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I. INTRODUCTION

High-intensity, non-cavitating ultrasonic energy causes
unigue changes in biological systems (Barnard et al., 1955;
Barnard et al., 1956; Fry, 1956). The effects on tissue
structures appear toc be produced at the level of organization
of biological macromolecules, however, the physical mecha-
nism{s) responsible have not yet been elucidated (Macloeb,
1966).

Both high- and low-intensity ultrasconic energy have
been employed to study some of the possible mechanisms which
could cause the observed bliological changes. Hawley et al.
(1963) suggest that intense, non-cavitating ultrasound causes
relative motion (shearing) between a macromolecule and the
suspending medium which produces degradation of the macro-
molecule and Dunn (1958) demonstrated that thermal processes
may be considered unimportant as the primary mechanism.

Very low intensity ultrasound is empléyed to determine
the amplitude absorption coefficlents of biological macro-
molecu;es in agueous solutions. Knowledge of the ultrasonic
absorption coefficient as a function of frequency can aid

cation of the particular mechanism(s) by

[
=
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in the ident
which energy exchange processes can‘occur in solution at the
molecular level from which possible degrzdation mechanisms
may be inferred. The biological macromolecules which héve

been studied in this way are dextran (Hawley et al., 1965;



Kessler, 1966), polyglutamic acid (Burke et al., 1965)
hemoglobin (Carstensen et al., 1953, 1959; Edmonds, 1962).
Proteins are the logical biopolymer to observe for pos-

tl

ltrasound since they com-~

LJ‘
o

sible interaction mechanisms wit
pose approximately 70% of the biological cell's dry welght
and since some are readily available in highly purified

forms. However, since biological polymers are structurally

,n

very complex, synthetic polymers in solution can sometimes
serve as useful simpler models.

Polyethylene glycol (PEG) was chosen for this study
because of its ease of availability in narrow distributions
of molecular weight polymers produced by reacting ethylene

oxide with ethylene glycol or water. Their structure may be

written as

where the numeral n in the name of polyglyool designates the
average molecular weight (Dow Chemical Co., 1962).

Hammes and Lewis (1966) have shown that agueous solu-
tions of polve hylene glycol of molecular weights 20,000 and
7500 and concentrations of about 5 and 9%, measurad over the
frequency range 10 to 185 MHz, appears to possess a single
ultrasonic relaxation. In addition,they conclude that the
relaxation process is attributable to a perturbation of the
hydrogen-bonding equilibrium between polymer and solvent.

A J
In the present study two molecular weights, 20,000 and
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4500, are employed in agueous sclution at concentrations of
~10 and ~20%, at temperatures of 4.2 and 20.7°C and over

ange 1 to 80 MHz. It was shown that by extend-
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ing the frequency range below 10 MHz, a distribution of
relaxation times exist. This multiple relaxation should
foliow if a structural phenomenon is responsible for the

axation process. In addition, it was observed that the
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absorption coefficient is linearly dependent on the concen-
tration of the solution and is independent of molecular
weight. Finally, 1t was determined that the absorption
coefficient over the investigated frequency range is less

than that predicted by Stokes.



i, DISCUSSION OF ACOUSTICAL ABSORPTION

AND DISPERSION IN LIQUID MEDIA

Classical Effects

+
¥
°

A1l fluids absorb acoustic energy by virtue of their
possessing macroscopic properties of shear viscosity and
heat conductivity. By considering viscosity, Stokes (1845)
developed the first successful theory offering a mechanism
by which the energy of the infinitesimal sound waves are
absorbed. Kirchhoff (1868) considered heat conductivity to
develop a theory which provides a second mechanism for ex-
plaining sound absorption of the infinitesimal sound waves
in fluids. These two mechanisms of sound absorption are
referred to as classical.

Whenever the layers of the fluid are in relative motion,
laminar flow, the viscous forces opposing this relative
motion musf be overcome. This involves the transformation
of the mechanical energy of the waves into heat. Thus vis-
cosity is a manifestation of momeﬁtum transfer. When one
portion of the fluild slides past another, the slower mole-
cules will diffuse over to reduce the fluid momentum of the
faster molecules; As a result, the region between the two

layers is subjected to a shear stress &), proportional to

the velocity gradient normal to the surfac g; , the prbpor—

3 4.

tionality constant being called the coefficient of viscosity



DV
D=5 (1)

For an adiabatic process, when the fluid is compressed
during the propagation of an acoustic wave, the temperature

ature of the rarefaction is cor-

s
"

is raised, while the tempe

respondingly lowered. Thus there is a tendency for heat to

ct

action. This

)

be conducted from the compression to the rare
bassage of heat from a higher to lower temperature region
implies an increase of eﬁtropy and, therefore, a dissipation
of energy. As with any other diffusion process the rate of
heat conduction (flux of heat) J , is proportional to the

temperature gradient

7
jﬂ} - K 7uwk 4 (2)

where the proporticnality constant K is called‘the thermal
conductivity of the fiuid.

The abscrption of sound can be treated phenomenologically
as resulting from the time lag of the change in density rela-
tive to the time varying acoustic pressure. When pressure
and density are in phase, no energy is lost from the adia-
batically propagating sound wave. However, when a phase

difference exists, acoustic energy is degraded into some

form of heat energy, the form depending on the macroscopic



properties of the medium. The lag between pressure and den-
sity depends on the characteristic time, 77 , or relaxation

time, required for the process to proceed to within £ of

pressure {Figure 1),
For an acoustic wave propagating in a lossless, extended

medium, the wave eqguation is

c
oA° Dx? ' (3)

where (€ 1s the velocity of propagation of the wave and ? is
the particle displacement from equilibrium position, along

cle

]-.-.'0
e

the x-axis {Kinsler and Frey, 1962). The term par s
understood to mean a volume element large enough To possess
the macroscopic properties of a continuous fluid, yet small
enough so that acoustic variables such as pressure, density,
particle velocity, etc., may be considered as constants
throughout the volume element.

In order to introduce dissipative terms into the general
wave eqguation, the eguation of state employed in derivin g (3)
must be modified from that of purely static considerations

po- -B 2 TS

where 70 is the excess pressure at any point, E; is the

bulk modulus (the modulus which relates the change in
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hydrostatic pressure to a corresponding fractional change

in volume) of the medium, and ey is the particle displace-

2

ment gradient, so the instantanecus density lags behind t

=

Tluctuations in the acoustic excess pressure. Experience

[l

has shown that an equation of state after Stokes involving

dynamical considerations

70:—5:)'; “/?axa;t (5)

is most useful for this purpose. Thus the analytic form of

the wave equation for attenuated plane acoustic waves is

given by
2,225 L, K ———*Q?
o432 DX 2 >x ot (6)

where the constant K contains the loss mechanism {Kinsler
and Frey, 1962). Assuming a periodically propagating acous-
tic wave, the solution of (6) is given by the general form

\

- X e (;/"x/c.)
c? (7)

g = 8e
where 2} is any first order acoustic variable such as
instantaneous density, acoustic pressure, particle velocity,
etc., R is the amplitude of the g variation at the origin
of the coordinate system { X=0 ), <« is the angular fre-

guency of the compressional wave, and « 1is the amplituds



absorption coefficient of the medium per unit path length.
In liquids, with few exceptions, such as the ligquid

metals (Herzfeld and Litovitz, 1959), viscosity plays the
significant role in the absorption of the propagated acous-

a3

tic wave., Stokes was cognizant of the fact that ligquid
possessed both shear viscosity and bulk visc 7 5
i.e., viscous reaction to a uniform compression from all
directions (hydrostatic pressure), but with no direct method
for measuring it, he assumed the effect of bulk viscosgity
to be zero. Therefore, the classical sound absorption due
to shear viscosity is given by the Stokes' formula

dw?y

Ay = 3/_3 P (8)

Stokes'! formula also assumes that the product cu7j, 7

being the relaxation time, is much less than unity (w7 <4/)
Implying that the relaxation freguency is much greater than
the operating frequency and that the fluids aré not very
viscous so that secondary effects due to viscosity are neg-
ligible.,

The loss of energy caused by heat conduction comes about
because the fluctuations of pressure in the sound wave do not
represent a condition of thermodynamic equilibrium. The
theoretical equation for absorption associatéd with heat

conduction, originally derived by Kirckhoff, is given by
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K (Y=1) @
24 ¢ Cp (9)

0<hc=
where K , defined in \2) is the thermal conductivity of
the fluid, Cf is the specific heat at constant pressure,

C

1o

Fa3
£

e

and ¢ is the ratio of

n

]

c

o

r ieat at constant pressure
to specific heat at constant volume ( = %ZL ).

With small absorption, it is a valid assumption to treat
the mechanisms of absorption due to shear viscosity and to

heat conductivity independently. Therefore, the classical

Jo

absorption coefficient is given by the sum of the two

w? i_}_ /{(X’/)

O{C{_ASS = o?ﬁca 3 CJO (10)

-

The classical absorption coefficient divided by the
square of the fregquency for a given liquid at a stated tem-

perature and pressure is a constant given by

Lass ) [“)
gp. ol [ 5 020]

5 (11)

e

B. Molecular Effects

With the exception of some very viscous liguids, mona-
tomic 1iqﬁids such as argon and mercury, and some diatomic
liguids such as oxygen and nitrogen, the observed aosorptlon

-

is several times greater than that due to the classical
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mechanisms of shear viscosity and thermal conductivity
(Vigoureux, 1951). Generally three molecular, or relaxa-
effects can occur in the liquid to explain the
cbserved absorption in excess of that due to the classical
mechanisms. The three are thermal relaxation, structural
relaxation and chemical relaxation.

Because the specific heat at constant pressure exceeds
that at constant volume in all pure liquids, save water at
400, the propagation of a compressional wave will have a
corresponding cyclical variation in temperature. Thermal
relaxation reguires this fluctuation in temperature as the
acoustic wave is propagated. Here the excess absorption is
associated with the energy exchange processes between the
external degreegs of freedom and internal vibrational and
rotational degrees of freedom of the constituent molecules.
Consequently, when the temperature is less than the equili-
brium value, as in a rarefaction of a propagated acoustic
wave, some energy is transferred from the internal to ex-
Ternal degrees of freedom. = Since this transfer of energy
does not take place instantaneously, but rather at a finite
rate, the éhanges in density will lag behind the applied
pressure. Thus the variaﬁion in temperature is less than
what 1t would be without this energy transfer, resulting in
the conversion of acoustic energy into heat and hence atten-
uation of the propagated wave. Thermal relaxation is ob-

served mainly in the non-associated non-polar liquids such
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as benzene.
During the compression phase of the propagated acoustic
rlane wave, the molecules of the liguid are brought closer
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structural rearrangement involves the redistribution of the
mutual orientation or'change in degree of assoclation of the
molecules of the liquid. Such configuration changes, which
are influenced by both the shape of the molecule and mutual
attraction, reguire the breaking of intermolecular bonds or
the accumulation of enough kinetic energy to overcome the

potential energy barriers restraining these bonds. This

£

structural rearrangement causes a volume change due to the
pressure, which suggests that the liquid has a volume {bulk)
viscosity, and since the structural changes are time depen-
dent, this leads to a relaxational phencmenon. The associ-
ated or hydrogenfbonded liguids like water and alcohols
have, as their mechanism responsible for the observed excess
absorption, structural relaxation.

Most 1iqu

1

ds exhibit a volume (bulk) viscosity, the
causes being due to both structural and thermal relaxation
phenomena. However, disftinction can be made between these
two phenomena since for structural relaxation, the ratio of
volume viscosity to shear viscosity, 7)% , lies between 0.5

and 10 and is sensibly tTemperature-independent, while for

bdo

thermal relaxation the ratio is much greater than 20 with no

obvious correlation between the temperature dependence
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(Lamb, 1964).

Finally, a chemical relaxation phenomenon exists when
the propagation of an acoustic wave will, in some way, per-
turb a chemical reaction from equilibrium. This perturba-
tion will require energy to be transferred which results in
the sound wave being attenﬁated,

Generally, fhermal relaxation processes can be repre-
sented in terms of a single relaxation time, whereas struc-
tural mechanisms usually give rise to a distribution of
relaxation times.

The relaxation processes (thermal, structural, and
chemical) may occur simultaﬁeoﬁsly, the relative importance
of each being determined by structure and composition of the
fluid, or one may predominate over a certain frequency range
while the others may éonstitute the Important absorption
mechanisms in different portions of the acoustic spectrum.

The total absorption per cycle squared (frequency-free
absorption) for a single relaxation process is given by

:.ﬁ{ = A +- B
£ [+ 7T (12)

where 5 includes the classical effects (11) in addition
to any other relaxation processes having characteristic

-/
frequencies much greater than Y = for the one in question.
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C. Velocity Dispersion
The relaxational behavior of sound waves associated
with viscous properties of the medium not only produces

nplitude but also dispersion in velocity
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of propagation. The phase velocity is given by

- C 2 (1 + wt7?) %
Y= )+ )+ )% (13)

where 7  is the relaxation time, &« 1s the angular fre-
guency and ¢ is the wave‘velocity (Kinsler and Frey, 1962).
When structural relaxation is significant, notable velocity
dispersion is observed over the relaxation region, whereas
thermal relaxation rarely gives an appreciable dispersion

(Lamb, 1964).

D. Representation of Data

In presenting tﬁe absorption data, it is customary to
plot the frequency-free absorption, °9£‘ , versus the log of
frequency. In the case when the medium possesses only a
single relaxation (12), the plot will have the shape of
Figure 2 where the relaxation freguency ('ﬁﬁzgg%? ) is the
frequehcy when °9&2 is equal to its point of inflection.

In addition, when plotting the measured excess absorp-

tion caused by molecular relaxation, that is

O<EY:ESS _

R
+° f* o

JEYRLY da (1)
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there are two standard ways of presenting the information,
o %nggi versus the log of freguency,

and second the product Hewess A-, i.e., the absorption

e

First a plot of the rat

H

}_J-

n

-
o

nepers per waveiength, against the lcg of freguency.
both cases the curve for a single relaxation peaks at the
relaxation freguency (&%-=QWH€ =5§). This is represented
in Figure 3. It should be noted that the plots of “=¥€*%/%
and <lewess . wWill be the same for the case when no velocity

dispersion exists.
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By using the formulas of relaxation theor

- A

relaxation process Mikhailiov (1953) showed that

z'—__.L____-wL_}.' d

(7%
284 (e F-¢7) (c.2-¢c )7 (15)

where (. and &, are the velocities of sound at very nigh

and very low frequencies, respectively, and 7 1is the relaxa-
z

. Fay o (2%
fion time of the process. Therefore, a plot of F.:x versus

z .
& ywould yield a straight line for which the slope and
intercept yield relations from which the velocity disper-

sion and relasxation time can be computed.
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A SINGLE RELAXATION
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IIT. MEASUREMENT TECHNIQUES AND

INSTRUMENTATIO

=

A, Techniques

Pulse techniques developed as a means of investigating
the absorption and velocity of ultrasound in liquilds appeared
as an offshcot of radar technology developed d“riﬁg World
War II. Pellam and Galt (1946) and Pinkerton (1949) were
among the first to use this method to investigate liquids.
The two main advantages of the pulse technigue over con-
tinuous wave methods are the elimination of standing waves
and the minimization of local heating effects (Herzfeld and
Litovitz, 1959).

The pulse technique works as follows. A radio frequency
(rf) signal of the desired frequency, modulated by a square

cross an X-cut guartz crystal (or cast

o

wave, 1is impressed
ceramic piezoelectric transducer such as barium titanate)
which operates at odd multiples of the fundamental thickness

‘mode. The sguare wave 1s of such duration as to allow at

=t

east fifteen cycles of the rf signal to be transmitted.

The acoustic wave 1is received by a second transducer, which
has thé same fundamental mode thickness as the fransmitting
crystal, and the received signal is processed by the appro-

1 transients have decayed, the

ot

riate electronics. After a
P

process is repeated. This allows for a pulse repitition rate



limited to less than two decades of freguency, two experi-
mental set-ups were utilized in the present study.' HFigures
4 and 5 show block diagrams of the absorption measuring
system for.tﬁe low frequency (500 KHz to 15MHz) and high

freguency (8MHz to 80 MHz without delay rods), respéctively.

U

With slight mcdifications, as indicated in Figures 4 and
the system can also measure the velocity of sound in the
liguids. |
In the low frequency system, two chambers are utilized,
as shown in Figure 6. One chamber contains the unknown
liguid and the other contains a reference liquid such as
water, whose velocity and absorption are known, separated
by an acoustically transparent window such as polyethylene
or Saran Wrap (Dow Chemical trade name ). The two trans-
ducers are mounted on a movable assembly, which moves along
the axis of the chambers, with the transmitting transducer
in cone of the liquids and the receiving transducer in the
other. The mechanical separation of the crystéls is fixed.
As the transducer assembly i1s moved, automatically by
a synchronous motor, the length of the path of the wave in
The unknown liquid compared with that in the known is con-
tinously changing. For example, when the transducer assembly
is in position 1, Figure 6, the acoustic plane wave is
attenuated almost entirely due to the known ligquid. As the
Transducer asembly moves continuously to the right toward

position 2, less and less of the known liquid is responsible
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for the absorption of the acoustic signal which the unknown

becomes the predominant source of absorption.

.,

liguid

@]

ferent acousti

Hy

Because the two liguids possess di

he speed of

}.J.
UJ
ot
D

impedances-{the product of the density time
sound in the liguid), the propagated acoustic wave will have
some of its energy reflected at the plastic film window
where a discontinuity of the acoustic impedance exists.

However, since this reflection is a constant, its effect,

@)

although not negligible, is not necessary to consider since
this system measures only the differences in absorption of
the two media. In addition, the signal from the reflection,
having been reflected from the transmitting crystal, appears
at the receiving crystal later in time than the original
signal and can be gated out, if necessary.

In the high freqﬁency system, the acoustic plane wave
signal is propagated through only the unknown liguid. The
mechanical path length is varied by a synchronous motor
causing the upper transducer to move with reference to the
fixed, receiving transducer. As the upper transmitting
transducer moves away from the lower one, the total atten-
uvation of the signal increases, tnus decreasing the amplitude
of the received signal in an exponential manner.

The received signal is processed in the same manner for
each system. The low level signal received by the transducer

s fed into a

e

is amplified and detected and the video signal

pulse height detector whose output is then feu into a loga-
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4

rithmic chart recorder operated by a synchronous motor.

The slope of the recorded straight line is proportional,
by appropriate conversion factors, to the absorption coef-

s used only when the absorp-

3

fte

ficient. The coincidence gate
tion is so small that the second, or third, etc., pulse must
be recorded in order to increase the path length over which
the signal traverses to achieve sufficlent absorption for
an accurate determination.

The fundamental principles of measurement of the veloc-
ity of sound in the unknown liguid are essentially the same
with both systems. When the output of the generator (re
ence signal) is added algebraically to the received signal,;
the resultant signal will either peak or null, depending
upon the phése of the sigﬁals. A null will occur only when
both signals are of equal amplitude aﬁd out of phase by 180°.
However, if both signals are not the same amplitude, the
resultant signal will change amplitude as the two signals
change their phase orientation, but there will be on null.

Carstensen (1954) has described a technigue for the
direct measurement of the abéolute difference between the
velocity of sound in the two ligquids. The experimental
set-up is that of the low frecguency system. Water is choosen
as the reference since it can be assumed dispersionless and
the speed of sound in water is known with sufficient'accuracy
(Greenspan and Tschiegz, 1959). The phase of the received

signal depends upon the number of acoustic wavelengths which
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separate the source and receiver, Using the notations in

Figure 6

=30 T T  (16)

where A, and Ay are the wavelengths of sound in water
and in the unknown liquid, respectively. If the transducer
assembly is moved a distance AZ until the received signal
undergoes " number of 360° phase shifts, the acoustic path
length is altered to (L. W. Kessler, 1968)

. _ Z+nAE f-72- AR
. ErnE | Jf-F-2Z
n=m Ao 7« (17)

ince the number of wavelengths can either increase or

decrease. Subtracting {16) from (17)

- £E _ AZ
or
I ! )
-+ = _— = AN ZE
- m <Cu Cy -P- (19)

where (. and (. are the speeds of sound in water and in
the unknown ligquid. Solving for the speed of sound in the

unknown yields
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By observing_the null péttern on the oscililoscope, the
Transducer assembly can be moved an integral number of

nulls, #7 , each successive null being 3600 out of phase.

In addition, using a micrometer with a travelling microscops,
the distance AZ can be measured very accurately. However,

a separate experiment must be performed to determine whether
or not the speed of sound in the unknown liquid is greater
than that in water.

For the high freguency system, when the output of the
rf generator is algebracially added to the received signal,
The output of the pulse height detector has the waveshape
of a rectified sinusoidal. This signal is then differen-
tiated and fed into the time interval counter.

With the Speed of the piston accurately known, the
speed of sound in the unknown liguid can be determined by
recording the time required for the piston to mcve one

wavelength at a known frequency,
¢ = rft (21)

where [ is the piston speed, f  is the frequency of the

propagated sound wave, and A is the time for the piston to



travel one wavelength

i

Hawley (1966), in designing the high frequency system,

tilized the fol that the resulting dif-
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raction at low fregquencies would be of the free field form.

[\M]

The measurgments must be made in the Fresnel region so that
the entire sound beam ig intercepted by the receiving crys-
tal and secondly, the radius of the cylindrical container is
at least twice that of the source transducer to eliminate
wave gulde effects. Thus, for water and other low sbsorbing
materials, Hawley (1966) reported that the low frequency
limit i1s about 500 KHz. However, to eliminate numerous
diffraction corrections in this study, the low frequency
limit for this study will be 8.8 MHz.

Without ultrasonic delay rods, the high frequency limit
for the high freguency system is about 80 MHz. The utiliza-
tion of delay rods will extend this freguency limit to around
200 MHz, at which point parallelism between the two crystals
become the limifing factor. |

The low frequency limit of the low frequency systeﬁ is
designed for 300 KiHz a?uhougq meaningful absorplion measure-
ments at this frequency have not yet been obtained due to
the low absorption coefficient of PEG for the concentrations
considered., The lowest frequenoy at which PEG has been
examined is 1.5 MHz. This low 1limit is in part due to th

cilcoseness of the intrinsic absorptions of water and poly-

ethylene glycol solutions at the lower freguencies.



The high frequency 1imit has not been investigated in
the low frequency system. Freguencies as high as 19 MHz

have been achieved in thils system using crystals with a

fundamental mode thickness of 1 Miz.

ation

<t

B, Instrumen
Two continuous wave, sinusoidal oscillators {rf genera-

tors) aré employed to cover ﬁhe extended frequeﬁcyvrange,

the Hewlett Packard Test Oscillator model 650A with a fre-

quency range from 10 Hz to 10 MHz and the Measurements Stan-
dard Signal Generator, Boonton, N, J., model 80-R with a
frequency range from 5 MHz to 475 MHz. The oscillator's
output is fed into the Arenberg Ultrasonic Laboratory, Inc.,
Jamgica Plain, Mass. Below 70 MHz, it is operated in the
gated amplifier mode in which the cw signal ffom the rf gen-
erator is gated to the desired duration and pulse repetition
rate.  Also, both direct and delayed triggering outpubs are
available; the delayed source triggers both the Tektronix
type 453, de to 50 MHz oscilloscope and the General Radio
Unit Pulse Generator type 1217-C with type 1203-B Uhit
Regulated Power Supply;

The output from the rf generator is continuously moni-
tored by the Systron Donner Frequency Counter, model 1037.
This counter is capable of direct freqguency measurements up
to 50 MHz and periocd measurements with resolution of O.%/4

seconds. The plug-in model 1291, a heterodyne converter,
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extends the freguency range to 500 MHz. In addit ion, the
plug-in model 19264, a time interval counter, is employed

in measuring the velocity of sound for the high freguency

48]
C-l
jd
<t
-
o

!

The 93 (2 attenuators, manufactured by Arenber
sonic Laboratory, Inc., are employed where indicated in
Figures.Q and 5.

The L matching networks (Everitt and Anner, 1956),
designed to match the crystal impedance to the system im-
pedance, are utilized to increase the efficiency of the
power Cransfer to and from the crystal. These lossless
impedance-transformers were built in this lab for this
specific purpose.

The received signal, after passing through the matching
network, is amplified by the Hewlett Packard model 4604 wide
band amplifier with a 20 db gain for the high frequency

°

system. JThe amplified signal is then fed into the Matec

fodo

Tuned amplifier and detector model PR201, acquired from

Matec, Inc., Providence, R. I. The Arenberg wide band

foa

amplifier and video detector, model WA-600-D is employed to

.

amplify the received s

b

gnal for the low frequency system.
The coincidence gate, described in Millman and Taub

(1965), receives the video signal only when gating of pulses

is necessary. Otherwise, the video signal is fed into the

pulse height detector, similar to the peak sensing amplifier

in the G, E, Transitor Manual {1964). The dc output from
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the pulse height detector is recorded as the logarithm as
a function of time, on the Sergent Recorder model SRL. The
chart paper is driven by a three-speed synchronous motor
at 10 inches per minute (ipm), the other speeds available

being 1 and 5 ipm.
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Iv, DISCUSSION OF ERRORS

[N
w

A, Diffraction Correction

For the discussion of absorption and velocity disper-

O

sicn, the propagated scund wave is assumed to be a plans
wave, that is, acoustic parameters such as pressure, particle
displacement, density changes, etc., have common phases and
amplitudes at all points on a given plane perpendicular to
the direction of wave propagation. This assumption is not
completely true since a circular piston, which is employed
in this study, is constrained to a finite surface area and
the amplitude of vibrations near the edge of the crystal is
somewhat less than at the center. However, this edge effect
may be neglected'when,the radius, & , of the circular

crystal is very much greater than the wavelength, 48 , of

IS
[
0]
ot
oy
o

the propagated sound wave, i.e., fea ¥7/ Where
’ . /. i , ) . . .
wave number given by . This approximation is only valid
close to the crystal, and off the central axis {Pinkerton,
1949).

All the measurements in this study are made in the
Fresnel region. For the high frequency system, the termina-
tion of the Fresnel region, at 8.8 MHz, occurs 90 cm from

tal, whereas at 26 MHz, this distance

[¢)]

the transmitting cry
is 3.6 meters, with a crystal diameter of 2.54 cm and velo-

city of sound of 1500 m/é. Since the receiving crystal is
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always within 10 cm of the Transmitting crystal, the received
signal is obviously within the Fresnel zone.

Mechanically, the crystal separation in the low fre-
guency system is about 18 cm, although the acoustic path
length varies due to the differences in sound speed in the
ﬁwo media. With a crystal diameter of 7.62 cﬁ, the extent
of the Fresnel region occcurs at 97 cm and 2.6 meters for
frequencies of 1 MHz and 4 MHz, respectively. It is assumed
here that the speed of sound is approximately 1500 m/s in
the two media, which is a good approximation in this study.

Because the receiving crystal is noﬁ always very close
to the transmitting crystal, and the absorption of ultrasound
is low in the PEG solutions considered in this study, the
effects of diffraction must be considered. With a higher
absorption coeff icient, the effects due to diffraction be-
come less important, although they still occur.

The method of correcting for diffraction of Del CGrosso
(1964) is applied to the absorption data. The diffraction
effect for the velocity data, which will be demonstrated,
is negligible. Considered here is the effect of free-fie 1a
diffraction, that is, the signal is assumed to be propagated
into a semi-infinite, half-space. This means that no re-
flections occur at Boundaries, or that these reflections may
be time-separated. Del Grosso obtained the 2nd-order approxi-
mation to Bass' approximation (1958) for the real and imagi-

nary components of the average rms pressure <P>ka_ relative
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tec a plane wave, viz.,

Re {p7as |- [Tlox T sux] | 1-2(2)- & (£ Y,

and
St [ TSt T Gox]] 1 -3 ) £
_ IS«#[ ()" v 4 (1) (220)

where the ]15 are Bessel Functions of the first kind of

the order indicated and of arguement M given by

Mo 2L - As (23)
and
Y,
- =] (z*+ 4a? -2 | (24)

and Z is the cylindrical ccordinates along the path of
propagation.
Values of the average rms pressure relative to a plane

wave,
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P = V(B PP} + (3 20720’

and phase difference relative to the plane wave phase

e P2

% o (25p)

<@>2EL = tﬂw_‘
are tabulated in Del Grosso {1964) for certain values of
Lo (= ?%% ) from 4 to 100# . For values of -ka>1007 ,
the 100% table is used. A sample calculation will now be
given, 1e receiving piston moves from Z, = 7.1 cm to
Z = 1.4 cm with respect to the transmitting crystal while
recording the absorption at 14 MHz in a solution with the
speed of sound [ = 1600 m/s. It must now be determined how
much of the recorded absorption is due to diffraction. Since
the crystal diameter is 2.54 cm, .£a = 275% , thus the
_ka = 100% table will be used to debermine the relative
pressures at positions 1 and 2., The distances are first
normalized to that of thé Fresnel region which is unity.
For a?@_: 140 cm, the normalized distances are Z M - 0.01
and  Z2™/;* % 0.05. Reading from the A2 = 100% table, the
average rms pressures relative to the plane wave are <
L PPr, = 97284 and <plwm, = 9510. The ratioc of < P ece
to 4p)ee., , Or the relative change in pressure from 2, to

Z, 5 1is 1.023. Expressing this change in nepers yields a
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0.0227 neper difference in pressure over the traversed path.
Dividing by the distance the transmitting crystal traveled,
5.7 cm, gives the contribution of absorption due only to
diffraction of the sound beam, <y = 0.00398 nepers/cm,
Depending upon whether or not the recorded value of the
abscrption coefficient is an appreciable magnitude to
will determine if this contribution should be subtracted
off.

& relatively large path length is traversed in the
high freguency system so that the anomalies in the < p ...
versus ZM/* curve, Figure 7, can generally be neglected
and thus errors in the recorded absorption indicate an
excessive loss. However, for the low freguency system,
although the traveled path length 1s much less, differential
anomalies in absorptién may be either negative or positive
and thus cause either an additional loss or an apparent gain
(Del Grosso, 1964). Therefore, acoustical path length bet-
ween the transducers must be known accurately to eliminate
This source of error., As indicated from Figure 7, the larger
fa is, the smoother the 4p,. curve is, and hence this
source of error is decreased.

The inherent advantage of the low frequency system over

By

that of the t

oyt

igh frequency system is the magnitude of dif-
fraction. The path length essentially is unchanged in the
low frequency system whereas there is a considerable change

in path length for the high frequency system, Nevertheless,
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when the absorption coefficient of the unknown liguid is

-

the reference liquid, diffraction

5

h that o

-y

comparable wib
corrections must be considered for the low f;eqﬁenoy system,
The diffraction corrections for the velocity of sound
in the solution can be considered negligible, as is demon-
strated by the following example. In the high frequency
system at a frequency of 8.795 MHz and for a piston speed of
0.015875 cm/s, the recorded velocity of sound is 1614 m/s.
The initial position of the piston 2Z is 2.84 cm and the
final position 2, is 1.0 cm, approximately. The value of

Aea. is calculated to be 1729 so the Aa = 100% table for

‘<Q%a_ is used. The normalized distances from the trans-

mitting crystal in the Fresnel region are Z177/4* = 0.01136
and ZoM/pr = 0.03209 which corresponds to relative phases
{97, = 0.02443 radians and 4 %9%e, = 0.04125 radians,

or a relative phase difference of 0.01682 radians. For this
distance interval, 1.84 cm, the plane wave phase is 628
radians. This would yield an error of {0.01682/628)100% =
0.00268% or 0.04 m/s in 1600 m/s, which is insignificant

when compared with the accuracy of the reading.

B. Doppler Effect

The error.introduced by the Doppler effect is neglig-
ible for the velocity measurements in the high frequency
system. When the source, ftransmitting crystal, is moving at

a velocity Wé with respect to the fixed, receiving cvysbaW
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the doppler frequency 75 > the freguency the receiving crys-

tal detects, is given by
7O—’7D[/i_7_§_] |
4 =4 c (26)

where 7, 1is the transmitting frequency and (£ 1is the speed

of sound in the liiguid. Assuming an approximate speed of
sound £ = 1600 m/s, with the piston moving towards the
receiver at ¥ = 0.000185 m/s, the ratio of the received

to transmitted frequency is given by

0.000370
1+ = SEoT = 1.0000001156

and is seen to be negligible.

C. Measurement Errors

The ultrasonic absorption coefficient is obtained from
the slope of the log of the relative amplitude recorded
logarithmiczlly. Since the motors in both systems, along
with the recorder motor, are synchronous with the line fre-
guency, conversion factors relating the distance the piston,
or the transducer assembly, is displaced versus chart paper
displacement can be calculated. Thus by the appropriate
proportionality congtant, the absorption ccefficient is
easily obtainable for a parficular slope. Accuracies-in

slope from the chart paper are of the order of

M

reading th

0.05 db for 30 inches of chart paper, full scale being 20 db,

W
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so, for example, the accuracy of 0.5% is expected for a
relative change of 10 db over at least 30 inches whereas

only 5% accuracy 1s expected for a 1 db change in attenua-
tion. By selecting the proper gear ratios, a change in relig-
tive amplitude in excess of 7 db is usually maintained, save
for the low frequencies { < 3 MHz) where changes of only 1 db
are obtainable,

When ultrasonic. energy in the form of pulsed oscillations
is propagated, the frequency content within the pulse is
not the pure rf signal received from the oscillator but has
an infinite number of harmonics., However, Pellam and Galt
(1946) have shown that the fractional error Qf the absorp-
tion, £%/, , is roughly one part in 250 provided the pulses
of rf employed in the measurements contain sbout 15 oscilla-
tions, Therefore, erfors due to pulsed oscillations in this
study are negligible.

Finally, considering system errors and diffraction
correction errors,.absorption coefficients obtained at fre-
quencies greater than 3 MHz are obtained with an accuracy
bf T 1.5% whereas data for lower frequencies have somewhat

greater errors. This error is primarily associated with the

low absorption coefficient at these lower freguencies.



V. PREPARATION OF LIQUID

lycol is highly soluble in water at the

Polyethylene

18]

concentrations and Temperatures used in this study. Four
lifers of each of the concentrations and moleculasr weights
to be investigated were prepared using singly distilled water
obtained from the laboratory still. Two spproximate concen-
trations (10 and 20%) of the E-20,000 of Lot E23 were pre-
pared along ﬁith one concentration (20%) of the E-L000 of
Lot E77, with average molecular weights of 20,000 and 4500,
respectively. The solutions were then passed through mem-
brane filters of 0.5 micron pore size to remove foreign
particles and stored in sealed bottles at 500 until utilized
in the experiment.

A sample was ex?racted during each experiment to deter-
mine the concentration of the PEG solution accurately. A
known amount of the liquid sample was evaporated and the dry
weight was then measured to determine the concentration %o

an accuracy of at least 0.05%.
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VI. DISCUSSION OF RESULTS AND CONCLUSIONS

9]
-y

The ultrasonic absorption coefficients agueous solu-
tions of polyethylene glycol were measured for two molecular
weights, 20,000 and 4500, at two concentrations of ap?roxi—
mately 10% and 20% and at two temperatures, 4.2°C and 20.7°C.
The freguency range of investigation extended from 1.5 MHz
to 80 MHz.

Values of total absorption of the PEG solutions versus
concentration, presented in Figure 8, indicate that the ab-
sorptvion coefficient is linearly dependent on concentration
to at least 20%. Therefore, the absorption divided by fhe
concentration ylelds a convenient means of comparing results

The value of absorption predicted by classical theory
(8) for polyeth wylene glycol is much greater than the experi-
mentally measured values for molecular weight 20,000. But
for molecular weight 4500, the classical and experimental
values of absorption are the same order of magnitude, as is
shown in Table 1. This indicates that the viscosity has
relaxed out for the higher molecular weight PEG but not
necessarily so for the lower, 4500, molecular weight.

If structural relaxation exists in solutions of poly-
ethylene glycol, then a distribution of relaxation frequen;
cles will be present. Therefore, a major point of interest

in PEG was to investigafle whether or not it did, in fact,
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VALUES FOR FREQUENCY-FREE ABSORPTI

COEFFICIEN

43

TS PER UNIT CONCENTRATION,

Molecular Weight 20,000

Concentration 20%

Temperature

4°¢

20°¢

Frequency-free absorption coefficients
per unit concentration (seog—oc/cm—gm)

-Classical¥® Experimental
3154 x 1077 450 x 10737 (4 MHz)
1750 x 10717 400 x 10717 (1.5 MHZ)

Molecular weight 4500

Concentration 20%

Temperature
4°¢

20°¢C

Frequency-free absorption coefficients
per unit concentration (secg—cc/cm—gm)

Classical#® Experimental#
699 x 10-17 300 x 10-17 (14 mHz)
320 x 10-17 200 x 10717 (14 MHZ)

*Values of viscosity obtained from Dow Chemical Co. (1962).

#Molecular weight 4500 measured only in high frequency

system,
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possess a single relaxation as Hammes and Lewis (1966) and
Iewis (1965) reported.
The absorption data are shown in Figures 9 and 10 where

the contr ibution due to water has been subtracted off

('é=:?&2ﬁ5~ qQ“ﬁ at the temperature of concern, and the dif-
ference 1is divided by the concentration (gm/cc) of the poly-
thylene glycol solution. From these plots of frequency-free
absorption coefficients per unit concentration, the best fit
single relaxation equation was obtained as follows. A least
squares fit process was applied to the following equation to
obtain the best fit single relaxation equation (Andreae et al.,
1965),

+

$2“”5> | * (?é)z | (27)

L A | =

Since Hammes and Lewis did not investigate PEG solutions in
the frequency range below 10 MHz, two best £it curves were

a

et

calculated, one for all the data and the other for the da

o

greater than 10 Mz, In addition, the absorption data ob-
tained by Lewis (1965) for PEG solutions were treated as
abvove and the best fit single relaxation equation was ob-
tained. The parameters of (27) are tabulated in Table 2.
For the data from this investigation, if a single re-
laxation did exist, both best fit equations would yield
approximately The same relaxation frequency 4; along with

comparable values to the parameters./\ and E; . The values
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PARAMETERS TO BEST NGLE RELAXATION EQUA
Temperature Data 4 2 fr
(°c¢) Considered  (10~%7 sec®-cc/em-gm)  (MHz)
b,o A1l 282 150 1L.2
4.2 10 MHz 198 131 25.2
20.7 Al 265 90 10.4
20.7 10 MHz 161 82 18.1
10.0 H&L 195 116 18.9
25.0 H& L 144 52 21.1

H& L - Lewis (1965) and Hammes and Lewis (1966)



of Table 2 indicate this is not the case. However, the

'w

relaxation frequencies for the data truncated at 10 MHz

compares well with the relaxation freguencies obtained from
the data of Hammes and Lewis (1966) and Lewis {1965).
It should be observed from Figures 9 and 10 that the

data below 14 MHz continues to rise and does not level off

so that the distribution is broad relative to the frequency

o'

it single

ct

range of investigation. Also, the plotted bes

rom the actual

Hh

relaxation curves for all the data deviate
data points. The shape of these curves for the experimental
data suggest a multiple relaxation phenomenon exists;

The Mikhailov plots, Figures 11 and 12, would yield
straight lines, as predicted by (15), if a single relaxation
process existed. Since ‘d>2&cg is not linearly dependent on
a)z, the relaxing proéess cannot be due to a single relaxa-
tion.

Plots of the speed of sound in aqueous solution of PEG
versus temperature are presented in Figure 13. The speed of
sound in distilled water is given as a reference. In Figure
14, the speed of sound in waber has been subtracted off the
speed of sound in solutions of PEG at the appropriate tem-
perature. This difference is then divided by the appropriate
concentration of the PEG solution. All of the treated data
points fall approximately on the same line, save for ethylene
glycol (molecular weight of 62.05). This indicates that the

excess speed of sound in the PEG solutions is linearly depen-
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dent on the solution concentration and indepen dant of molecu-
lar weight.

vethylene glycol indicates

I....I
e

In 3ummary this study of polj
that the absorption coefficient can be characterized by
multiple relaxatibn frequencies, as compared to the results
presented by Hammes and Lewis (1966) and Lewis (1965), who
reported a single relaxation phenomenon. Also, for concen-
Trations of PEG solutions less than 20%, the absorption
coefficient 1s linearly dependent on concentration. In addi-
tion, the frecuency—ﬁroe absorption coefficient per unit
concentration is iIndependent of the molecular weight of
polyethylene glycol solutions between 4500 and 20,000, Fi-
nally, the excess speed of sound in solutions of PEG is inde-
pendent of molecular weights 4500 and 20,000 and linearly

dependent on concentration.

Jto

The mechanism({s) by which the ultrasonic absorption in
aqueous solutions of macromolecules such as polyethylene
glycol has been attributed to cooperative phenomena between
solvent and solute (Lewis, 1965; Hammes and Lewis, 1966).
However, attempts to elucidate the mechanism(s) of excess
absorption on the basis of particle scattering, viscous and
thermal mechanism, rotational isomerism and relative motion
between solvent and solute have been inadequate (“afley,

1966). It is obvious that experimental work must continue

if these mechanism(s) are to be established.



BIBLIOGRAPHY

Andreae, J. H., Edmonds, P. D., and McKellar, J. F., (1965),
Acustica, 15, 7.

Barnard, J, w., Fry, W, J., Fry, F. J., and Brennan, J. F.,
(1956), Arch. Neurol. and Psych., 75, 15.

Barnard, J. U., Fry, W. J., Fry, F. J., and Krumins, R, F.,
(19553, J.” Comp. Neurol., 103, #459.

Bass, R., (1958), g, Acoust. Soc. Am., 30, 602.

Burke, J. J., Pammes, G. G., and Iewis, T. B., (1965),
J. Applied Phyg., 10, 3520.

Carstensen, E, L,, Ii, K., and Sonwan, H. P., (1953),
J. Acoust. Soc. Am., 25, 286.

Carstensen, E. L., (1954), J. Acoust. Soc. Am., 26, 858.

Carstensen, E. L., and Schwan, H. P., (1959), J. Acoust.
Soc. Am., 31, 305.

Del Grosso, V. A., {1964), NRL Report No. 6026.

Dow Chemical Co., (1962), "Poiyethylene Glycols," Midland,
Michigan.

Dunn, F., (1958), Am. J. Phys. Med., 37, 148.

Edmonds, P, D., Pearce, V. F., and Andreae, J. H., (1902),
Brit. J. Appl. Phys., 13, 550

Everitt, W. L., and Anner, G, E., (1956), "Communication
Engineering,” McCraw Hill, New York.

Fry, W. J., (1956), Neurol., 6, 693.
G. E. Transitor Manual, (1964), Seventh Edition, Chapter 1.,

Greenspan, M., and Tschiegg, C. E., (1959), J. Acoust. Soc.
Am., 31, 75.

Hammes, G. G., and Lewis, T. B., (1966), J. Phys. Chem.,
70, 1610.




55

Hawley, S. A., Macloed, R. M., and Dunn, F., (1963),
J. Acoust. Soc. Am., 35, 1285.

Hawley, S. A., Kessler, L. W., and Dunn, F., (1965),
J. Acoust. Soc. Am., 38, 521.

Hawley, S. A., (1966), Ph.D. Thesis, University of Iillinois,
Urbana, Illinois.

Herzfeld, K, F., and Litovitz, T. A., (1959), "Absorption
and Dispersion of Ultrasonic Waves, " Academic Press,
New York.

Kessler, L. W., (1966), M.S. Thesis, University of Illinois,
Urbana, Iilinois.

Kessler, L. W., (1968), Private communication.

Kinsler, L. E., and Frey, A, J., (1962), "Fundamentals of
Acoustics, " Wiley, New York.

Lamb, J., (1964), In "Physical Acoustics® (W. P. Mason, ed.),
Vol. II, Part A, Chapter 4, Academic Press, New .
York.

Lewls, T. B., {1965), Ph.D. Thesis, Massachusetts Institute
of Technology, Cambridge, Massachusetis. _

Macloeb, R, M., (1966), Ph.D. Thesis, University of Illinois,
Urbana, Illinois.

Mikhailov, I. G., (1953), Akad. Nauk. SSSR (Doklady), 89,
991.

Millman, J., and Taub, H., (1965), "Pulse, Digital and
Switching Waveforms," McGraw Hiil, New York,

—Pellam, g. R., and Galt, J. K., (1946), J. Chem. Phys., 14,
090

Pinkerton, J. M. M., (1S49), Proc. Phys. Soc. Lon., B62, 286,

Vigoureux, P., (1951), "Ultrasonics," Wiley, New York.



