflection and Refraction on Diffisive Photon
Transport", Phys. Rev. E 50,857, 1994.
W. C. Elmore and M. A. Heald, Physics of Waves,McGraw-Hill, 1969.
F. J. Flanigan, Cornplex Variables: Hurmonic and Analyric Functions, Dover, 1972.
J. P. Fouque, editor, Difise Wuves il1 Conplex Media, NATO Science Senes C, Vol.
531, 1999.
C. G. B. Garrett and D. E. McCumber, "Propagation of a Gaussian Light Pulse through an
Anomalous Dispersion Medium", Phys. Rev. A 1, 305, 1970.

A. 2.Genack, P. Sebbah, M. Stoytchev and B. A. van Tiggelen, "Statistics of Wave
Dynamics in Random Media", Phys. Rm Lw. 82,7 15, 1999.

J. W. Goodman, Statistical Optics, Wiley, 1985.

J.M. Ham,S. Thomas, E. Guauelli, G. M. Homsy and M. C. Anselmet, "An experimental
study of the stability of liquid-fluidized beds", 1 , .J MMiphase F f w 16, 17 1, 1990.
J. M.Ham and G. M. Homsy,"Hindered Settling and Hydrodynamic Dispersion in
Quiescent Sedimenting Suspensions", Int. J. Muftiphase FIow 14, 533, 1988.
J. P.Hansen and 1. R. McDonald, Theory of Simple Liquicls, Academic, 1976.

E. 1. Hinch, in Disorder in Mixing, edited by E. Guyon et ai., Kluwer Academic, p. 153,
1988.

M. K. Hinders, "Extinction of sound by spherical scatterers in a Mscous fluid", Phys. Rev.
A 43,5628, 1991.
A. Ishimaru,

Wave Propagatio~~
and Scattering itt Radom Media, Academic Press, 1978.

Xiaodun Jing, PUig Sheng and M. Zhou, "Acoustic and electromagnetic quasimodes in
dispersed random media", Phys. Rev. A 46.65 13, 1992.
1. P. Jones, Acousiic Correlation Spectroscupy of S/mq$yScattering Media, M.Sc.
thesis, University of Manitoba, 1996.

D. L. Koch and E. S. G.Shaqfeh, "Screening in sedimenting suspensions", J. Fiuid Mech.
224,275, 1991.
D. L. Koch, "Hydrodynamic difision in dilute sedimenting suspensions at moderate
Reynolds numbers", Phys. FFI& A 5, 1 141, 1993.

R H. J. Kop, Pedro de Vries, R. Sprik and Ad Lagendijk, "Observation of Anomalous
Transport of Strongly Multiple Scattered Light in Tbin Disordered Slabs", Phys. Rev. Left.
79,4369, 1997.

A. J. C. Ladd, "Dynamical simulations of sedimenting spheres", Phys. Fiuiuids A 5, 299,
1993.

A J. C. Ladd, "Hydrodynarnic Screening in Sedimenting Suspensions of non8rownian
Spheres", Phys. Rev. Leu. 76, 1392, 1996.
A. J. C. Ladd, "Sedimentation of homogeneous suspensions of non-Brownian spheres",
Phys.Fhidî 9,491,1997.
A. Lagendijk and B. A. van Tiggelen, "Resonant multiple scattering of light", Physics
Reports 270, 143-215, 1996.

P.-A. Lemieux, M.U.Vera and D. J. Durian, "Diffising-light spectroscopies beyond the
diffision limit: The role of ballistic transport and anisotropic scattering", Phys. Rev. E 57,
4498, 1998.
X. Lei, B. J. Ackerson and P. Tong, "Settling Statistics of Hard Sphere Particles", Phys.
Rev. Lert. 86, 3 3 00,2001.
A. Levine, S. Rarnaswamy, E. Frey and R. Bruinsrna, "Screened and Unscreened Phases in
Sedimenting Suspensions", Phys. Rev. Lett. 8 1, 5944, 1998.

F. C.MacKintosh and S. John, "Diffising-wave spectroscopy and multiple scattering of
light in correlated random mediay', Phys. Rev. B 10,2383, 1989.

G. Muet and P. E. Wolf, "Multiple Light Scattenng fiom Disordered Media. The Effe*
of Brownian Motion of Scatterers", 2. Phys. l3 65,409, 1987.

N.Menon and D. J. Durian, "Difising-Wave Spectroscopy of Dynaimcs in a ThreeDimensional Granular Flow", Science 275, 1920, 1997.

H.Nicolai, B.Herzhafl, E. J. Hinch, L. Oger and E. Guazzelli, "Particle velocity
fluctuations and hydrodynamic self-difksion of sedimenting non-Brownian spheres", Phys.
FluidF 7, 12, 1995.

H. Nicolai and E. Guazzelli, "Effect of the vesse1 size on the hydrodynamic diffusion of
sedimenting spheres", Phys. Fhi& 7, 3, 1995.

J. H.Page, M.L.Cowan and D. A. Weitz, "Difising acoustic wave spectroscopy of
fluidized suspensions", Physzca B 279, 130,2000.
J. H. Page, 1. P. Jones, H.P. Schriemer, M. L. Cowan, Phg Sheng and D. A. Weitz,
"Dffisive transport of acoustic waves in strongly scattering media", Physicu B 263-264,
37, 1999.
J. H. Page, Ping Sheng, H. P. Schriemer, 1. Jones, X. Jing and D. A. Weitz, "Group
Velocity in Strongly Scattering Media", Science 27 1, 634, 1996.

J. H.Page, H. P. Schnemer, A. E. Bailey and D. A. Weitz, "Expenrnental test of the
diffusion approximation for multiply scattered sound", Phys. Rev. E 52, 3 106, 1995.

Panametrics, UItrasonic Transducers,Panametncs Inc., 199 1.
Y. Peysson and E. Guazzelli, "An experimental investigation of the intrinsic convection in
a sedimenting suspension", Phys. FFlutdî 10,44, 1998.
D. J. Pine, D. A. Weitz, P. M. Chaikin and E.Herbolzheimer, "Difising-Wave
Spectroscopy", Phys. Rev. Leff.60, 1 134, 1988.

W.H.Press, S. A. Teukolsky, W. T. Vetterling and B. P. Flannery, Numericd Recipes in
C,Second Edition, Cambridge University Press, 1992.
V. M. Ristic, Principles of Acousric Devices, John Wiley and Sons, New York, 1983.

W. B. Russel, D. A. Saville and W. R. Schowalter, ColloidalDi~persiorrs,Cambridge
University Press, 1989.
L. Ryzhik, G. Papanicolaou and J. Keller, "Transport equations for elastic and other
waves in random media", Wme Motion 24, p. 327-370,1996.

H.P.Schriemer, M.L.Cowan, J. H. Page, Ping Sheng, 2.Liu and D.A. Weitz, "Energy
Velocity of Difising Waves in Strongly Scattering Media", Phys. Rev. Lett. 79, 3 166,
1997.

H. P. Schriemer, Ballsttc and Dzfisive Trmsport of Acmstic Waves in Rmdom Media,
PhD. thesis, University of Manitoba, 1997.
P. N. Segrè, E. Herbolzheimer and P. M. Chaikin, "Long-Range Correlations in
Sedimentation", Phys. Rev. LeZr. 79, 2574, 1997.

P.N. Segrè, F. Loi, P. Umbanhowar and D. A. Weitz, "An effective gravitational
temperature for sedimentation", Nature 409, 594,200 1 .
A. R. Selfiidge, "Approximate Material Properties in Isotropie Materials", IlEEE
Transactions on Sonics artd intrasonics SU-32,3 81, 1985.

Ping Sheng, Inlroduction to Wave Scattering Localizaiion, and Mesoscopic Phenornena,
Academic Press, 1995.
V. A. Shutiiov, F~~nabrnenral
Physics of UItrmound, Gordon and Breach Science
Publishers, 1988.
S. Temkin, "Viscous attenuation of sound in dilute suspensions of rigid particles", J.
Acmst. Soc. Am. 100,825, 1996.

B. A. van Tiggelen, A. Lagendijk, M. P.van Aibada and A. Tip, "Speed of light in random
media", Phys. Rev. B 45, 12233, 1992.
B. A. van Tiggelen, P. Sebbah, M. Stoytchev and A. 2.Genack, "Delay-time statistics for
diffuse waves", Phys. Rev. E 59, 7 166, 1999.
P. Tong, W. 1. Goldburg and C. K. Chan, "Turbulent transition by photon-correlation
spectroscopy", Phys. Rev. A 37, 2 125, 1988.

H. Voig and S. Hess, ''Cornparison of the intensity correlation function and the
intermediate scattering function of fluids: a rnolecular dynamics study of the Siegert
relation", Physca A 202, 145, 1994.
R. L. Weaver and W. Sachse, "Diffision of ultrasound in a glass bead slurry", J. Acoust.
Soc. Am. 97,2094, 1995.

D.A. Weitz, D. J. Pine, P. N. Pusey and R. J. A. Tough, 'Wondifisive Brownian Motion
Studied by Difising-Wave Spectroscopy7',Phys. Rev. Lett. 63, 1747, 1989.

J. 2.Xue, E. Herbolzheimer, M. A. Rutgers, W. B. Russel and P. M. Chaikin, "Difision,
Dispersion, and Settling of Hard Spheres", Phys. Rev. Leît. 69, 1715, 1992.
A. G. Yodh, P.D.Kaplan and D. J. Phe, "Pulsed difising-wave spectroscopy: High
resolution through non-linear optical gating", Phys. Rev. l? 42,4744, 1990.

2.Q. Zhang, 1. P. Jones, H. P. Schriemer, J. H.Page, D. A. Weitz, and Ping Sheng,
"Wave transport in rmdom media: The ballistic to difisive transition", Phys. Rev. E 60,
4843.

J. X.Zhu, D. J. Pine and D. A. Weitz, "Interna1 reflection of difisive light in random
media", Phys. Rev. A 44, 3948, 199 1.

