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ULTRASONIC ABSORPTION IN AQUEOUS
SUSPENSIONS OF SMALL ELASTIC PARTICLES
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The absorptioa of ultrasound has been measured in aqueous
solutions of dextran, a quasi-linear anhydroglucose polymer,
and 1in aqueous suspensions of small polystyrene particles
over the frequency range 3 - 165 MHz. The absorption in dek—
tran solutions has bzen found to bz independent of molecular

weight ( 104 = M < 3.,7x105 ) and substantially greater

than would bz anticipated from thz dynamic shear viscosity
contributions predicted on the basis of the Rouse theory.

The absérption in équeous polystyrene lattices has been

- measured in five suspensions with particle sizes ranging

from 0.044 micron to 3.5 microns. Comparison of the absorp-
tion behavior to the Lamb-Urick-Epstein theory and to results
obtained in bulk polystyremne reveal that neither relative
motion nor internal viscosity of the particle contribute
substantially to the observed acoustic attenuation. An
Arrhenius dependence of absorption coefficient on temperature
is observed in the lattices that indicates that dissipation of
ultrasound 1s intimately associated with the liquid phase

of th2 suspansion. Comparison of the absorption properties
of the lattices to that observed to that found in solutions

of bovine serum albumin and hemoglobin suggests that the

absorption mechanisms may be similar.
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"CHAPTER I

INTRODUCTION

The absorption coefficient, & , of an acoustic plane

progressive wave is defined by the relation

- ~2.8%
IX-— Ioe

where I* and I, are the coordinate~dependent and reference
intensities, respectively. Although ultrasound is defined
in the entire frequency range beyond the upper limit of human
auditory perception at about 20 KHz (Hz= cycle/seé), the
range in whiéh’the absorption coefficient may be efficaciously
determined experimentally is somewhat less. In liquidé;
fof example, X has been determined most successfully using
a plane wave field configuration 1in the frequency'pange
between about 100 KHz and 200 MHz. Because of the interest
in the absorption coefficient, it is the latter frequency
range that will be of primary concern in the ensuing
discussions.

The use of ultrasonic prépagation parameters, in
particular the speed of éound éna*€§sorption coefficient,
as a means of examining the mdléguiér properties of matter
represents a field of extensive ‘experimental development
over the last thirty years. Although the theofetical
understanding of the probiems has grown at a correéponding
rate, much of the important ground work is attributed to

workers of the classical era of physics, most notably, Stokes,



Kirchoff, and Rayleigh.

The recognitibn that acoustic parameters may be
utilized to delineate the kinetics of rapid reactiohs near
equilibrium is attributed to Einstein (1920). The principle
of this method resides in-the fact that the acoustic wave
is an adiabatic and compressional phenomenon ‘and its passage
through a fluid results in rapid, periodic fluctuations of
temperaﬁure and pressure which under appropriate circum-
stances may perturb a chemical reaction from equilibrium.
The resulting relaxational interaction with the acoustic
beam has a charactefistic absorption behavior which will be
described in more detail in Chapter II.

The inveétigation of the absorption properties of solu-
tions of macfomolecules ié relatively recent and represents
a point of convergence of at least two independent lines
of research. One of these has arisen in conjunction with
efforts to elucidate the mechanisms of absorption and
interaction of high~intensity noncavitating ultrasound in
biological materials. Another research interest has
utilized ultrasonic absorption in solutions of polyamino
acids in order to characterize helix-coil transitions
which arise in the cooperative dissociation of hydrogen-
-bonding.

Although a number of investigations have been
directed toward the characterization of ultrasonic
absorption properties of solutions of macromolecules and
a substantial amount of data accumulated, elucidation of

the absorption mechanisms has been elusive. This is



primarily due to the disparity between thevlimited
.information contained in ‘the acouétic data and the

apparent complexify of the hydrodynamic properties of
macromolecules. Edmonds (1966b) has suggested that the
absorption in protein solutions may be due to the manifesta-
tion of as many as twenty-two molecular processes. This may
be contrasted to the fact that in most macromolecular
solutions studied thus far, the dependence of the absorption
fréquency may be described in a simple polynomial form.
Another problem may be traced to the fact that many of the
processes responsible for absorption, e.g., dynamic volume
viscosity, are unique to ultrasonic propagation. Thus, it
is not usually possible to refer to other methods to provide

parameters to delineate individual mechanisms.

on

The acoustic absorption properties of aqueous suspensions

of the following macromolecules have been observed over a
sufficient frequency range for comparison: hemoglobin
(Carstensen et al., 1953, l959b; Edmonds, 1962; Dunn et al.,

1966), serum albumin (Carstensen et al., 1953), fractionated

" dextran (Hawley et al., 1965; Kessler, 1966) helical polyglu-

s

tamic acid (Burke et al., 19655, ghafpplyethylene glycol
(Hammes and Lewis, 1966). Alfhéugﬂta variety of tertiary
‘structures are represented_by‘these materials; the absorption
properties exhibit the following characteristic similarities.
1) The absorption coeffiéient is proportional to éoncentra-
tion. This seems to be valid to concentrations of about |
15%. Because the displacement of particles relative to

the solvent due to the acoustic wave is of the order of a



few Angstrom units, it is not expected that the requirement
of diluteness, to avoid intermolecular interactions, will

be as stringent as in static flow experiments. 2) Extrapo-
lation to zero concentration reveals that the absorption
contributions of the polymer and the soivént are additive.
3) The excess absofption due to presence of fhe macromo le -
cule is significantly greater than that observed in
equivalent concentrations of monomer. Since only the
soiuble amino acids have been examined, there may be some
uncertainty with regard to the natural proteins; however,

it seems likely that the excess absorption is related to
polymefization. 4) The excess frequency-free absorptioﬁ

« S5 decreasgs with frequency and approaches the value of
the solvent or slightly above it. Unfortunately this occurs
in the region of the uppér limit of frequency available by
effiqécious techniques so that high frequency behavior has
not been-determined precisely. 5) The frequency-free excess
absorption for a significant portion of the available spectrum
appears to be nearly proportional (excepting polyethylene
glycol) to frequéncy raised to a small negative power. The
apparent experimental error indicated for polyethylene
observations does not, however, preclude it from ﬁhis
description.

Although an empiricél description reveals a simple
relation between absorptioh and frequency, it does not follow
that the underlying mechanisms are also simple. For
example, the absorption behavior has been attributed to a

distribution of relaxation events whose corresponding




5
charactéristic»frequencies are distrubuted over the spectrum
of interest. Assuming a éontiﬁuous distribution Carstensen
‘et al., (1959b), Edmonds (1962), and (Burke et al., 1965) have
been able to fit émpirically their_data to curves generated
by sﬁitabletdistribution functions. The analyses are.
complicated by the disparity that exists between the low
information content of the acoustic data and the highiy
specific requirements of meaningful analysis. Since
& priori information concerning the molecular origin of the
distribution function is not used in these cases, the mean-
ing of such analyses is doubtful (as is recognized by the
authors).

This investigation éonsiders the absorption by aqueous
suspens£ons of a flexible, linear polymer'and an impermeable
spherical, elastic colloid. The selection of thesg materials
was predicated on the assumption that their absorption
character would yield information about specific mechanisms
that may be important in the absqrption character of all
polymer solutions. The macromolecules investigated to date
have been almost exclusively pblyeiectrolytes whose absorp-
tion character may well be detexmig¢§ by such factors as the
hydrophobic bonding, rigid tertiaryfgfructure,.or electro-
viscous interactions (Dunn gEkél.; i966). It was felt that by
employing a linear nonelectrolytic polymer, contributions
to absorption from such effects could be eliminated and a
more definable system provided.

Dextran, a linear (1-6) anhydroglucose polysaccharide

was chosen because of its chemical stability, inertness,



and availability in the relatively large quantities of
fractionated materi;l required for ultrasonic characteriza—
tion, viz., approximately 100g in the frequency range of
interest. The molecular species is essentially a liﬁear
structure with 5 - 10% of the glucose residues existing

as branching elements. In aqueous solutions it behaves
essentially as that of a random coil with a small addition-
al molecular dilation attributable to excluded volume
effects associated with the branching structures (Granath,'
1958) . The ultrasonic absorption was measured in solutions
of several fractions corresponding to weight-average
molecular weights ranging from 104 to 3.7 x 10°,

The passage of an acoustic wave through é suspension
of particles which have a density different from that of the
surrounding medium will produce relative motion between the
particles and the fluid. The dissipation of acoustic
énergy that results from Stokes frictional losses has been
described theoretically by Lamb, 1945; Epstein, 1941; Urick,
1948; Angerer et al.,, 1951; and Fry, 1952. For particles in
thé size range of macromolecules, this theory predicts a
negligible contribution to the total absorption behavior.

It has been found, however, that the propagation of high-
intensity néncavitating ultrasound through solutions of

DNA will produce molecular degradation (Frontali, 1962;

Hawley et al., 1963). Both the mechanical stresses that appear
in the liquid and the force gradient that is attributable to

relative motion are too small to account for the degradation




(Macleod, 1966). In order to verify the magnitude of the
viscous losses at small particle diameters,-absorption
measurements were conducted in dispérsions of polystyrene
spheres.

The absorption in five aqueous polystyrene lattices
with particle radii ranging from .044 micronm to 3.5 micron
has been measured. Four of the suspensions are of the
monodisperse species utilized as secondary standards in

electron microscopy.




CHAPTER II
THEORY

A, Relaxation Phenomena

It seems appropriate to interpret first the acoustic
implications of mechanical relaxation, a concept which is
found to pervade virtually all mechénisms associated with
acoustic attenuation. When a steady state stress applied
to a realvliquid is instantaneously released, 1t is found
that a finite time is required for the disappearance of
the associated strain. The time delay may arise from any of
a number of.mechanismS'and is a reflection of the molecular
properties of the liquid (Herzfeld and Litovitz, 1958) ., 1If
ghe stress is associated with‘excess pressure and strain
with excesé density, the time depeﬁdence of the egceSS

density, Sf), may be written as

/r

8/3== 5/1,e;t

where Sf% is the steady state excess density and T 1s the
relaxatlon time.

When the stress is perioaiéifés_is the case with the
propagation of ultrasonic gnefgy;ithe relaxation events
are maﬁifested as a freqqency~dépendent phase lag between
pressure and density. The persistence of the phase differ-
ence requires work to bé performed on the liquid at the
expense of acoustic energy. The resulf is a frequency-

dependent absorption coefficient, viz.,



A - Rw/De (2-1)
w b (00/wy) ‘
Vhere W, = l/%‘

and &) is the angular frequency 2wf, K is a constant and (),
is the relaxation frequency (Kinsler and Frey, 1962).

When Wy>»W , it is evident that the excess density will
closely follow the pressure variations with a small phase
lag. Whenw,<<w , the relaxation process is not perturbéd
and again the associated phase retardation will be small.,

The variation of the quantity™/ud as a function of frequency
exhibits a peak whenLD7¥=l, and K may be evaluated in terms
of the maximum value, (Q/uﬁ%, Summarizing these ideas:

when W= Wy

o = k(&Y
w 2 \W
th
us o~ 2 (d * /e
o W)+ (W)

so that when D €< Wy

of \* -
o o2 (M) = CONSTANTY
W* W VW

and when L) > Wy

)k
. X — CONSTANT
A = 2.L0v-<215 -

Examination of (2-1) reveals that a fairly broad peak is

determined by a single relaxation event. Generally about a
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two decade frequengy span is required to delineate accurately
the relaxation event (Davies and Lams, 1957).

The possible origins of relaxation events in terms of
molecular mechanisms are multifold. Fox example, compressional
energy may be couplgd to internal degreés'of freedom
associated with specific heat (thermal relaxation) or it
maybperturb configurational transitions between states
of different specific volumes (structural reiaxation),
(Herzfeld and Litovitz, 1959). Coupling of acoustic
energy to a molecular transition is an equilibrium process .
described kinetically for the transition between two states

by the usual rate equation:
K
AN
(Al = [B]
K'L
The equilibrium is most effectively perturbed at frequencies
determined by the rate constant. For the above reaction the

relaxation frequency is

|
UJr:: »Lr = \<\*‘¥<1

When a single relaxation event prevails, ultrasonic mefhods
may be gainfully employed in the analysis of molecular
transitions with time constants between about lO'".5 and
10.-_10 seconds (Hammes, 1966). For a two state equilibrium
isothermal reaction, the expression for the molar free
energy change D G 1is

AG = AH~TAS= AU PAV — TAS

where AH, AU, AV, AS, and P are the molar changes in
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~enthalpy, internal energy, volume, entropy and pressure,"
respectively. De;ermina£idn of AG from acoustic parametérs
is possibie when éither of two assumptions is valid: l)kwhen
A V#O0, Aﬁ:O and 2) whenAU# 0, AV = 0 (Dunn, ii': 1966).
The processes described by conditions 1) and 2) are usually
referred to as structural and thermal relaxations, reSpec—
tively. | \

| The most useful feature of the absorption spectrum
in delineating relaxation processes is the peak in
that occurs whenWT = 1, 1If a simple two-state reaction
prevails in which the rate is determined by an activation
energy barrier A Gx s it can be shown that the relaxation

time isrof the form (Litovitz, 1959)

- = kiGiAQF/RT
where K is a constant.  Thus, by determining the temperature
dependence of T , it is possiblg to evaluate the associated
activation energy.

When more than one relaxation time is involved, the sit-
uation becomes more complicateg and the quantity (CVLJ is given
by

< = Z—Z Ti/?i“/ ¥
w &)n
(2-2)
for N noninteracting relaxation events. Because (2-2) repre-
sents the summation of slowly varying functions, it can be
seen that the individual relaxation behaviors mask each other
at a relatively low density of relaxation events per frequency

interval. When the absorption can be traced to processes
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which are governed by a continuum of relaxation times,

(2-2) takes the integral form (Carstemsen and Schwan, 1959b)

el

Wr,
- f FLLODW/Wr () (2-3)
Wy L+ (wor)

B, Viscosity

At least a portion of the total absorption in all real
liquids is due to the finite viscosity of the fluid and since’
viscous interactions impose a limit on the rate of molecular
flow, it may be considered a rélaxation process. Passage of
a longitudinal acoustic wave through a liquid is accompanied
by both shear and volume deformations of the lattice. Energy
dissipation that occurs in the production of molecular trans-
lation is related to shear viscosity. Volume viscosity i;
generally associated with tﬁe creation and extinction of va-
cancies in the liquid with a relaxation time related to the
rearrangement of molecules surrounding a vacandy.(Herzfeld
énd Litovitz, 1955). 1In addition, if the liquid exhibits

elastic response to mechanical stresses, the viscosities

include an imaginary component. Thus,
1

) / ¥
1, =1
v v v
k / oM
q = q f‘Lq
B s s (2-4)
where the sﬁbscripts v and s refer to volume and shear
deformational modes, respectively. The viscosities can be

related to the corresponding bulk and shear moduli, i.,e.,

the complex stress-strain ratios by
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K¥ = qu*
. - )

* * 2-5
Gr — vals ( )
so that I __ 4 : 1 = //u)
qvﬁ K /oo ) Y)v, = K
' " / '
Q' = Crf//uo ) V] = (5/w (2-6)
) s

The quantities G' and K' are usually referred to as the
storage moduli as they are a measure of the stored

dynamic energy. G'" and K" are a measure of the heat

loss per cycle and are correspondingly referred to as the
loss moduli (Ferry, 1961). The dependence of the acoustic
properties on the viscoelastic parameters are revealed by
examination of the solution of the wave equation that één
be derived from the Stokes-Navier hydrodynamic equations
generalized to include a volume viscosity. The wave

equation that arises is

I o [k ren e gt
at® ye 3 K*

where is density and is the displacement of a point
in the medium. Using the procedure of Litovitz and Davis

(1964), the velbcity of a periodic disturbance is given by

v
vV = DK™ + (4/636—*}2
. /D»&

Assuming the presence of an absorption coefficient such that
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- fiwT — (K=—ww/Ix3

Po T

2 \\(9()/1
(@S]

[+ (2T

then inK*JrM/g)CT* = /g;\/
N (EN

) Tl= M)i

) K @s)G Y

(2-7)

AN -2
The quantity \5) will be sufficiently small, viz., < 107

for the materials of interest and equations (2~7) reduce to

(2-8)

K/ +@mG =N
17 . \/30<
Kl/ 4 (4/5)(:\, = _?:719_}, (2-9)

W

By combining (2-8) and (2-9) we have the relation

_ fc;yz (VKQV.4~ (<Lﬁ5>(i?) |
2w+ (a3 G I

o4
3 (2-10)

‘Utilizing the relations between viscosities and moduli, (2-9)

becomes

I /;f: : e
e S U, L\q A (4/5)\(]
% Z%Q\/ Lt N s

/ /
At sufficiently low frequencies Y\S and nv may be represented

by their static flow values and the result is essentially

the same as that derived by Stokes in 1945, viz., in the ab=-
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sence 0f experimental evidence, he assumed that

/
Y\ ~ 0
\
so that
oA ’ .
ol = SS) (2-11)
Z¢9\/3y}5

In liquids, (2-11) constitutes what is usually referred to as
the classical absorption coefficient. 1In general, the bulk
viscosity does not vanish so that (2-11) often predicts values
lower than are obtained experimentally.

The relaxation time associated with shear viscosity

is given by (Kinsler and Frey, 1962)
3 7
T = (4/5)\//0 qs '

For water at 20.0°C, this corresponds to a relaxation frequency
greatex than 1012 Hz, which is out of range of the

conventional experimental technology. If the excess absorption
over the classical value is associated with bulk viscosity,

the corresponding relaxation time is of the same order

of magnitude as that due to shear processes.

C. Dynamic Viscosities Of Solutions Of Random Coil Polymers

Generally the static flow viscosity does not describe
.adequately the dynamic properties of macromolecular
suspensions. Equations (2-4) and (2-5) provide a more general
form; Examination of these equations reveals, howevef, that
determination of & and V for longitudinal wave propagation
dées not permit the separation of the contributions due to

the bulk and shear moduli, Thus, without independent
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inférmation; assumptions concerning the relative behavior
of moduli are necessary.

Theoretical treatment of the dynamic shear viscoelastic
properties of dilute solutions of flexible polymers lead to
a distribution function (Rouse, 1953) that shows good
agreement with experimental evidence (Rouse and Sittel,
11953). The arguments evolve from a molecular model (Zimm,
1963) represented by a chain of massless beads connected
by Hookean springs which is suspended in & viscous liquid,.
Free rotation of the segments is permitted about each bead
and the molecule is assumed to be long enough to permit a
Gaussian distribution of end-to-end chain lengths. Neglgcting
hydrodynamic interaction of segments, a "free draining"
model is established (Rouée, 1953) ; the more general treaf—
ment (Zimm, 1956) accounts for this interaction and is
referred to as the "non-free-draining'" case. For the Rouse
theofy, the prediction for the dynamiec moduli are

) W Ty

[
G = nKT AR (2-12)

G o= @t ﬂKTZ\+w2TF

(2-13)
where qo is the solvent viscosity, k is Boltzman's constant,
T is absolute temperature, n is the number of polymer
molecules per unit volume and N is the minimum number of
submolecules such ;hat random distribution of end-to-end

distances is observed (see for example, p. 159, Tanford,
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1961). The origin of the viscoelasticity is stétistical.
Deformation of theAmolecule by an extermal force requires
energy since it resultsvin a Aeviation from random behavior
and thus a decrease in configurétional entropy. Bécause

a finite time 1s required for reestablishment of random
orientation, some of the energy is stored in the transient
non-~Gaussian average orientation, In additioﬁ, the total
configurational behavior is described by a large number of
internal molecular modes and corresponding relaxation tiﬁes
(7). At low frequencies the viscosity is dominated by the
primary mode (F= 1) which corresponds to the translation of
the center of gravity (Rouse, 1953). The corresponding

relaxation time is determined by

= oL,

TR (2-14)

where M is the molecular weight (Zimm, 1956). This mode
contributes about 66% of the static viscosity. The indivi-
dual importance to low frequency behavior of the other
ﬁodes decreases as the portion of the total molecule concerned
becomes shorter.

The contribution of the dynamic shear viscosity to the
ultrasonié absorption of solutions of random coil polymer
can be evaluated in terms of the Rouse theory. By
combining (2-8) and (2-9) with (2-13) the following relation

results:

[ K+ 4/3 Lwr‘ +nKTZﬁT;°£*;lﬂ

A =
w ,,./O\/s

(2-15)
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Separating the shear from the volume viscous contributions

(7S]
(.u)Y]O + nKT Pz"\"“%zn’—> (2-16)

where <A, 1is the absorpﬁion related to shear viscosity only.
In the frequency range of interest in the present investi-
gation (3-150 MHz), the period of the wave will be, generally,
somewhat shorter than the primary relaxation time. In this

regard (2-13) may be written as (Rouse, 1953)

(_]_l/ -: (,QV) 4 Bu)(v\s Y}) (2-17)

™ (2wt )"

provided that 2 <wT <L '\\z/ZSO
where qs is the steady state shear viscosity. For suffi-

ciently dilute solutions (Zimm, 1956)

\q$~ - [‘ﬂ (2-18)

©

where [ﬂl is the intrinsic viscosity. Thus, by incorp-
orating (2-17) and (2-18) into (2-16) the shear absorption is
obtained in terms of steady state molecular parameters

S HKos 4 VLEV]] c
w> o V3 oo AN )(zﬂmuﬂ

(2-19)
2 <WT, < N /250

where/a , V. and X, 5 are the density, velocity and

Stokes absorption in the solvent, respectively. 1In dilute
3 .

po\/o Nl
PN

solutions

5 Since the macroscopic com-
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pressibility of a liquid will not be appreciably affected
by the presence of a small concentration polymer molecules

(Mason, 1961). Thus for dilute solutions we may wrilte

2-20
oki: SX_ELE— 4 2 sL r.\.oc:/ 3 ( )
: oo Sl S CYREALYAS

Unfortunately, a derivation of a quantitative relation
between the volume viscosity and molecular parameters is
not as clearly provided as it 1s in the case of shear
viscosity. For solutions of random coil polymers, however,
it 1is possiBle to make .a few observations on the nature of
such a viscosity compénent. Any changevin the apparent
§olume viscosity of a liéuid that may result from the addi-
tion of a random coil polymer must arise from an interaction
with the solvent. This is based on the premise tﬁat,the
volume viscosity 1is rélated to the structural mobility of
clusters of neighbofing molecules, a situation which is
clearly not provided by the polymer segments considered by
themselves. If the affinity of polymer segments for the
solvent is identical to the’dffihi;y between solvent
molecules, the presence of poiymé¥vw§uld not be expected to
generate regions of high struéturél viscosity. Thus, a
significant volume viscosity can be developed only by the
formation of a polymer-éolvent complex. The nature and
extent of the complex are determined in part by the Iinter-
action between monomer and the solvent as well as by any

cooperative effects that become manifest in polymerization,
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e.g.; arising from periodicity or immobilization of the

monomer unit.

D. Lamb-Epstein-Urick Theory Of Acoustic Attenuation In
Suspensions of Small Particles: Relative Motion

The absorption of sound by a suspension of small
spherical objects is treated generally by EpsteinA(l941).
By solving the Stokes-Navier hydrodynamic equations one
can obtain the'following expression for suspensions of
particles that are small compared to a wavelength. It
is additionally assumed that the shear rigidity of the
particle is,largé with respect to the suspending fluid,.

o=, (A - DR L_;__&;—,gbl/é/’f:
YN TRy 4 (&—%&V*@%ﬁw
2. (V/w) Pe pPe P
where b'l: L w Po R2
%

and R is the particle radius, F@'is the particle density,
cy 1is the volume fraction of the particles, /9o s qo are
the density and viscosity of the suspending liquid, respec-
tively. The real part of this.ggpression may be extracted

by using the parameter (Carstenségﬁénd Schwan, 1959a)
~ /2 2 S
Y= p. R 2w,

so that ‘ >1

The expression for the absorption becomes
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Epstein intexrprets the ofigin of this ébSOrption as the
result of conversion of longitudinal wave energy ﬁo shearA
waves at the interfaces between particle and the suspending
fluid. Sincé shear waves are highly damped in fluids, energy
éonverted to this form is degraded as heat. As the diameter
of the particle is increased with respect to the wavelenggh,
two addition terms'are necessary: first, as a correction

for (2-21) and second, as a scattering term. The first of

thase takes the form

Aol = EL&BEB: \i (1o/9p) + (23L/av?)
V3

when | | SP ~, \
po

Reducing this as above,

3% :
_ CywW R 5 L 23
A \7375@‘11{,9 EESTE (2-22)

This scattering term is

. | 4R$ 49_&__\1 \ \</ =
oA = e B (5 + *’(‘" : (2-23)

ST ey

/ /
where_ki? andKu are the real parts bulk moduli of the
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particle and liquid, respectively.

Although Epstein indicates that the losses due to
relative motion of the liquid and the partiqle are included
in (2-21), the extent of this contribution is not immediately
obvious. |

Urick (1947) developed an expression-that relates the
absorption coefficient to the relativé motion losses. The
identical result is obtained by extending the arguments of
Lamb (1945) and also by éonsidering the motion of a pendulum

in a viscous liquid. In Urick's notation this is

I_ 5 .3 (&,g s 2o2s
X %‘TTR Pe <2+ (o4 7Y ( _),
where ' T o= Vo +. 9/4”3‘)\
s = (9248R)(1 + 1/gRr)

g o= (A"

This may be compared to the Epstein value by substituting

with the interesting result that expressions (2-21) and
(2-24) are identical. Other approaches have led to an
equivalent relation (Angerer, Barth and Guttmner, 1951).
Thus, as Carstensen and Schwan (1959a) point out, Epstein's
concept of mode conversion is apéarently a éuantitative
déscription of local shear flow of the suspending liquid
relative fo the particle surfacg.

The Lamb-Epstein-Urick theory has been found adequate
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in deséribing the absorption in disperéions of rigid
particles such as glass beads (Busby and Richardson, 1956)
and san and Kaolin (Urick, 1948; Stakutis et al., 1955;
Hueter, 1958). Studies conducted in suspensions of polymethyl
methacrylate (Wada gElii., 1960), however, reveal an absorption
coefficient somewhat higher than predictea by (2-21) and
(2-24). The disparity has been attributed by Wada et al.,
(1960) to the volume viscoelasticity of the particle with the

contention that the difference between the observed absorption

and that predicted by the Lamb-Epstein-Urick theory is given

by

ol = <, K o
E - y 7
72V (KE)

where C%E is the absorptibn due to the volume viscosity of

. /
the particle whose complex bulk modulus is determined by \<P

. 1

and V(P 3 V' is the velocity of sound in the suspension.
In arriving at this relation, the authors have assumed
that the shear rigidity of the particle is sufficiently
large that the shape deformation by the acoustic is

negligible.,
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CHAPTER III

EXPERIMENTAL

A, Pulse Technique

. The effective exploitation of ultrasonic spectroscopy
has developed over the last thirty years into a useful
technique for the characterization of matter. Methodﬁlogy
employed for liquids 1is diverse, however, and falls roughly
into two classes; continucus wave techniques and pulse
techniques.

Early investigators (before 1945) employed continuous
wave methods exclusively. The absorption of a coherent,
pléne longitudinal wave train in a liquid can be related
to both its standing wave interferometric behavior'and‘
also to the ability of the wavefronts to act as an opticél
diffraction grating (Debye-Sears effect), (Klein et al., 1965).
These techniques are ﬁot particuiarly effective over a wide
fxequency range or whenever the attenuation is large
(Hueter and Bolt, 1960). Becaﬁse the existence of an
absorption coefficient requireswﬁﬂéca1ssipation of acoustic
energy as heat, temperature flué£ua£ions become a
serious problem when the absorptiﬁn becomes large. This
is particularly true of interferometric techniques in
which virtually all the acaustic energy is absorbed-in
the sample (Pinkerton, 1949). There are other problems
‘with continuous wave techniques (Hueter and Bolt, 1960)

which restrict their usefulness in liquids and as such will
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not be dealt with further here.

Pulse techniques were introduced to ultrasonic absorption
and velocity measurements in liquids by Pellam ané Galt
(1946), Pinkerton (1947, 1949), and others as a natural

-outgrowth of the radar technology developed during World
War II. At the basis of this method is the determination
of the relative pressure amplitude of a short burst of
Ultrasonic energy after it has besen allowed to propagate for
specified distances in a test medium. The generation

and detection of pulses can be accomplished in either of
two ways; by a transmission method requiring two transducérs
such that one acts as the source and the other as receiyer;
or by a reflection method requiring a single transduce;'and
a reflecting surface so that the transducer becomes

both source and detector. The immediate advantage of

this technique over continuous wave methods is that while
the‘peak intensity of the pulse may be maintained at a

high level, the average intensity of the signal propagated
in the mediﬁm is kept sufficiently small by using a low
duty cycle (lOfs) so that temperature stability problems
are avoided, Further,'the short acouétic transients that
are characteristic of pulsed methods preclude problems

that may develop in connectionbwith the appearance of
undesiraBle standing waves. Increased frequency range and
less stringent restrictions on the absorption property of
the éample are the net result,.

There are a number of adaptations of the pulse

technique available which permit the exploration of the
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frequency range from 300 KHz to 500 MHz (Carstensen, 1954;
Edmonds et al., 1962; Andreae and Joyce, 1962; Hunter and
Dardy, ‘1965). A single'experimentél cbnfiguraéion,

however, is limited to somewhat léss than two decades of
frequency. The frequency'limitations iﬁpbsed on this

method are essential in absorption cell desigh consideratidn
and are discussed below. For the purposes of acoustic
spectroscopy, ultrasonic energy can be both generated

and detected by proper accomodation of the piezoelectric
phenomenon. Longitudinal waves are conveniently produced
from a wafer §f quartz, cut perpendicular to the crystalline
x-axis and with metal electrodes deposited on the major
faces (Mason, 1950). Effeptivé transduction of electrical
energy applied to the electrodes to mechanical wvibrations
occurs at frequencies such that the thickness of the
wafer‘corresponds to an odd number of half wavelengths.
Inversely, an oscillatory mechanical stréss of the appropriate
frequency results in the development of an electrical
potential of the same periodicity. The relation between

fundamental resonant frequency and thickness for generation

of longitudinal waves in liquids is given (for quartz) by

2.875 x 105 sec "%,

foc
2t t

where f is frequency, ¢ is speed of sound in quartz
(5.75 x- 107 cm/sec) and t is the thickness in cm.
Transducers may also be operated at the odd harmonies of

the fundamental frequency. Thﬁs, frequency cannot be

Vs
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used effeétively as a continuous variable and is limited
to discrete vélues.‘ This is not a serious handicap,
however, since acoustic variables in genéral do not'exhibit
rapid fluctuation with frequencyA(Litovitz, 1959).

B. Experimental Design Considerations

1, Diffraction

The diffraction pattern of a plane transdﬁcer acting
as a piliston source is similar to that of a beam of light
passing through a circular aperture (Kinsler and Frey, 1962).
The field for a source radiating into a semi-infinite
~medium is composed of a near Fresnel region and the far or
Fraunhofer field. Demarcation between these two regions
is usually set at the zero order maximum of the near field
at a distance z from the source such that z = R2/2 ~
(Hueter and Bolt, 1960) (where R is the radius of the
source and A is the wavelength in the medium). The
important features of the Fresnel region for the purposes
of pulse measurements are that for a source large with
respect‘to the wavelength only a small amount of beam
divergence occurs in the Fresnel region and the criteria
for plane waves are satisfied. In the Fraunhofer region
the beam intensity becomes more diffuse as the main portion of
the beam séreads at an angle & determined by sin® =0.612/R.
In an infinite medium, . the wavefrontsvbecome‘spherical
at large distances from the source with the intensity
decreasing as 1 .

72 .
Since the receiving transducers are of finite di-

mensions, the experimental design is such that measurements
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are usually confined to tﬁe Fresnel region where the
entire beam may be intercepted by the detector. 1In
practice‘this restricts the maximum acoustic path length
to less tﬁan R2/2X (Pinkerton, 1949). The requirement
that the radius of the source be large with respect to
wavelength is satisfied by making its diameter at least
50 waveleﬁgths (Nozdrev, 1965). For a cylinderical
.geometry with the direction of propagation along the axis,
the requirement of an infinite baffle (semi-infinite
medium) is satisfied by making the fadius of the container
at least twice that of the source transducer (Del Grosso,
1965)., If this condition is not met, analyses become
complicated by guided wave propagation resulting from
reflections off the walls of the container. If a single
path system is used, the receiving ﬁransducer should be
at least as large as the source so that beam'spreéd losses
are kept at a minimum (Andreae et al., 1958). 1If the
above conditions are met, the resulting diffraction will
be of a free field form (Del Grosso, 1964). At low
frequencies, however, the diffraction losses may still
be large relative to the intrinsic absorption in the
liquid. This is particularly true of water, aqueous
solutions, and other materials with a small absorption
coefficient below about 5 MHz (Del Grosso, 1964). The
rather complete characferization free field diff;action
by Del Grosso (1964, 1965) has made it possible to define
adequately the system under these conditiogs and apply

suitable corrections, thereby allowing the useful frequency
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range of the apparatus to be extended below ‘that where
diffraction losses are negligible.

Satisfaction. of the aboﬁe'requirements for free field
diffraction place a nominal lower limit on the frequency
range ét which meaningful measurement of absorption can be
made. For ﬁater and other low absorbing materials, this
limit is about 500 KHz (see Appen&ix il). In addition,
and more important for the study of some biological
materials is that a minimum sample volume is required.

It is found (Appendix II) that at 1 MHz about 5~10 liters

of sample are needed to determine the absorption coefficient
in water with the volume required decreasing with the

square of frequency.

The volume requiremeﬁt is.a particularly stringent
one in the consideration of some biological materials. This
is especially true of purified proteins and highly-
fractionated macromoleéular preparations. An additional
difficulty is that the absorption coefficient for aqueous
suspensions 1s usually rather_low_sq that concentrations
of 3 - 10% are generally required for characterization.

Thus the investigation of purifiédiénzyme preparations over
a wide frequency range is prthbit;& By the expense required
for materials. There are a few matérials like bovine

serum albumin and hemoglobin which are somewhat more readily
available. It was thus decided that a maximum volume of
about one liter of appropriate concentration could be
tolerated, corresponding to a lower frequency limit of

about 3 MHz. The low frequency characteristics of the
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chamber were thereby fixed and are tabulated in Table 3-1.

TABLE 3-1

LOW FREQUENCY CHARACTERISfICS OF CELL AT

3MHz WITH WATER (ZOOC) AS TEST MATERIAL.

A 0.05cm
R/» 25.4
R%/x 32,2cm
R'/R » 3.5

MAXIMUM TRANSDUCER SEPARATION 21.3cm

2, High Frequency Limitations

As freQuency is increased, the problems associated -
with diffraction are alleviated. This folloﬁs from the
fact that as the limit (R2/7\) of the Fresnel field
extends further into the medium, measurements are made
over a smaller fraction of the diffraction pattern where
the associated losses become negligible., Diffraction
corrections are usually unnecessary above 15 MHz (Carome
and Witting, 1960).

There are, however, a definite set of problems associated
with high frequency measurements. The maximum acoustic
pulse amplitude available is limited by the dielectric
strength of the transducer material and mounting. For
the quartz, the maximum voltage gradient that can be applied
is about 1.5 kv/mm (Nozdrev, 1965). Iﬁ a Stokes liquid

the absorption coefficient increases with the square of
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frequency so that with a limitation of pulse amplitude
. measurements at highgr frequencies must be made at corre-
spondingly shorter path lengths. With the transducers exposed
directly into thé medium’, it is found that whenvthe
transit time of the pulse in the medium is less than
about 10 microseconds, difficulty 1is encountered due to the
time proximity of the rf driving pulée and the receivéd
signal., This is particularly true when the single transducer
system is used since the oscillator and receiver are not
eiectrically isolafed. Even with the double transducer
system it is extremely difficult to prevent some rf pickup
by the high-gain receiver. Thus, in order to produce a
suitable time separation of the driving pulse and the
réceived signal, the proéedure.of introdﬁcing an acoustic
delay line is usually employed. This is accomplished by
attaching the transducers to a rod of low loss material
of the same acoustic impedance in such a way as to increase
the ‘acoustic path léngth without introducing attenuation
(Andreae, 1958). Generally, fused quartz or silica is used
for this purpose. Applicatién of this technique allows
the paﬁh length in the sample!ﬁ&ﬁb?fdecreased to virtually
zero without introducing elgctfén;c difficulties.

The high frequency limitvof“the complete apparatus

depends ultimately on the mechanical precision of the moving
parts. 510 MHz has been-achieved (Hunter and Dardy, 1965)

by maintaining transducer parallelism to better than
-4 .
2.5 x 10 cm/cm (about one wavelength in their test medium)

and by measuring distance increments of 0.25 microns.
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For the purposes of this work, an upper frequency
limit of about 170 MHz was decided to be satisféctory. This
eases the mechanica} precision requirements to the extent
that satisfactory parts can be fabricated in the 1aboratory‘
machine shop and also obviated the neea for a sepafate
high frequency chamber. It has been found that with
exﬁreme care the final apparatus is capable of satisfactory
operation at 200 MHz.

3. Velocity

Because of the.importance of the absorption coefficient,
velocity was given secondary consideration in the design
of the apparatus. For the materials of interest here, ‘the
magnitude of the velocity dispersion requires that veiécity
measurements be accurate to at least one part in lO4 (Carsten-
sen and Schwan, 1953). Accuracies of better than one
part.in 30,000 have been achieved (Del Grosso, et al, 1954),
but becéuse it would require a sacrifice of versatility of
absorption measuring capability, the apparatus was coﬁstructed
with the usual pulse ranging method of velocity measurement
in mind (i.g.,‘an accuracy of about 1%) (Pellam and Galt,
1946). Late in the investigations a somewhat new technique
of velocity measurement was discovered which pefmits an
accuracy of about 3.5 parts per 1,000. This method,
in which the apparatus 1s used as an automatic recording
interferometer, is found to be extremzly useful in cross-
checking other characteristics of the system such as

distance measurements and temperature stability. Salient
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aspects of this interferometric method will be discussed in
‘datail below.

4. Temperature Control

The maintenance of accufaté temperature contrbl for
absorption measurements is particularly crucial when
aqueous materialsvare concerned, This may be attributed to
the relatively large temperature dependence of the absorption
coefficient that occurs for water (Figure 3-11). If the
per cent deviation of the absorption coefficient per degfee
centigrade (ér%%é X iOO) is computed, it is found that for
water at 20°C there exists a 10% per degree dependence,

Thus, to preclude an * 1% error due to temperature undegtain—
ty, knowledge and control of temperature to*lo.loc is
required.

In addition, lécal fluctuations in temperature may
result in refraction of the acoustic beam and lead to
deterioration of instrument stability and accuracy (Edmonds,
1966a). Constant mi%ing of the liquid is generally

recommended.

5. Semi-Automatic Recording Facility

The effective measurement of absorption usually involves
point to point determination of pulse'amplitude and acoustic
path lengths (see for example, Pellam and Galt, 1946). The
amplitude is measured at a large number of increments over
an appropriate distance. Resulting points are hsually

: . . . -24X
plotted in a semi~logarithmic fashion so that where FN=POQ

a straight line results with the attenuation per unit path

length as the slope, It was found in the preliminary
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measureménts associafed with this study that this technique
is bqth tedious and time consuming and thus prompted a
consideration of a semi-automatic recording facility.
Andreae and Joyce (1962) describe an instrumenﬁ which
aliows the direct display of the attenuation of the pulse
amplitude as a function of diétance. This is accomplished
by inserting a servo-motor driven piston attenuator in
such a manner that the amplitude of the pulse that is
applied to the receiver is maintained at a constant levei.
The attenuator provides a constant attenuation insertion
per unit distance and its movement is mechanically coupled
to a recorder pen so that the deflection ié a direct
indication of pulseAattenuation. The movement of the
recorder paper is linked mechanically to the drive system
which governs the acoustic path length so that an accurate
correspondence is maintained. Because of the complexity of
this apparatus its fabrication was not attempted. Using
this system as a stafting point, however, a.somewhat
simpler instrument was developed which differs from the
aﬁove described apparatus in several respects.

C. Design

1. Mechanical

The instrument is designed to be used in two configura-
tions corresponding to two frequency ranges; a low and
intermediate range (LI) from 3-87 MHz and a high frequency
range (H) covering 75-165 MHz. Operation in both ranges
was accomplished for the most part with the same mechanical

components in slightly different orientation.
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Appropriate transducer displacement waé found to be
most conveniently aéhieVed by employing a piston-cylinder
arrangement (Edmbnds et al, 1962). A piston with a trans-
ducer centered on the face (Figure 3-4) is driven within a
cylindrical chamber that contains an identical transducer
mounted in the base. By using the walls of the cylinder
as a guiding surface, it was found that stable and uniform
motion can be obtained.

All machined parts whiﬁh come iIn contact with the
sample are fabricated from stainless steel 316. The
- chamber (Figure 3-1) is a precision ground cylinder with
a bore of 3.5 inches and effective length of 9 inches.

The piston assembly is dtiven yertically within the cyiinder.
The piston rod is a one inch stainless tube which 1is
precision ground (* 0.0002 in.) along its entire length.

. Both ends of the rod are internally threaded so as to
accomodate a transducer assembly .at one end and an actuator
screw at the other.v fhe rod hés a half inch internal
diameter to allow the passage of RG-62-U cable and

associated rf connectors to éffectAa stable electrical
connection to the transducer.! A;%%éil transverse hole

near the top provides the neééé&afy cable exit.

The piston head is a cylinderical block of stainless
steel héving a length of two and one half inches. Because
‘stainless steel provides a notably poor béaring surface,
Teflon O-rings are employed in order that a small clearance
with the cylinder wall could be tolerated without fear

of mechanical seizure., A one inch diameter hole bored along
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v FIGURE 3-4 ©PISTON ASSEMBLY (LI) CONFIGURATION

FIGURE 3-3 DETAIL OF ACTUATOR - PISTON ROD
JUNCTURE. SHOWING ANTIROTATION
GUIDE AND REMOTE SWITCHES,
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the axis of the piston head accomodates the piston rod. A
counter-bored recession along the exterior of this hole
receives the transducer housing. The piston head is rigidly
fixed in position on the rod by'the transducer assémbly on
one end and an adjustable lock nut on the other.

The transducer housing provides a sealed unit with
an rf connector to provide access to the crystal. Contact to
the internal crystal electrode is accomplished with a short
length of beryllium-copper wire with a small solder bead on
the end. The length éf the wire is adjusted to be just
long enough to provide a stable mechanical contact when
the connector 1s turned. tightly into the housing. The
solder bead inhibits scratching of the surfdce electrode.

The upper end of the piston rod is threaded into the
lead screw of an actuator uﬁitl. The actuator provides
transformation of rotary motion to linear displacement
via a worm gear and geared lead nut. Reworking of the
actuator components was found to necessary to elimiﬁate
lateral motion of the end of the lead screw. Additional
assurance that lateral forces do not act upon transducer
alignment is guaranteed by the use of a bushing at the
point of entry into the chamber by the piston. A ball
bushing2 is used so that difficulties with sample contam-
inatioﬁ by lubricants are avoided. An anodized aluminum
housing supports the bushing and permits alignment with the
top inside surface of the cylinder, thereby serving the
additional function of chamber cover. A rubber seal prevents

fouling of the bushing by liquid adhering to the rod. A
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small vent provided accomodates a thermomeﬁer and also
prevents the development of intermnal pressure.

The‘actuatorris supported fourteen inches above
the absorption chamber by four 3/4 inch stainless pillars.
Rotétion of the lead screw is restrained by a notched
aluminum block fixed to the piston rpd in such a way that
vertical motion 1s guided by one of these pillars. The
aluminum block serves an additional function as support
for a micrometer with which small vertical displacements
can be accurately measured,

A Bodine 1/25 HP synchronous, four lead, capacitor
mot0r3 is used to drive the actuator. The motor is
reversible and includes an internal gear reducer so that
a speed of 180 rpm at 11.4 1lb-in. is obtained at the output
shaft. Connection to the actuator occurs through .a Qariable
speed gear box which permits speed reduction in ten ingegral
ratios from 1 : 1 to 200 : 1. The actuator provides one
inch of linear displacément for every ninety-six revolutions
of the input shaft so that tgn piston speeds between 1.875
in/min to 0.009375 in/min are ayailable°

The direction of the motbr ié;;ﬁntrolled both at a
remote panel and by switches ££étjﬁay be mounted optionally
on ﬁhe vertical pillars, activated by the micrometer |
supporg (Figure 3-1). Ihe use of these switches permits the
operation to be self-cycling over a predetermined displacement.

Rigid mechanical connections couple the motor shaft to

the piston rod so that the displacement may represent the
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synchronous action of the‘motor as nearly . as possible. The
ratio of the output torque to that requifed to turn the
actuator shaft under load‘condition is about 5 : 1., This
load condition was selected to prevent slippage of the
armature relative to the driving field.

' In the high frequency range a reassembly of components
is necessary to provide the additional precision required.
Although the piston-cylinder configuration is retained, the
guiding surface for the transducer displacement is the |
precision bored hole in the piston block (Figure 3-6) that is
also used for the (LI) frequency range measurements. This
block is inverted and placed near the bottom of the chamber.

The transducer assemblies are each composed of a 3/4‘
in. diameter fused quartz'delay rod and associated quartz
transducer mounted in a stainless steel housing. Matched
transducers, 1.5 in. in diameter, with a fundamental
frequency of 15 MHz are employed. The rf connectors are
. fitted to the housing and electrical contact is made in
the same manner as described previously. The housings are
machined to provide a precision (®=0.0002 in.) sliding fit
for‘the delay rods which are sealed in place by a thin filet
of epoxy resin. Because of the difference of thermal
coefficients of expansion between quartz and stainless steel
these assemblies are not usable much below room temperature.
The lower transducer rémains stationary and its alignment is
maintained by penetration qf‘the housing through the ball

joint and 0.5 in. into the guiding bore.



41

A4
V/F11TO ACTUATOR
PILLAR
Vil
VEN‘S % 7
Ay %
LN ] /
B K 4\ -
11 3 - '
\\\\\ BALL
BUSHING
NG
~~—__| [ SEAL
"TPISTON ROD
__ 1 N -
AT / | 18 | LOCK NUT
TEFLONZ] L T
A o I A1 g TPISTON
O-RINGS Do S
1§ D vpnss
> N\
Pom‘i,// “RF CONNECTOR
—X-TAL
T "BALL SOCKET

STOR

POSITIONING SCREWS

FIGURE 3-5 DETAIL, ABSORPTION CHAMBER (LI) CONFIGURATION



42

RF »
CONNECTOR

=

et

7
N

D

A e
LLLLL L L

AV L

LIQUID —’ _____—RF CONNECTOR
FLOW —

- FIGURE 3~6 DETAIL OF (H) CHAMBER CONFIGURATION



43
The upper transducer housing is drivenlin ﬁhe same
manner as described above. Smooth tr?nslation of the rod is
maintained by the use of a single O-ring about the exterior
of the‘housing.

2. Transducers And Transducer Mounting

Optically polished X~cut quartz crystals are obtained
in matched pairs (£ 0.01%) from the Valpey Crystal Corporation,
Holliston, Mass.. Mounting of the crystals for the low
and intermediate frequency measurements is similarkto that
described by Carome and Witting (1960). The transducers
are edge-supported by a thin annulus of epoxy resin and a
narrow (0.005 in.) guide ledge counter~faced into the holder.
Chromium on gold electrodes are electro—deposited to thé
féces of the quartz. With the transducer fixed in the
housing, the exposed face is electro-deposited to form a
continuous contact to the holder. The 15 MHz transducefs
are cemented to optical grade, polished, fused, quartz rods
also obtained from Vélpey Crystél Cdrporation. The end
and cylinderical surface of the delay rod is electro-deposited
prior to the fixation of the fransducer to provide a
contact with the hidden surfaéé.5£ lhe transducer. A
small drop of resin is applied‘fo ghe rod and squeezed
out while wringing the two surfaces together. Satisfactory
mating of the surfaces was determined acoustically at
285 MHz using a Matec PR261 Attenuation Comparator; The
generation of a suitable bond results in an exponentially
decreasing echo pattern with negligible echo deterioration

near the baseline. When a good bond is achieved, the crystal
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is held in place under pressure with a Teflon die and the
assembly cured at 150°C for ten hours.

t

3. Electronic: Principle Of Operation

Figure 3-7 1s a block diagram of the arrangement of
the electronic components used for absorption and velocity
measurements. The sequence of events begins at the pulsed
oscillator with the formation of a rf modulated pulse
with a peak to peak amplitude of 10 - 200 volts. The pulse
is applied to the quartz transducer via a network that
permits the output impedance of the oscillator to be proper-
ly matched to that of the crystal. A variable attenuator is
inserted between the oscillator and the source in instances
when the minimum stable voltage available at fhe oscillator
is too great to be tolerated by the receiver. The ultrasonic
pulse is generated, detected and the small resulting rf
signal ( € 50mV) is sent to an electronic receiver. At
frequencies below 10 MHz, a broadband receiver is used and
above 10 MHz a high gain heterodyne receiver is employed.
After aépropriate amplification, the pulse is detected and
rectified so that only the pulse envelope remains for further
analysis., This signal is then applied to the input of a
coincidence gate. The portion of signal that is allowed
to pass the gate is determined by the coincidence in time
by a square wa&e pulse from the pulse generator which is
triggered at a variable time after the rf driving pulse.
The important feature of this device is that it permits the

removal of undesirable events from the signal sequence.
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Particulérly of interest here 1is the eliminatiqn'of rf feed-
through that may occur. The inclusion of the gate permits
measurements at higher frequencies than would.normally be
possible. By varying the gating pulse length an& the time
delay, it is possible to "gate out'" for analysis all or

any portion of the signal train. At low frequencies,

where a number of echos are present, the analysis and
tracking of any echo is easily accomodated.

The maximum voltage that is allowed to appear at the
output of the gate is determined by the amplitude of the
gating pulse. Appropriate selection of the pulse voltage
makes it impossible to overload subsequent detecting devices.
The pulse envelope is next fed to a pulse height detector
which produces a dec voltage proportional to the amplitude
of the largest pulse in the signal sequency, independent of
other repetitive signals that may be present. Thus, when
a multiple echo pattern appears at the output of the gate, it
is not necessary to track continuously the first echo but
merely'to remove the rf feed-through. The input to the
detector ranges from about 0.2 to 10 V and the voltage
gain is -1, so that a fixed dc attenuator is necessary to
reduce the signal to a level appropriate (A~ 50 mV) for the
recorder. A servo-logarithmic recorder is employed with
a variable dc attenuator at the input. Precise (£ 0.01dB)
units of attenuation may be inserted here in order to
calibrate the recorder scale.

The measurement of the attenuation in a liquid is
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accomplished by'changing the separation of the transducers
at a constant speéd so that a straight line is generated at
the,recérder with slope of:to( depending "on the direction
of the displacement.

Pulse 1engths‘from 6.5 to 20 microseconds are employed,
depending upon frequency and acoustic path length. For
absorption measurements, the criteria that the pulse length
be compatible with the band width of the transducer (Nozdrev,
1965) is always observed, i.e.,

T <« ==20
A% 5
where T is pulée iength,‘Q is the mechanical quality.
factor, f, 1s the center frequency and A f is the bandwidth.

The freduency of maximum acoustic response is deter-
mined by a variation of method recommended by Arenberg
(1966)°. A digital counter is used to resolve the frequency
of a signal generator signal necessary to produce avéero
beat with the received acoustic pulse. It is found that
for both sets éf transducers the use of maximum acoustic
response to determine the frequency of operation is suffi-
ciently accurate ( X 0.2%) so that precise,detefmination
before each measurement is not necessary.

-4, Electronic: Gomponents

PULSED OSCILLATORS: A model PG-650-C pulsed oscillator
obtained from the Arenberg Ultrasonlc Laboratory, Jamaica
Plain, Mass. is employed as the rf modulated pulse source

for the range between 3 MHz and 105 MHz. 1In addition,
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this instrument provides the time base and associated
trigger pulses for synchronizing the other electronic
components for all.measurements. Pulse widths are
continuously variable from 0,5 to 20 microseconds. Pulse
amplitude is adjustable from 0 to about 600 volts into é

93 ohm load and the pulse repetition rate is variable

~from 50 pps to 2400 pps utilizing the internal triggering
circuits, Double pulses can be obtained in phase stable pairs
of identical duration and adjﬁstable time separation from
20 to 11,000 microseconds, Both direct and delayed trigger
outputs are provided.

For frequencies above 105 MHz, the source of the rf
pulses is an Ultrasonic Attenuation Comparator model PR—éOl
manufactured by Matec Inc., Providence, R. I., (see Chick
et al, 1959 for details of circuiltry of this instrument).
This device contains pulsed oscillators, superheterodyne
‘receiver, and video display circults for ultrasonic
measurements between 1 and 380 MHz. The oscillator provides
variable (0 to about 100 volts, peak to peak) amplitude
pﬁlses into 50 ohms. Discrete pulse widths of 0.5, 1, and
2 microseconds at a repetition rate of 100 pps are provided
by the instrument as supplied from the manufacturer.

Longer pulses can be obtained by substituting additional
pulse transformers with correspondingly smaller pulse ampli-
tudes. Higher repetition rates are most conveniently achievéd

by triggering the oscillator externally. Although the PR-201

provides an input for an external triggering mode, it is
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féund that stable opération is only accomodéted by
disconnecting the internal triggexrs. Because of the
limitation in pulge length, the Arenberg is the preferred
pulse source and is used exclusively below 100 MHz.

ATTENUATORS: Two 56 ohm attenuators with ranges of 0
to 12 dB and 0 to 80 aB manufactured by Daven Div.,
Manchester, N. H. are employed in situations where 50 ohm
terminations are required. Ninety-three ohm attenuators
manufactured by Arenberg Labs with a range of 0 to 122 dB
are used for corresponding 93‘ohm loads. Both types of
attenuator have rated uncertainties at #* % dB (1%).

MATCHING NETWORKS: .Approximate matching from 3 MHz
to 42 Mﬁz is achieved by insertion of a tuned transformer
section in parallel with the transducer. By operating the
transformer in a partial resonance condition, i. ér,
resonating either primary or secondary with a shunt
capacitance, an appropriate "magnitude" impedance trans»
formation may be accomplished (see for example, p. 435,
Everitt and Anner). Rotary air core inductors provide a
convenient autotransformer with a continuously wvariable
tap. Either of two transformér‘sé§ﬁions are used at each
transducer to provide matching.ﬁp ﬁb a frequency of about
42 MHz, limited by the self—résonance of the coils. At
higher frequencies, matching is accomplished with sections
of coaxial cable of various lengths in conjunction with

double~stub tuners.
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'RECEIVERS: A Matec PR 603 broadband untuned receiver
is employed at frequencies below 10 MHz, This unit
provides nearly 70 dB gain. Above 5 MHz the internal
superheterodyne receiver of the Matec PR 201 is used
(Chick et al, 1959). This receiver employs a synchronously
tuned, four stage 60 MHz i.f. section with a gain of about
80 dB and bandwidth of 1.5 MHz. In order to pfevent stray
signals generated by the local oscillator from entering
the i.f. strip, a variable and a fixed frequency trap aré
employed at the output of the rf mixer. The variable trap
tracks the local oscillator frequency and the fixed trap
is set at 65 MHz, the lower limit of the local oscillatoy.
Thus, operatioﬁ of the receiver is avoided at frequencies
where ﬁhis trap is active (63 MHz),

COINCIDENCE GATE: A simple two translstor, two dilode
logic module is employed as the gate (Figure 3-8). The
emitter-follower (Q3) was included as part of the preliminary
deslgn to provide sufficient current gain so that peak
rectification techniques of determining pulse amplitude
could be investigated. The emitter-follower is not
essential when the gate is followed by a high impedance
such as that provided by the pulse-height detector described
below. Signals with amplitudes between 0 and 10 V are
conveniently_handled by the gate with a common mode of two
positive coincident signals appearing at the output, In
addition, the signal of interest is accompanied gy a

pedestal of about 1 V. The pedestal, which is characteristic
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of this type of gate, carries the entire signal at
sufficiently high potential such that difficulty with
threshold devices (diodes,.etc.) is obviated at small
signal amplitudes.

PULSE HEIGHT DETECTOR: Detailed deséription of this
circuit and its characteristics may be found elsewhere
(8ylvan, 1963; G. E. Transistor Manual, 1964). Basically,
this is a peak-sensitive operational amplifier which
accurately transforms pulse amplitude to dc, utilizing
a self-adjusting bias In a tunnel diode threshold sensing
element. A high degree of flexibility in circuit paramefers
is possible. The pulse height detectof used in the preséﬁt
investigation has the following characteristics: input
impedance, 100 k£ ; voltage gain, ~1; output ripple voltage
less than 40 mV peak to peak; output impedance, 10 k QL .
The bias current of the tunnel diode is adjusted so that
the output voltage is zero when the pedestal voltage of
the gate appears at the input.

OSCILLOSCOPE: A Tektronix Type 453 transistorized os-
cilloscope is employed. This instrument has dual channels
each having vertical amplifiers with a dc to 50 MHz band-
width. For the most part, the oscilloscope is used to
monitor the position relationship in the time domain of
the various signals. One particularly usefﬁl feature 1is
the abiiity to display the sum or difference of two signals
with common mode rejection ratio of nearly 100 : 1 for

signals up to 5 MHz. Thus, 1f one observes the difference
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mode of the signal at the input and output of a circuit
element, e. g., the pulse height detector, appropriate
adjustment of the relative channel gain will produce a

null for a linear element. In addition, the dynamic

range may be indicated by the dependence of the null on
signal ampiitude.

| PULSE GENERATOR: A Type 1217-C General Radio Co.,
Unit Pulse Generator is employed as a source for the gafing
pulse.

RECORDER: The acoustic data recorder is a Sergent
Model SRL, which displays the electric.potential as a
function of time. Conversion of the signal to the logari%h—
mic form is accomplished mechanically with single cycle
(20dB) logarithmic gears. Full scale deflection is 24 cm
and the maximum balancing speed requires one second for
full scale travel. Full scale potential is variable from
1 mV to 120 mV. The chart paper is driven by a three
speed synchronous motor at 0.2, 1, and 5 inches per minute.
Deviation from a true logarithmic response 1s of the order
of the width of the pen line (7 0.03dB). Galibration of
the scale is most conveniently achieved by insertion of
precisely (=% 0.01dB) known dc attenuation units at the
input of the recorder.

5. Temperature Control And Measurement

Maintenance of constant temperature is achieved

by the circulation of water from a 15 liter thermostatic
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bath through the annular space about the aéoustic chamber.
The bath temperature is controlled using a thermistor in-
conjunction withra temperature controlling unit and a
1,000 watt immersion heater balanced against the circu-
lation ofhl6OC tap water through a heat exchanger. The
control thermistor is imbedded in the bath liquid rather
than the sample chamber to avoid large oscillations that
result from the high thermal mass of the latter.

A second thermistor sealed in a stainless steel fix-

ture is mounted in the base of the chamber so that the

tip extends about % inch into the sample. This temperature
is monitored by two means: 1) by a meter reading,

resistance bridge which allows direct observation of the
temperature to #0.2°C and 2) by a servo recorder which
provides a continuous record of the temperature With,
accuracy of +0.,03%C. ‘Both of these systems are standafd~
ized against a National Bureau of Standards calibrated
thermometer.

The sample may be continuously mixed by circulation
through an external metering pump . Although it 1is not
desirable to remove the 1iquia‘f;§;'the chamber, circumstances
did not permit the inclusion 6f'a somewhat more elaborate
internal mixing scheme. Since practically all of the
investigations are carried out at temperatures near
that of the external environment, this method did.not
cause a significant loss of stability. It 1Is found that

with the above scheme the temperature can be maintained
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and determined with an accuracy of 0.01% at 20.0%,

D. Determination  Of The Absorption Coefficient

At frequencies above 3 MHz the absorption coefficient
is determined directly from the slope of the recorder
tracing. In order to correct for diffraction losseé, it
is assumed that the intrinsic absorption and that due to -
diffraction are noninteracting and additive (Del Grosso,
1964). In addition, it is found at frequencies above
3 MHz in the suspensions studied that the attenuation
attributable to the presence of suspended matter, CXl ;
and that due to the suspending fluid, &, , are also
additive (Chapter IV). Thus, the toctal absorption,
appears to comprise three terms, viz.,

O<“t‘: O(‘ 4 X, + O(D(X)

In the solvent Cﬂfic) so that

CX1~0 = CX° T CVD)O(Xi

The diffraction losseé at a given poiﬁt in the suspension,
X (X) , and in the solvent, C%%O(Yv , will be the same
if the wavelengths are identical. It is found in the
suspensions investigated that CVT/Q{DO increases with
concentration more rapidly than the ratio of wavelengths.
Typically, at a concentration of 10% it is found that
OLY/CYﬂo ~ ¥-10 while the difference in wavelength has

changed about 4% (Chapter IV). Thus, by assuming
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~
CXOf&%>““cﬁ£X§, the error introduced by this assumption

will always be small relative to the total absorption.

Therefore,

and the curve obtained by subtracting the absorption trac-
ing in water from that in the suspension will yield the

desired parameter.

E. Velocity Measurements, Tracking Error, And Temperature

Stability Characterization

In the early stages of this work, velocity was deteéer-
mined by measurement of the time delay of an acoustié
transient occuring in a sample of known thickness (Pellam
and Galt, 1946). This technique has the intrinsic limitation
that'group velocity rather than phase velocity 1s the para-
meter béing examined (Del Grosso, 1964). This difficulty
proved to ﬁe problematical, however, as the error that
arose experimentally (* 1%) proved to be more than an order
of magnitude gfeater ;han those introduced when dispersion
is neglected. A more interesting technique was discovered
in the course of investigation which permitted a somewhat
more accurate measurement of the velocity as well as
characterization of tracking errors (deviation from linear
correspondence between piston displacement and paper move-
ment) and temperature stability.

The arrangement of the electronic and mechanical

components is basically the same as that for the low and
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intermediate frequency absorption measurements. An additional
attenuator providés a direct rf path (see Figure 3-7) from
the oscillator to the receiver. The oscillator is operated
in a double pulsed mode with the time delay between pulses
adjusted to be nearly eqﬁal to the time required for the
acoustic pulse to complete a transit in the absorption cell,
If this condition is éatisfied, the first pulse traveling
through the absorption chamber will arrive at the receiver
input at the same instant in time as the delayed pulse
through the shorting attenuator (Figure 3-9). If the ampli-
tudes are equal, the resulting phase interaction in the
region of overlap 1is such that a null is produced whenever
the difference in phase angle 8 between the rf moduiations
is 180°. The relative phase 1s directly determined by the
delay of the acoustic pulse in the sample such that phase
cancellation occurs whenever the transducer sepafation is
varied through one wave length. Thus, by using the recorder
to depict fhe phase interaction, an interference pattern is
generated as the piston is driven through the sample (Figure
3-10). Since the acoustic wavelength in the medium is
constant, any nonuniférmity in the distance between minima
represents the inaccuracy in the tracking system. The
velocity is then determined from the knowledge of wavelength
and frequency to an accuracy limited by this nonuniformity
only.

If the pulse height detector is to be used to detect
the null for purposes of automatic recording, it is essential

that the non-zero components of the signal be removed. This
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is accomplished in the same manner as for absorption
measurements. An additional variable time delay, however,
is required to confrol the time position of the delayed rf
pulse from the oscillator. The Arenberg pulse oscillator,
which is employed for these measurements, permits a maximum
pulse length of about 20 microsecond. At 3 MHz this allows
a 60 cycle pulse to be used. 1Ideally, one would like to
examine the interference of two long pulses o&er a large
number of cycles. At 3 MHz a compromise 1s necessary between
the length of the overlap and the number of nulls examined.
A 30 cycle overlap is used over about 30 cycles. Inter-
ferometric patterns up to 21 MHz have been produced in the
present. instrument. Above 9 MHz, however, jitter in the
relative time and phase between the two pulses produced at
the oscillator becomes comparable to a cycle so that the
sharpness of the null becomes impaired. The extent of the
jitter, estimated on the basis of the interference pattern,
is found to be less than a quarter of a cycle at 15 MHz or
about 15 nsec. Stability of this magnitude is representa-
tive of that which can be achieved with a double pulsed
system.

The use of a gated amplifier in such a way that the
acoustic pulse is mixed with the modulating rf 1Is better
suited for this technique. Since a portion of a continuous
rf signal is compared to itself, problems with pulse jitter
and finite overlap could be, to a large extent, eliminated.
The présent oscillator does not include this facility, and

this particular aspect of the experimental technique was not
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pursued further.

The use of thg instrﬁmentation as an interferometer
allows the investigator to determine accurately ;he error
encountered‘when the recorder is assumed to be an accﬁrate
transducer of piston displacement., In the course of velocity
detérminations, measurements were made a 3 MHz and over
several wavelengths so that the error introduced by the
finite width of the null is minimized. By variation of
speed reduction, 1t is possible'to separate the contribu-
tions to the error by the actuator from the gear box-motor
combination. -The acoustic system was thus found to have
a distance uncertainty aésociated with it of approximately
3.5 parts pexr thousand., Virtually all of this uncertainty
was attributable to the actuator. Additionally, it is
found that the error is introduced as a complex oscillatory
deviation'with a period corresponding to about 3 cm.

Since the wvelocity of sound_ih aqueous liquids has a
relatively high temperature coefficient, the interferometric
technique described above allows a means for characterizing
the temperature stability pf ﬁhe_sYstgm. One may question
the advantage of making such a Qeteféination when means for
thermistor measurement of temﬁerafﬁre has already been
provided. The justification resiaes in the fact that the
acoustic method is a reflection of the average temperature
of a large volume of medium where as the thermistor is
representative of a single point only. The technique is as

follows. With the acoustic path length set at a fixed
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distance, the phase difference of the interfering pulses is
adjusted so the dependence of the recorder response on wave-
length is maximal. This occurs at a phase difference of
120°. The deviation in time of the recorder pen from this
initial position is representative of the maximum temperature
deviation. The sensitivity of this technique is limited
by the phase stability of the oscillator (~15 nsec). Using
water (ZO.OOC), the dependence of velocity on temperature
is about 3.5 m/sec/°C (Nomoto, 1958). ,Aﬁ 9 MHz it is found
that a phase change corresponding to 30 nsec is easily

detected. The velocity of sound is nominally about 1.5 x 105

em/sec or 1.5 x 10”4 cm/nsec. A path length of 15 cm rgsults

o .
in a transit time of 105 nsec, A 1 C change in temperature

results in 250 nsec change in transit time. Thus, under

these conditions * 0.1 °C deviations are easily monitored.

F. Experimental Error

The error that arises in the determination of the
absorption coefficient is usually assessed by comparing
values obtained in an extensively characterized liquid
for which published values exist. For purposes of this in-
vestigation, water is used as a standard liquid. The instru-
ment has been repeatedly checked with distilled water
resulting in the accumulation of a large amount of data. It
is instructive to compare these results with the accepted
Values‘of Pinkerton (1947, 1949) and their implications
with regard to system error.

The absorption as a function of temperature for
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three frequencies is compared with the accepted behavior
(Figure 3-11)., The lowest equilibrium temperature provided
by the temperature contfol system ié 17.7°%c. Although lower
temperatures aré accessible by the addition of ice to the
thermostatic bath, the lack of temperature control and the
instability of the acoustic signal made analytical measure-
ments at low temperatures unfeasible. The highest tempéra—
ture at which this system has been operated is about 60°¢C.
Although acceptable performaﬁce is encountered at this
temperature, the use of higher temperatures was not

pursued to avoid damaging the absorption chamber. In
particular, it was feared that the epoxy resin supporting
the transducer would deteriorate.

The frequency-free absorption between 17.7°¢ and 55°¢
at three frequencies shows some deviation from the accepted
values but the general temperature dependence is reproduced.
Each point represents the mean value of ten consecutive
determinations and all measurements are made with the (LI)
cpnfigﬁration of the cell.

Most measurements were conducted at 20.OOC. The
results of a large number of measurements of the absorption
in water at 20.0°C are tabulated in Table 3-2. Because
a smaller number of determinations at each frequency are
used in the actual measurement of experimental liquids, the
standard deviations and the fractional standard.deviations
are used to characterize the experimental reproducibility.

It is seen that systematic deviation from the Pinkerton
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value (25.3 x 10;17cm~lsec2) occurs, This may be the result
of a systematic error and some difference in the water used.

. Also notable is the 4% fractional deviation that exists
at 9 MHz. This is presumably due to diffraction losses
and experimental values are corrected by this amount
where appropriate. The general performance at high frequen-
cies deteriorates with both configurations. Although the
(H) configuration never achieves the reliability of the (LI)
system, it does allow the continuation of acceptable
measurements to about 165 MHz. The results at 195 MHz
represent two sets of determinations made at an early and
at a late stage in the investigation. While earlier measure-
ments indicated that perfectly acceptable reéults could
be obtained at this frequency with moderate care, the later
determinations include a somewhat larger error. This 1is
presumably due to attrition of the bearing surfaces. 1In
addition, it is felt that all the high frequency measure-
ments are to some degree influenced by this effect. However,
since most of the’data conéerning water are not dated,
further characterization is not possible.

Without attempting further to resolve the systematic
deviation from the Pinkerton value, an C{ at 20.0°C of
26.0 x 10”17cm"lsec2 is used in all further computations.
In the light of the above data, it is not felt that the errxor
introduced by this assumption will be significanf.

Because water is in all cases the lowest absorbing

material studied, brief consideration of the influence
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of the absorption coefficient on error is warranted.
For all the materials studied (with one exception) the
freqqency—free excess absorption decreases with increasing
frequency and above 50 MHz a relatively small variation of
absorption from that of the solvent is observed. At low
frequenciés, the excess frequency-free absorption may become
appreciable. In all circumstances, however, this has
the effect of decreasing the relative magnitude of the losses
attributable to diffraction. In general it is felt thaﬁ the
values appearing in Table 3-~2 are representati&e of the maxi-
mum error associéted with the instrument.

A list of estimated error values that arise in the

computation of acoustic parameters is also shown in Table 3-2.

G. Materials and Methods

WATER: Singly distilled water obtained from the
laboratory still was_employed in the preparatién of all
solutions and also for instrument characterization. Deuterium
oxide (99.5%) was obtained prm the Columbia Organic Chemical
Co., Columbia, South Carolina.

DEXTRAN: The dextran wés.ogﬁéiﬁed in a fraétionated and
characterized form from the-PHérmééia.Fine Chemical Co.,
Piscataway, New Jersey. The weight and number of average
molecular weights as well as the intrinsic viscosity of
each fraction was supplied by the manufacturer (Table 3-3).

No further characterization was attempted other than

determination of the intrinsic viscosity as a check on the

manufacturer's values, whereln excellent agreement (jl 0.5%)
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TABLE 3-3

Pharmacia Fine Chemical Company

Leuconostoc mesenteroides, NRRL-B512

Moo, L H, /M
x 10 dl/g
5.70 0.098 1.97
14.5 0.147 1.50
25.6 0.198 1.55
40.5 0.256 1.77
105.0 0.38 1.59
185.0 0.50 2.00

Other Properties (Granath, 1958)

Partial specific volume N o:o0.61 celg

Statistical segment length (Mg = 105), 8.8 A
2.43 x 1073 Mo di/s

—_— 5,50
Hydrodynamic radius, Ry, = 0.32 M;DS

BOVINE SERUM ALBUMIN: Sigma Chemical Company

Properties in 0.1 M KCl (Tanford and Buzzell, 1956)
My : 65,000

V s 0.734 cc/g

R : 33.7 A
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TABLE 3-3 cont'd

LATEX PARTICLES:  Dow Chemical Company

Radizs 'Staﬁdard Number of Coﬁments
x 10 cm Deviation Measurements
X lO_cm

L 04b .004 1164 Monodisperse
. 110 - - | Distribution
.178 .003 655 Monodisperse
. 504 .003 106 Monodisperse
3 - 7 , - - Distribution
Partial specific volume. : 0.95 cc/g (Cheng and Schachman,

1955)
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was observed for all samples used in this investigation.
Tabulation of the weight average molecular weight ﬁw s
number average molecular weight M, , and intrinsic viscosity
[ﬂ]o , are found in Table 3-3.

The dextran is produced by Pharmacia from Leuconostoc

Mesenteroides, strain NRRL-B512. The hydrodynamic properties
. of aqueous solutions of this material have been studied by |
Granath (1958), who finds that the statistical segment length
is not much larger than the diameter of the glucqse molecule
(8.82 VSAS.lSK at a My of 105) indicating that dextran
molecules are highly flexible,

Enough polysaccharide is dissolved in distilled water
to form a one liter stock solution with a concentration of
10 - 15%. Solutions are.sterilized and clarified by filter-
ing through membrane filters (pore size, 0.34 ) and thén
refrigerated at 5°C until acoustic measurements are made.

Generally, a small amount of distilled water remains
in the absbrption vessel as a residue from tﬁe preliminary
performance check, Thus, the polysaccharide concentration
is most effectively determined after the solution has been
introduced into the géoustic chamber and vigorously pumped
through the vessel for several minutes,

Concentration of aqueous dextran solutions is conven-
iently determined polarimetrically with an error not exceeding
1%. The specific rotation &xjfwas determined to be 1990.
This compares to a value of+198o by Senti et al (1955) and
199°1isted by Pharmacia. A Rudolf model 70 polarimeter

. o
capable of resolving * .01 was employed for optical rotation
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measurements. Room temperature was sufficiently stable
(*1°c) that no speciél temperature control was necessary.

Intrinsic viscosities are determined using Cannon-
Ubbelohde semi~micro-dilution viscometers suspended in a
temperature control bath (= O.OlOC). Thé viscometers were
selected such that the flow time is all cases was sufficiéntly
long (> 100 sec) to avoid kinetic energy errors. Values
obtained agreed with the Pharmacia values in all cases.

BOVINE SERUM ALBUMIN: PFraction V, bovine albumin was
obtained from Sigma Chemical Co., St., Louis, Missouri. A
one liter solution with a nominal concentration of 10% was
prepared by suspending the protein in 0.IM KC1, pH 6.8.°
This solution was membrane filtered prior to écoustic
measurements.

Concentration is determined on the basis of an ex-
tincfion coefficient of 6.6/g albumin/100mg/cm (Cohn et al.,
1947). ‘Observation of the behavior of this material in
the ultracentrifuge revealed a single sharply defined

peak with a sedimentation coefficient, S,,u equal to

~13.cc at a concentration of 5.4 mg/ml. This

4,07 x 10
compares favorably to the accepted value and-is a reasonable
indication that the material under study is native protein.
POLYSTYRENE LATTICES: Sphericalvpolystyrene and
styrene~divinylbenzene copolymer particles'suspended in de-
.ionized water were supplied by the Dow Chemical Co., Midland,

Michigan. Six different dispersions are investigated.

Four suspensions are monodisperse polystyrene lattices,
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the type used extensivély as a secondary standard in optical
“and electron microscopy.. The sizes of the particles hafe
been characterized accurately by'the manufacturer (see Table
.3-3). Although these materials are usually only available in
10 ml iots, one liter of each latex was provided through the
generous interest of ghe manufacturer. Particle concentra1
tion as supplied in each case 1is nominally 10% solids by
weight.

The other suspensions are heterodisperse. One of
these is a styrene-divinylbenzene copolymer latex (DC642-19)
with a nominal average particle radius of 3.6M . The
distribution.of particle sizes has been characterized by
the manufacturer using optical microscopy. The distribu-
tion curve is roughly Gaussian’with about 99% of the
particles having radii between 1.54 and 6.54 . Copolymeri-
zation of the styrenevwifh divinylbenzene has the éffect of
increasing the particlé rigidity (Dow Chemical, 1966).

This suspension is also supplied with a concentration of
about 10%.

The other dispersion invéstigated is Dow 586 poly-
styrene latex. This material iéﬂé;heterodisperse industrial
preparation suppliéd with a coﬁcenEration of 50% solids by
welght. Nominal particle radius isVO.ll micron.

Particle concentration is determined by weighing the
residue obtained by evapdrating a known volume of suspension
to constant weight. Since the polystyrene is very hydro-
phobic no special drying procedures are necessary.

The concentration of free surface active agent is
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determined by centrifuging the particles from a known volume
of suspension, membrane filtering the supermatant and
weighing the residue that remain‘after‘drying. This determin-
ation 1s limited to the sﬁspensions containing the 0.5044/4
‘and 3.6um particlés. Removing the smaller particles from
sufficiently large quantities of suspensign (50 ml) is hinder-
ed by the small density difference between the particle and
watér ( pp/poczl.os).

The apparent partial specific volume, V, of polystyrene
latex particles has been determined to be 0.950 cc/g by Cheng
and Schachman (1955), In addition, the particles appear to
be impermeable to water and thus are not internally hydrated.
The density is then given by 1/y = 1.052 which agrees with
the value for bulk polysgyrene.

Because of the importance of the density, independent
determinations were made, Two methods are employed.. Assuming
impermeability of the particle, the following expression
may be derived readily to describe the density of the two

component system:

/OP = -——ﬁf—‘—’c/OTo .

Lo+ (=Dpx

where ¢ is concentration andfzd f%’ /2 are the densities of
the suspension, particle and suspending liquid, respectively.
Using standard pycnometric techniques and allowing an
accuracy in measurement of 0,000l g/cc, the density of all
the polystyrene latex particles is found to be in agreement

with the previously determined value. The copolymer particles
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are also found to have an average density of about 1.052 g/cc.
It is found, however, in.centrifuging these particles in
sucrose solutions’ that neither coﬁplete sedimentation or
floatation.occurs when the suspending fluid has a demnsity
betweeﬁ 1.050 and 1.053 g/cc. In addition, observation of the
behavior in‘a sucrose gradient reveals that while most of the
particles accumulate ‘as in a narrow Eand, isolated particles
exist with densities as high as about 1.058 g/cc. This
probably is due to some variation of the copblymerization from
particle to particle. No further effort was made, however, to
characterize the density of this material. and the average
value will‘bé employed in subsequent discussions.

Contact of the latex with glass and_stainless steel
résults in the deposition of a‘thin layer of polystyrene.
This is avoided to a large extent by treating the contact
surfaces with Desicote. |

For the most part; the acoustic procedures involved in
the use of the partiéles are the same as with homogeneous
materials, with one notable exception. It was found that the -
piston transducer could not be driven through suspensions of
the largest particle size withoﬁfﬂﬁechanical seizure due to
"wedging”’ of the particles betwéenféﬁe bearing surfaces. This
problem can be alleviated by inserting spacers between the
transducer housing and piston head so that the transducer may
move through the suspension while the piston bears on the sur~
face near the top of the absorption cylinder. This modifica-
tion, however, limits the maximum transducer separation to the

extent that the absorption coefficient and 3 MHz could not
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obtained.

Manufactured by Duff Norton Corp., Charlotte, North
Carolina.

Manufactured by Thomson Industries, Manhasset, New
York.

Obtained from the Minarik Eleqtric Co., Los Angeles,

Califormnia.
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CHAPTER 1V
RESULTS |

The dependence of the absorption coefficient on con-

. , . o
centration in aqueous solutions of dextran at 20.0°C for
six molecular weight fractions has been measured, Figure

41 depicts the behavior at M 72,000, which 1s represen-

w
tative of that observed at all the molecular weights
investigated ( 11,200; 21,800; 39,800; 167,000; 370,000).
It may be observed that at frequencies greater than 3 MHz a
common zerouconcéntration intercept on the ordinate axis
exists which reflects tﬁe Stokes f2~dependence of the
‘absorpéion of the solvent. Thus, by employing a normalized
ordinate parameter of /fz, the data at a number of
frequencies are conveniently compared in a singlé-plat.
At 3'MHz, the concentration-independent term is removed
along with the diffraction losses (Chapter III) so that
for this f;equency the ordinate 1is AC%/fz. The value of
o{ at each frequency at every concentration represents the
mean value of at least five igdiyidual determinations.
Effective comparison of:thevéféﬁrption properties of
different macromolecular speéieé ié facilitated by defining
a reduced coefficient that results upon removing the

contribution of the solvent and the concentration dependence,

viz.,

A:.LAO(:}_ O(T‘O(“}
c 2 c £2
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where Ot is the observed absorption coefficient and X, is
the concentratiop indepéndent term. Figure 4-2 is a
composite log-log plot of A as a function of frequency for
all molecuiar weights investigated. The results of ﬁeasure—
ments of the absorption in aqueous solutions of glucose are
also represented. Shear viscosity coentributions to the
absorption as calculated by the Rouse theory for the
highest and lowest molecular weights are depicted within
the range of applicability of the high frequency approxima-
tion (cf Appendix I). Values of A for the varioﬁs fractions
are shown in Table 4-1. Similar measurements of absorption
in aqueous solutions of‘bovine serum albumin in 0.1 M KC1
at 20.6°C are shown in Figures 4-3 and 4-4. The absorption
characteristics of aquecus suspensions of beef hemoglobin
(Carstensen, 1959b, Edmonds, 1966b) are compared with ghe
albumin data in Figure 4-4, Tabulation of the values of
A of serum albumin are also shown‘in Table 4-1.

The absorption in the five aqueous polystyrene lattices

has been measured at 20.0°C in the following concentration

ranges.
R (micron) g  féonc. Range (g/cc)
0.044 o 0.0 - 0.1
~oo0.11 | 0.0 - 0.5
0.178 A 0.0 - 0.1
0.504 0.0 - 0.1
~ 3.5 decreasing 0.0 -~ 0.1 at 9 MHz

to 0.05- 0.01 at 81 MH=z.
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In every case, the absorption has appeared as a linear
function of concentration to at least 0.1 g/cc. Represent-
ative of the dependence of absorption on concentration is
that observed in DC~586 (R:~0.1l1 microns) in which the
concentration range is the greatest (Figure 4-5). The
corresponding value of A at each frequency as above is
taken from the slope in the concentration range where the
dependence is linear. A minimum of three concentrations
were used in each case to determine A. A log-log plot of
A vs frequency for the lattices is shown In Figures 4-6,
4-7, 4-8, 4-9, 4-10.

The temperature variation of the .absorption parameter
A, in DC-586 from about 17°C to 48°C at four frequencies
from 9 MHz to 51 MHz is shown in Figure 4-11,.

The addition of NaCl in an amount sufficient to make
a 10% suspension of DC-586 0.05 M in this salt did not
result in a detectable change in the absorption properties.
Higher concentrations of salt results in flocculation of the
latex particles and further variation of the ionic en~
vironment of the particle was not attempted. Log-log plots
of A vs frequency for ﬁhe particles investigated are
Shown in Figures 4-5 to 4-10. A minimum of three concentra-
tions is each case were used to determine the wvalues of A.
The theoretical absorption character predicted on the
basis of the Lamb, Epstein, Urick relations is shown for ref-
erence for each particle size.

In order to further examine experimentally the



82

importance of the relative motion contribution, it is

of interest to investigate the absorption character in the
absence of relative motion which is the case when the
particle and surrounding medium possess the same density.
Since the specific gravity of the particle is fairly close
to unity (1.055 at 20.OOC), this situation ma§ be conven=
iently achieved by employing a D,0- HZO mixture as the
suspending fluid. The results of absorption measurements
at 20.0°C in suspensions of 0.504 #/A4 particles in a Dy0-H0
mexture with a specific gravity of 1.053 are shown in
Figure 4-9 along with those obtained with Ho0 as the
suspending liquid.

Although velocity determinations were not a primary
consideration in this investigation, a number of measure-
ments were made using the method described in Chapter III.
A composite plot of the relative velocity V/Vys Vo being
the.velocity of water, for the materials investigated is

found in Figure 4-12,
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Figure 4-1 Absorption vs Concentration, Dextran ﬁw 72000
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Figure 4-2: EXCESS ABSORPTION IN DEXTRAN
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Figure 4-4: Bovine Serum Albumin



Values of A for DEXTRAN and SERUM ALBUMIN

16 -1

TABLE 4-1

A x 10 cm sec g
) = 20.0%
M x1073 11, 21 39, 72 167 370 BSA
f(MHEz)
3 122. 143, 147, 147 - - 430
9 74, 75. 77, 73. 71 68, 235
15 55 57. 56. 56 - 51 163
27 41, gg. 38. 40, 37 39 192
39 29 - 30. - - - -
45 - 28, - - - 25 B
51 26, 24, 26, 25 - - 68
75 20. 21. 22 20. 18 17 53
81 - - 19. - ) i, )
105 - - - 18. - - 4Lt
135 - 17. - 16. - 16 35
165 - 18, “ 15, - 12.6 32
195 - 18 - - - 15.3 -

Underlined values occur at frequencies such that

2 <WwT, <
250

N2 ; see Appéndix I.
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Figure 4-5 Absorption vs Concentration, DC 586 Latex
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CHAPTER V

DISCUSSION

The results presented in the previous section indicate
that the ultrasonic absorption properties of both the dextran
fractions and the aqueous polystyrene lattices (excluding
that containing the largest particle sizes which will be
discussed separately) have three essential similarities in
common with the properties observed in othef macromolecules
in this frequency region: 1) The absorption coefficient
is related linearly to the concentration of suspended
material and‘extrapolates to the value of the solvent at
zero cohcentration. 2) The frequenc&nfree excess absorption,
A, decreases with increasing frequenéy, approaching zero or
a small limiting value. 3) It is observed that the speed of
sound at 3 MHz in all cases is increased in approximately
the same way by the presence of suspended matter, indicating
that their incorporaﬁion into the fluid is accompanied by
a decrease in the macroscopic density and compressibility.

The linearity of absorption_w;th concentration implies
that the absorption coefficienélé;sgéiated with individual
particles or molecules is constént{énd independent of
effects related to proximity or interactions between neigh-
boring molecules or particles. 1In this light, the ensuing
discussion will attempt té evaluate the dissipatioﬁal
processes that may occur either internally, externally, or
at the surface in terms of the mechanisms described in

Chapter II.
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A, Dextran

Computation of the shear viscosity from the Rouse theory
(Appendix 1) is based on the assumption that the affinity
between solvent molecule anq polymer segment is similar to
that between adjacent polymer segments. While this
assumption may not be a precise molecular description of the
dextran solutions, it does guarantee consideration of vis-
cosity under conditions of maximum extension of the macro-
molecule into the solvent (Tanford, 1958, p. 163) and minimum
damping of internal modes resulting from molecular constric-
tion. Thus, the computed value represents the maximum -
dynamic shear viscosity in the system.

It can be seen in Figure 4-2 that the absorption co-
efficient computed from the Rouse theory leads to values
.which are at least an order of magnitude too small to
account for the observed behavior. This is a reasonable
indication that the attenuation of shear stresses Ey the
solute molecule are not important in determining the excess
absorption. ©On the molecular level this has the following
implications: 1) At the highest molecular weight (370,000),
the longest internal mbdes excited by ﬁhe acoustic energy
correspond to segments which have a length less than 2%
of the total polymer so that thé statistical sphere
represented by the entire molecule will very nearly appear
as a rigid body to the oscillatory shear stresses. 2) If
the polymer still behaves as a random coil at a molecular

weight of 10,000, some excitation of the primary mode,
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i.e., distortion of the center of gravity, 1s predicted. At
this chain length, however, the viscosity imparted to the
liquid at virtually zero frequency‘is too small to be an
important factor in determining the large excess absorption
involved.,

In order to discuss the importance of volume viscosity,
let it be assumed that the acoustic losses related to this
process arxe the result of the formation and extinction of
vacancies in the liquid lattice imposed by the oscillatory
mechanical stresses (Hirai and Eyring, 1958). The absorp-
tion will be a manifestation of the time required for
structural rearrangement of the six or eight molecules
surrounding a vacancy (cf Chapter II).

Because of the randoﬁ coil nature of the polymer, the
glucose residues will not be in close proximity to each
other and considered by themselves cannot account for the
viscosity on the basis of the vacancy theory. It is necessary
then to postulate that the presence of the polymer gives
rise to a structural viscosity in conjunction with
neighboring water molecules. While a water-polymer complex
undoubtedly results frém the preponderance of hydrogen-
bonding sites concommitant with the glucose monomer, it 1is
not possible on the basis of the experimental evidence
alone, to state unequivocally that such a complex has a
significantly higher volume viscosity than that found in
solutions of glucose. If it is assumed, hoﬁever, that the
excess absorption is related to a volume viscosity of

bound water; it is possible to derive a model which will
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permit at least an empirical explanation of the observed
behavior., Let it be assumed that the polymer-solvent com-
plex exists in the‘fqrm of a cyl;ndrical layer surrounding
the polymer backbone. The thickness and degree of associa-
tion of the hydration layer would be in part due to the
fundamental interaction‘of water with glucose. In addition,
some cooperative effects may be attributed to periodicity
and immobilization of the monomer.

It is found that the excéss frequency~-free absorption 1is
nearly proportional to the reciprocal square root of
frequenéy, i.e., the dependence predicted by theRouse theory.
Thus, if the relaxation times associated with volume viscos-
ity are the same as related in a linear way to those impér—
tant to shear deformation; the same frequency dependence will
be observed at high frequencies. In associated liquids, such
as water, this is often the case since both shear and volume
'viscosity are related to the average time between movement of
molecules into vacancies (Herzfeld and Litovitz, 1958). The
problem that arises is the disparity between the magnitudes
of the different viscosity contributions. In water and other
associated liquids q: /Vﬁf& 3 s Whereas the volume viscosity
required to explain the absorption in dextran would require

(/N ® 20 . 1o apply this criter:
nv qs . pply this criterion to the postulated
model would presuppose that the concentrations of the poly-
saccharide~water complex involved in excess volume losses
and excess shear losses are identical. Whereas this
is a reasonable assumption in homogeneous liquids, it is

possible that the effect of the polymer may penetrate the
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solvent to a greater extent in relation to volume viscosity.
Thus, if the polyﬁer chain is assumed to have a '"cylinder
of influence'" associated with it, the effect on volume
viscosity would have to extend about twice as far into the
medium as that associated with shear viscosity, in order
that V]:/Y\; =~ 3.

On the basis of this model it is also possible to
explain two other observations: 1) the independence of
excess absorption on molecular weight and'consequently
hydrodynamic volume and 2) the apparent asymptotic approach
of the excess absofption to that of the monomer at high
frequencies. The first of these is the result anticipated
on the basis of a cylindrical hydration layer with the.
total volume involved related to the number of monomer’units
rather than the hydrodynamic volume. The second is consistent
with’the Rouse model of the polymer behavior. As the fre-
quency increases, the modes important in determining viscosity
correspond to décreasing lengths of polymer chain and at
the high frequency limit, only the residual losses associated
with the monomer prevail. Noting tha; at about 200 MHz the
excess absorption in the polymer becomes indistinguishable from
that of the monomer, it becomes possible to obtain an
approximate indication of the minimum chain length required
to establish aﬁ acoustically detectable polymer-solvent complex.
By extrapolating the Rouse theory to this freqﬁency, it 1is
found that a molecular weight of roughly 2,000, o? about

11 monomer units, is required,.
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B. Polysﬁyrene Latex

From an acoustic standpoint, the polystyrene lattices
appear to be generally similar to aqueous solutions of
serum albumin and hemoglobin. This extends to the magnitude
and frequency disposition of the excess absorption (Figure
5-1) as well as to the concentration dépendence of the
speed of sound in the suspensions (Figure 4-12). While
these observations are suggestive of similarities in the
absorption processes, it is nécessary to examine the origin
of the excess absorption in the polystyrene lattices
before drawing further conclusions.

A linear dependence of the excess absorption on concen-~
tration is also observed in the polystyremne lattices to J
concentrations of about 10%. As is the case with MaCYO~
molécular suspensions, this indicates that the excess absorp~-
tion is associated with processes concerning single particles
rather than particle-particle interactions.

Because of the hydrophobic character of polystyrene,
emulsification of the particles can be effected only by
tﬁe addition of a surface-active agent. This material
resides as an adsorbed surface layer and imparts an ionic
character to the particle. Disturbance of the ionic layer by
the acoustic wave will result in the production of oscilla-
tory dipoles (Enderby, 1952). If this interaction leads
to net flow of charge in the region of the particle over
the period of a cycle, a contribution to the attenuation

will ensue. It would be expected that the observed absorption
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losses would be contingent upon the ionic.éharacter of the
pervading liquid. Thus, the addition of small ions to the
liquid phase proﬁides migratory charge carriers and

should result in the enhaﬁcemeﬁt of this effect. This

is not observed experimentally, as the absorption character
is not affected by the presence of a'neutral salt. In
addition, it has been observed by previous investigators
that the absorption in dispersions of kaolin platelets

is decreased by deflocculation with a surface active

agent and that the absorption character that results is in
good agreemept with that predicted by relative motion of
the particles (Hueter, 1958). Thus, it seems likely that
the observed excess absorption is not attributable to
acoustic disturbances of the adsorbed layer,

The observations of previous iIinvestigators has
confirmed the validity of the Lamb-Epstein-Urick relatién
(Equation 2-21) in predicting the absorption in particulate
suspensions due to relative motion (Chapter II). The
contribution computed on this basis, however, accounts at
the most for 107 of the observed absorption in the poly-
styrene lattices (Figures 4~6; 4;%:;458, 4-9, 4-10). As A
further check of this theorys-ﬁeaéﬁrements were conducted
employing a D90-Ho0 mixture és the suspending fluid with the
composition adjusted so that the demnsity of the liquid
phase and the particle were nearly equal. Since ghe relation
describing this contribution conta;ns the factor (1 ~é% )2

as a multiplicative coefficient, the relative motion
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contribution should disappear in this circumstance (Chapter
IT). It is found, however, that the excess absorption in-
créases despite the fact that there should be no relative
motion between the particle and liquid‘(Figure 4-9), These
observations, therefore, preclude the importance of relative
motion in determining the observed absorption character,

If the excess absorption is equated to the volume

viscosity of the particle, (2-25) becomes

K = £A(KL) 2V (5-1)
, X

O

Kg in turn may be evaluated from phe values obtained for.
A using the following parameters:
K, = 2.3 x 1010 dyne/cm2
K! = 4.0 x 1010 dyne/cm2 (Kono, 1960)
V = 1.5 x 10° cm/sec

The éomputed value of Kg for all the aqueous lattices
throughout'the frequency range observed falls in the range
0.1x10° to 0.3x107 dyne/cmz. While these values are not
precluded by measurements of Kg conduc;ed in bulk polystyrene
(Kono, 1960), a strict'comparison is not possible since the
error associated with the methods employed for determining
Kg in bulk materials is of the same order of magnitude.

Attributing the excess attenuation to the volume
viscosity, however, is associated with two major difficul-
ties. 1) It does not explain the relatively large absorption

increase that is observed when H,0-D,0 is employed as the




105

suspending liquid, Velocity and density measurements in
D90-Hy0, reveal that K$ in the mixture is about 3% less
than that of water so that on the basis of (5-1) only

a slight increase is anticipatéd; 2) Polystyfene exhibits
a primary glass transition temperature between the glassy
and rubbery states at about 100°¢C (Ferry, 1961). This
transition is not associated with an obvious phase or
structural transition but rather with the time constants
which govern flow or diffusion (Ferry, 1961). Thus, as

a material changes from a glass-like to a rubber-like or
liquid state, the relaxation times involved in viscous flow
decrease rapidly from the order of minutes to times that
may be important in the ultrasonic frequency range. If the
ultrasonic absorption in this type of material is measured
as a function of increasing temperature, the observed
losses will begin to increase in fhe region of the transition
‘temperature as the spectrum of relaxation times associated
with viscous processes become comparable to the period of
the wave, then pass through a maximum, and subsequently de-
crease as the material approaches the liquid state. Longitud-
inal and shear wave absorption measurements in polystyrene
indicate that this behavior is observed with absorption
maxima for &olume and shear modes occuring at about ISOOC
and 130°cC, respective¥y (Kono, 1960). The present investi-
gations are cénducted for the most part atVZO.OOC, well
below the glass transition,temperatqfe for both shear and

volume viscosities. Thus, it would be expected normally
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that increasing the temperature of observation should be
accompanied by increases in the excess absorption. The
experimentally observed behavior between about 170.and
50° does not showvthis trend, but, rather, A decreases with
increasing temperature in a manner similar to that found
in associated liquids such és water (Figure 3-11).

Both of the above observations indicatevthat the
excess absorption may well be associated with the suspend-
iﬁg liquid rather than the particle. 1In order to examine
this possibility more closely, let it be recalled that the

attenuation in water is described by the relation
= = ﬂ (4/2)1, } »
£= (5-2)

The temperature dependence of both shear and volume
viscosities of water is described by an Arrhenius relation

(see for example, Hirai and Eyring, 1958), i.e.,

¥
/ / Eistsy,hzT
s v . .
A L E . ;
where KS y are constants and O FS y. &@re apparent activation
3 v 5 v
energles associated with theriscoUs process concerned. The

apparent activation energies‘are nearly the same (Herzfeld
!
and Litovitz, 1958). Thus, assuming AFt:A\: AF = 42> KCAL

(5~2) becomes

x
S = 2 i (i) e /Rt
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1

so that the appa:ent energy F is the slope of the line

generated by plotéing \‘1 {f%5%39</§2} vs 1/T (Figure
5-2). If the excess absorption is the result of an
interaction with the solvent such as the production of a
layer of liquid surrounding the particle which has a some-
what higher viscosity than in pure water, one might expect
that the contribution to the macroscopic viscosity occurs
additively as it does in suspensions of viscoelastic
particles. The salient Arrhenius presentation of the data
utilizing \V][JZ}LS/\j as the ordinate parameter (Figure_
5-2) reveals that fhe apparent activation energies at

9 MHz, 15 MHz, and 25 MHz are all about 40% of that observed

in water (Table 5-1).
TABLE 5-1

Appafent Activation Energies Associated With Excess Absorption

In DC 586 Latex.

Frequency A-Fi'
9 MH=z | i ~1.75 K cal/mole
15 MHz 1,77 "
27 MHz 1.82 .

Water (All Fregq.) 4,23 "

If the observed absorption character is, in fact,
a manifestation of a process associated with the liquid

independent of the internal viscosity of the particle,



27 MHz

poise.
I

WATER: ALL FREQUENCIES

L

103/T °x

| 1

3.2 : 3.3 3.4 3.5

Figure 5-2: ARRHENIUS PLOT OF EXCESS ABSORPTION
IN POLYSTYRENE LATEX 586
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it is difficult to justify a dependence of the excess
absorption restricted solely to the physical properties of
~polystyrene. Similar behavior would be expected in
aqueous dispersion of other materials. Stakutis et al.,
(1955) have investigated the temperature dependence ofvthe
absorption in aqueous suspensions of both kaolin and
lycopodium spores in frequency range‘from 15 MHz to 30 MHz
and find that in both suspensions the excess absorption is
proportional to [V\;]/a The authors have interpreted their
results in terms of\an'expression relating the excess

%
absorption to {y);] ;hich they obtain by simplification of
the Epsﬁein relation. They have, howgver, evidently reduced
this expression incorrecﬁly since it has been previousiy shown

that the relation in its complete form predicts that the

excess absorption due to relative motion has a negligible

N

dependence on the viscosity of the suspending liquid (Urick,
. V2

1948). - The [qu dependence, however, is essentially
equivalent to the result that is observed in the polystyrene
latex. 1In view of the diverse physical properties of the
suspended material concerned, 1t seems reasonable to conclude
that the origin of the excess absorption is dintimately
associated with the suspending liquid. Unfortunately, it is
not possible to determine precisely the mechanism or
interaction responsible for the absorption behavior on the
,basis‘of the above observations.

Aqueous solutions of serum albumin (Carstensen et al.,
1953) and hemoglobin (1959b) also exhibit a negative

temperature coefficient of the excess absorption in the
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frequency range from 1 MHz to 10 MHz. The dependence, how-
ever, is not as pronounced as it is in the latex and seéms to
be related to frequency. In view of the similarities ot the
other acoustic parameters, i.e., magnitude and frequency
dependence of excess absorption and speed of sound, it seems
likely that at least a portion of the absorption in the pfo—
teins may be attributable to the éaﬁe mechanisms important
in determining the absorption character of aqueous polystyrene
lattices.

C. Scattering

The absorption coefficient in suspensions of the
largest sphéres (styrene-divinylbenzene copolymer) displays
a Rayleigh fourth~power frequency dependence (Figure 4-10).
The experimental result may bé analyzed in terms of (2-23),

modified to describe a distribution of particle sizes, viz.,

(72 E (f%,.gl N2 -
7= (&) {(%; (-] 7R

2Y
) (5-3)

where ZE}%L = ¢ sz.

All the physical parameters nédégs%ry to evaluate this
relation are known with the exbgpéion of K{ (Table 5-2).

By employing the experimentally determined absorption and
(5-3), one can compute Ki 24, 1x1010 dyne/cmz. This may be
compared to a value of 3;1x1010 dyne/cm2 for styréne—butadiene
copolymer (Wada; 1960) and 4.Ox1010 dyne/cm2 for polystyrene.

Thus, the Epstein relation for scattering of sound by

elastic particles appears to be compatible with the
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experimental data.
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TABLE 5-2

SCATTERING PARAMETERS

£ = 1.055
e 10 2
Ké = 2.3 x 10 dyne/cm® (Calculated from velocity meas.)
Vo, = 1.48 x 10° em/sec
T = 20.0°
Particle size distribution (Dow Chemical Co.), ¢, 0.1 cc/cc
Ri Cl
x 10%cm " ‘ cc/cc
2 .006
3 . 047
4 | | .035
5 | - .010
6 o . .002

7 T L0002
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CHAPTER VI

CONCLUDING REMARKS

It has been shown that the.origin of the exceés absorp-
tion in aqueous suspensions of both dextran and polystyremne
is intimately assoclated with the suspending liquid. This
observation is particularly significant in regard to the
polystyrene lattices. In previous investigations, generally,
it has been accepted that thé absorption behavior in
suspensions of small rigid particles is accounted for by
the Lamb-Urick~Epstein relations. In situations where
departure batween theory and experiment have besen observed,
nonextenuating explanations have been offered. Mechanisms
are usually devised which are consistent with the theory.
Some of these, such as the introduction of an additive
to account for an additional volume viscosity (Wada et al.,
1960), appear to be well founded, while others such
as that of Stakutis et al., (1955) are clearly erroneous.
None of these explanations, however, account for the
oﬁserved absorption behavior in the polystyrene lattices,
While the results of this investigation considered alone
do not constitute a substantial disagreemzant with the theory,
the similarity of the dependence of the excess absorption
on the viscosity of the solvent in the polystyrene lattlces
and in dispersions of kaolin and lycopodium suggest that the
Lamb-Urick-Epstein theory may not be an entirely realistic

description of the absorption mechanisms in particulate
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suspensions. Because of the fqndamental nature of the
problem and the iﬁportance which is gttached to the
Lamb-Urick~Epstein relations, it is felt that a reevaluation
of the absorption properties of particulate suspensions

is necessaryi In additibn, it seems likely that such an
investigation would contribute a substantial insight into
the understanding of the absorption mechanisms of solutions

of macromolecules.
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APPENDICES
.APPENDIX I

COMPUTATION OF DYNAMIC PROPERTIES OF DEXTRAN

A completely flexible linear polymer whose shape is
deterﬁined solely by Brownian movement of its molecular
segments will assume the tertiary configuration of a
statistical sphere. The mean—squaréd end~to-end distance
L2 can be deduced from random-walk argumsnts and has the
form (Tanford, 1961)

L2. p2

N

where N 1s the number of identical flexible segments of
length b. The segmgnt‘length b usually has a minimum
value corresponding to the length of a monomer segment bo
Any interaction which interfefes with free rotation of
the monomer segments wili tend to increase the end-to-end
distance over that predicted on the basis of b, as the
segment length. The descriptionvof the configuration

is conveniently handled by introducing an effective segment

b so that

e
L= Wby
where Nebészbo
and b, 2 b

N being the number of monom=2r segments. be is also referred
o

to as the Kuhn statistical segment length or the hydrodynamic
segment length.

Because the dextran fractions used in this investigation
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have about 5% of the glucose residues appearing as branching
elements, a coefficient is necessary to account for
additional excluded volume effects (Stockmaver and Fixman,

1953) so that

where g is molecular weight dependent. Granath (1958)

has determined the molecular weight dependence of both

L2 and g for the type of dexfran of interest in the presént
investigation. On the basis of his obsefvations one can

write

— LO09% 2
be = 2.6 My A

for My< 35 x 105. The corresponding values for Ne may be

evaluated on the basis of monomer molecular weight of 180
(glucose) and by = 5.15A,

The frequency range in which the Rouse theory approxi-

mation for G" ~quo is applicable is determined by
2 <cwT < N2
250
or more convenilently
2 -
fpin= 1l <f < Ng = fmax'

T, 500

Using equation (2-14) to determine T, , f and fgax may

min

be calculated. These limits as well as the values for bgs

N f1, T, , are listed in Table A-1.

e? I

By combining the relation between intrinsic viscosity



x 10

11,

21,

39.

72,

167.

370.

-3

121

TABLE A-1

T f1 be Ng £f . fmaX

X 106sec (MHz) A (ﬁﬁg) (MHZ)
L0274 5.81 10.7 30 12 21
.0800 1.99 10.0 62 4 31
.197 .81 9.5 120 1.6 46
L461 .34 8.9 - 231 0.68 68
1.59 .10 8.3 576 0.20 133
4,62 .034 7.5 1411 0.068 275

Primary relaxation time and frequency, respectively.
Hydrodynamic segment length

Number of statistical segments in molecule, rounded
to nearest integer.
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and molecular weight,

4

: U\] L, 2430 "

3cc/g

with equation (2-20), one has the result

t
A _ C [0.729RTn, ™
Wt 2pNp? [, o M2

In water at ZOOC, this takes the form

l.4}(10”11;‘5"%}71;70'2<6 cm~tsec?ceg™

JaNG 4 1

C+*

)\

which may be used to predict the shear viscosity contribu-

tion to the absorption.
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APPENDIX II

VOLUME REQUIREMENTS FOR ULTRASONIC MEASUREMENTS

The requirements for free field diffraction make it

possible to calculate the lowest frequency at which the

absorption coefficient may be determined with a specified

accuracy as well as the minimum sample volume required at

any frequency.

(1)

(i1)

(1i1)

The requirements1

imposed are

that the maximum acoustic path

length is RZ/ZA (Pinkerton, 1949),
that R 2 25X (Nozdrev, 1965), and
that the minimum container radius

be at least twice that of the source,

i.e., R'" 2 2R (Del Grosso, 1965)

(where R' is the radius of the container).

In addition, we assume the minimum detectable absorption

increment that may be accurately measured to be approxi-

mately O.SdBaﬁO'O6cﬁ"1 (Nozdrev, 1965) and that the

intrinsic absorption property of the sample is separable

from, and noninteracting with diffraction losses (Del Grosso,

1964).

Combining (i) and (ii) we find that

Z max £ 315X (I1-4)

(where Z max is the maximum path length). The minimum

attenuation increment requires that

zAK 28K = 0.06cm™?t (II-B)
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(where CX is the amplitude absorption coefficient per unit
path length and §¢( the minimum increment). Combining (II-A)

and (II-B) we find that

o{XN 2 2 x 107%.

For water (ZOOC)C¥>\% 4 x 10”11

f (where f 1s frequency) so
that the minimum frequency limit becomes about 5000KHz.
The minimum volume requirement at a given frequency may
be estimated as follows: for a cylindrical geometry of
radius R' the volume is given by

V = TR'2z

n

where n is the number of transits by the pulse through
the medium. From (IL-B), (1i), and (iii) we find

> T (50)\51501 ~ 470 c”

v
n o nNo £°

For aqueous materials the velocity is usually about

1.5 % 105cm/sec. This means that for such materials
v 2 1003
ncxfz

For water (20°C) and n= 2, the requirement would be at
least four liters at 1 MHz. The necessary volume may be
reduced by iterative pulse reflection, but values of n
greatef than 2 are generally avoided because of uncertainties
that are introduced when the quartzbdisc is used as a

reflecting surface.
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1. These conditions are stated in the original literature
so as to include éppropriate "safety" margins. Relaxation
of any or all of the requirements without serious compli-
cations 1s undoubtedly possible. The requilirements are
rigorously observed here; howevér, so that maximum assurance

of the simplest acoustic geometry is achieved.
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