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I. INTRODUCTION

There has been continued interest in acoustic propagstion in
fluid setureted, poruus media for the past three decades. Initislly, much
of the interest was due to problems encountered in the oil industry.
Acoustic techniques were devised, and are still being developed and used,
to determine the properties of the porous rocks, and their interstitial
fluids, found ot differ_'ent depths in oil wells. Maurice Biot, while
working for Shell Development Company, published two papers in 1956
and & third in 1962 degcribing weve propsgation in fluid ssturated,
porous, elastic solids. This theory was used to model wave propegation
in fluid saturated, porous rocks where the individual grains are cemented
together.

Since then, there has been interest in accurately describing
wave propegstion in unconsolideted, fluid saturated, porous media, such
as water setureted sends. This topic hes widespread application in
merine seismic surveys and in soner snd underweter acoustics, since
portions of the ocean bottom consist of water setursted sand. It is also
of interest to soil mecheanicists, who use seismic methods to determine
the structural properties of sands and soils, both onshore and offshore.

To predict the ecoustic properties of these unconsolideted
sediments, R. D. Stoll extended Biot's original theory to take into account
the losses ot the grein-to-grain contects by proposing that some of the

constitutive coefficients in Biol's equations be made complex (Stoll,
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1974). Thus, he modeled the solid matrix as a viscoelastic, porous solid,

rether then as the porous, elastic solid considered in Biot's original
work.

Due to the difficulties encountered when making measurements
in soturoted sediments, only & limited amount of dete exists in
publication. Some published date on unconsoiideted, fluid saturated,
porous medis have been produced by R. D. Stoll (Stoll, 1974), David Bell
(Bell, 1979), D. J. Shirley (Shirley, 1978; Bedford, 1982), and Jens Hovem
and G. D. Ingram (Hovem,1979). More measurements need to be taken,
however, both to validate the theory and to determine the physicsl
properties of the sediments.

The present experiment, first proposed by D. J. Shirley,
investigates the dependence of the attenua@ion snd phase velocity of
compressional weaves in o satureted send on the properties of the
interstitiol fluid. A mixture of glycerine and water was used as the
seturating fluid to permit the controlled veriation of the viscosity,
density, and bulk modulus of the pore fluid. Since these parameters
appear explicitly in the Biot-Stoll equations, this investigetion provides
a critical test of the theory. Furthermore, the measurements also
provide o estimate of some of the constitutive coefficients in the
equetions.

Similer measurements have been made by Shirley, and leter by
Elliot (Bedford, 1962). Due to large experimental uncertainties in their
results, no definite conclusions could be made. After investigeting their

procedure, a few simple modificetions have been made. New
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measurements have been teken and shown to be repeatable within
experimental uncertainties.

The most significant development over the eerlier work resulted
from the redesign of the compressional wave transducers. With this
improvement, the existence of spherical spreading was established at
the separations at which these measurements were teken and the error
coused by the directivity of the trensducers wes reduced.

Both Shiriey and Elliot made shear weve measurements in their
investigations. Although it wouid have been desirable to have measured
the attenuetion snd phase velocity of shear waves, it was decided that
we could not substantially improve their eerlier results without
considerable odditionel investment in time ond effort. Therefore, only
compressionsl wave propagation was considered in this investigation.

This report is orgenized os follows. A short review of the
theory for the compressional wave case is presented in Chepter |I. In
Chapters 11 and 1V, the experimentel procedure is discussed and some of
the sssumptions are justified. We compare our results to those of other
investigators in Chepters IV and V, ond in Chepter V our results are

compared with the theory.
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. THEORETICAL BACKGROUND

In three orticles published in The Journsl of the Acoustical
Society of America, two in 1956 and the third in 1962, M. A Biot
presented & theory describing the propagation of acoustic waves in &
fluid saturoted, porous, elastic solid (Biot, 1956a, 1956b, 1962). In this
theory, dissipetion due to scetter is neglected, requiring that the
wavelength be large in relation to the pore size.

Biot predicted three types of body waves in an unbounded,
porous medium: two types of compressional waves and one shear wave.
All three of these have been observed experimentally. The first type of
compressionel wave and the shear wave are analogous to the waves
predicted by ordinary elasticity. The second type of compressional wave
is more dispersive and highly attenuated (Stoll, 1974, 1977).

In Biot's theory, the solid metrix is an elastic frame in which
there is no reistive motion between the greins. Leter, Stoll end Bryan
extended this theory to include unconsolideted porous media, such as
sands ond sediments. Thus, they incorporated into the theory the
inelastic nature of the frame, which is caused by the relstive motion of
the greins.

In the Biot-Stoll theory, losses are attributed to three
mechanisms. There are frictionsl losses ot the grein-to-grain contacts.
Secondly, the movernent of grain particles relative to one onother

produces fluid motion in their immediate vicinity thet does not
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contribute to the propagetion of the wave. This locel fluid motion is ot
the expense of the propagating wave, and thus it constitutes s loss
mechanism.

The third type of loss mechanism, and the ocne which is thought
to dominate in this study, is due to viscous losses in the fluid This type
of absorption becomes important if there is significant motion between
the fluid and the skeletal frame. This effect dominates at higher
frequencies or in sediments where the permeability is high. For
instance, this effect will become more important at lower frequencies
for cosrse sands than it would for finer sediments and clays, which have
o lower permeability.

The main purpose of this report is to compare the experimental
meesurements of attenustion and phase velocity with the predictions of
the theory. Whet follaws is an outline of the derivetion of an expression
for the wave number from Biot's equetions. It will serve only to acquasint
those slready fomilier with the theory with our methad of calculating
the phase velocity end attenuation, should there arise any discrepancies
between our resuits and those of others. For & more complete
discussion, the reeder should consult the references by Biat, Stoll,
Bedford, and Hovem and ingrem.

In order to present Biot's equations, some of the notation used
needs to be introduced. !f we let y and U represent the displacement
fields of the solid skeletal frame and the fluid, respectively, and if § is

the porosity, then we can write
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e=divu=V-u
and E=fdiv(u-W)=8V-(u-U)
Thus, e represents the dilation of an element attached to the frame, and
& represents “the volume of fluid that has flowed in or out of an element
of volume attached to the frame” (Stoll, 1974). The mass density of the

fluid-solid mixture is
p=(1-Blps+Ppy
and pe=P1/g+ /g2
where Ps and Pt represent the density of the solid and fluid,

respectively.

The drag and virtual rass coefficients are b and c, respectively.
Hovem ond Ingrem (Hovem, 1979) eveluated b end ¢ as funtions of

frequency and showed that
b, , - mReal F(x)
/32 =M /BU

0/52 - M Imaginary F(x)/(wso)
whare k2= ap? (UP1/) '
M represents the viscosity, w is the snguiar frequency, and By is the
permeability. The term 3p, which represents & pore size parameter, is
given by
2= 20/ 3y g

end d,, is the diemeter of the spherical grains of the sediment. The
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function F{x) can be evaluated in terms of the Kelvin function T(x)

e

a

X T(k) 4 Eﬂ

F(x) =
|- 2 T(K)/ :;

AN R

The Kelvin function is given by

ber‘(x) + i bei*(x)

T{x) = . e
ber(x) + i bei{x) i~

The functions ber(x) and bei(x) are the real and imaginary parts of the
zero order Bessel function of the first kind
ber(x) + i bet(x) = Jo ( x- 13774
The functions ber’(x) and bei’(x) are the derivatives of ber(x) and bei(x),
respectively.
Biot's equations contain several constitutive coefficients which

can be evalusted in terms of the moduli of the solid matrix and the solid

and fluid constituents. The bulk modulus of the drained, solid frame, K.

and the shear modulus of the drained, solid freme, u, are made complex

in order to account for the inelastic response of the frame. The bulk "'
modulus of the solid and fluid constituents ere denoted Ks 8nd K¢ , E
respectively. In terms of these parameters, the constitutive E
coefficients in Biot's equations can be written (Stoll, 1974) [
( KS = Kb )2 .:'

H: ————— ¢ KD + 4“/3 , l‘;

D- Kb :-
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Ks(Ks'Kb)
C-= s
D"Kh
KS2
and M=
D"KD
where D=Kg[1+pC-1+ K 7K

With this short introduction to the notstion, Biot's equations for

compressional waves can be writien

32
— (pe-p&)= V2(He-C&)

ot?

92 b a2
—(pre-pd)= Vi (Ce-Mg)+— —
3t g2 Bt

To find expressions for the phase velocity and attenustion,
harmonic plane wave solutions are assumed for the dilation, e, and the
increment of fluid content, &, as follows:

e = K; exp i(wt - kx)
(11-1)

where K, and K, are arbitrary constants. Upon substitution into Biot's

g = Ky exp i(wt - kx)

equations, the wave number, k, can be solved for in terms of the other
peremeters. In general the wave number is complex. The phase velocity,
Co 8nd the attenuation, «, can be found from the resl and imaginary parts
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of the wave number by the following relations:
Re(k) = 7, and  Im(K) = -«
Substituting equations (l1-1) inte Biot's equations leads to two

algebraic equations in ¢ and & which can be written

(-w2p+kH)e + (wipe-k*C)¢

(-wippsk2)e + (-wlp -kM-1097g)8 =0 .
In order that nontrivial soiutions to this system of equations exist, it is
required that the determinant of the coefficients vanish. Solving this
determinart leads to a fourth order algebraic equation in k

A1k4*A2k2*A3=0
wherg Ay=CZ-MH
- iwHB
A= Wi (pM+ pcH - 2pC) - 02 (19

and Az = (1pw? )blsz +w* (pe?-ppe)
The roots to this equation are given by the quadratic formula
=1 -4y + /(A2 - 4AA5) 1728, . (1-3)

This represents four roots, two positive and two negative.
The two positive roots correspond to twe different
compressional waves. The velue of k calculated from the negative value
of the discriminant, -v/(A,% - 4A,A3), corresponds to the compressional

wave of the second type, or the compressional slow wave. Since the

present experiments are designed to measure the velocity and
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ottenuation of the compressional wave of the first type, the weve
4 number was calculated with the pesitive discriminant.
i The FORTRAN program shown in Appendix A was used in order to

solve the quadratic formula {11-3) with coefficients (i1-2) as a function

o

M
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.
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\ of viscosity. The progrom displeys the results in graphicel form. in

order to sclve for the wave number, end thus the phase velocity and

attenuation, the physicael parameters of the seturated sediment need to
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be determined. This process is discussed more fully in Chapter V. In the

 Snoors,

next two chepters the procedure used to measure these quantities is
discussed in detail.
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1. LABORATORY EQUIPMENT

A. Genersl Procedure
The objective of this experiment is to determine the phase

velocity end attenvation of harmonic, compressional waves in a fluid
saturated sediment as o function of the properties of the pore fluid.
These results will be compered with those predicted by the Biot-Stoll
theory. Since the fluid viscosity, bulk modulus, and density eppear in the
expression for the weve number, these measurements are expected to be
o criticel test of the theory.

Similar measurements of the scoustic properties of sediments
have been performed by Bell (Bell, 1979), Shirley, ond Elliot
(Bedford,1982). The main focus of the work described in this chapter and
the next hes heen to improve the techniques developed by these
investigetors for meosuring the attenuetion and phese velocity of
compres3sional waves and to lccate the causes of experimentel error. The
most significant improvement over the eesrlier work has resulted from
the redesign of the compressionel wave trensducers. With this
improvement, spherical spreading was established at the separations st
which these measurements were teken ond the error ceused by the
directivity of the transducers was reduced.

The two transducers are essentislly identicel. One serves os o
transmitter and the other as a receiver. The transmitter converts an
electricel signel, which is generated in on oscillator, intc an acoustic

signal, which propagates through the sediment. The receiver detects this

11
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acoustic signal and reconverts it into on electrical signel which is

2 N S

displayed on an oscilloscope.
The central idea in our measurement procedure is to compare

. &. 2

)

s .',5’:- ‘:bf s %

the time deley and amplitude of the output voltage signal at one
transducer separation with the same measurements at other seperations.
From the time delay measurements at different sepsrations, the phase
velocity is determined. Similerly, by compering the different emplitude

measurements, the attenuation can be caiculated. It is assumed that the

coupling between the transducer and sediment is the same ot each

e T AT,

separation. Thus we assume that the decey in ampiitude is due oniy to

SN Sy ) by A »
IS e P

the increase in transducer separation.
Initially, the transducers are placed 20.0 cm eport. The time

deloy from the beginning of the triggered puise to the fourth positive

peak of the received signal is then recorded along with the peak-to-peak

amplitude of the fourth cycle of the received signal. The fourth cycle is

used so thet the measurements are mede 8s close to the steody state

T s
Ry 4

part of the signel as possible. The signei is then monitored for at least

four hours to ensure that there are no varietions in the signal amplitude

GO SAAAASAY WA RN

due to chenges in the coupling between the sediment and the transducers
or due to aeny settling of the sediment. Four to six readings ere taken
over this period, and the slight veriations about the stebilized value are
averaged. The receiver is then moved 2.0 cm closer to the transmitter
and the amplitude and time deloy measurements ore repeated. The entire
procedure is repeated ot 2.0 cm intervals until the separation between

the tronsducers hes been reduced to 6.0 cm. Using this set of

RN ST E B O oo e x P 15455 2
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measurements, the phase velocity ond sttenustion are determined by
finding the least squares fit to the data.

The fluid properties are then altered by adding glycerine to the
mixture. The entire set of measurements is repeated and the phase

velocity and attenustion are determined for o new velue of viscosity.

This procedure is repested several times, each time with 8 new velue of
viscosity. In this way, plots of phase velocity and ottenuation versus

viscosity cen be mede and then compared with predictions of the theory.

B. Instrumentation

A schemetic of the laboratory equipment is shown in Fig. 1. A
continuous tone of 1050 kHz and 100 v pesk-to-peak amplitude is
generated in the oscillator. The output is sent to 8 frequency counter and
8 tone burst generator. The tone burst generstor pgsses & four cycie
puise of 105.0 kHz to & transmitting transducer ond an cscilloscope. The
signal is then cut off for several milliseconds so that the refiections of
the signal off of the sides of the conteiner and the sediment-weter
interface will die down before & new four cycle pulse is sent to the
transmitter. If the reflections are not suppressed, they will interfere
with the signal that follows the direct path between the transducers and
produce an error in the signal amplitude and time delay measurements.

The puise is also displayed on an oscilloscope. The tone burst

generotor has & synchronized output, which is connected to the external

13
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trigger input of the oscilloscope. This ceuses the oscilloscope trace to
trigger at the beginning of the four cycie pulse.

The acoustic pulse generated in the sediment is then detected by
the receiving transducer. The transducer transiates the acoustic signal
into & voltage which is sent threugh s bandpass filter and then displayed
on the oscilloscope. The low ond high cutoff frequencies of the bandpass
filter are 100 kHz and 110 kHz, respectively. The filter is used to
remave the extraneous frequencies, introduced because the transmitted
pulse is the pruduct of o pure tone and the difference of two step

functions, from the received signal.

C. Trensducers

I. Construction. The two transducers are neerly identicel and
cah be used as either trensmitters or receivers. The transducers were
built from a piezoelectric element mounted in 8 stainless steel plaie.
A rod was welded onto the plate so thet the plate and transducer
element could be inserted into the sediment-water mixture. A sketch
of o transducer mount 1s shown in Fig. 2.

The two elements are made of the material Channelite 5300 and
manufactured by Channel industries, Inc. Their thickness and diameter
ore 3/16 in. and 3/4 in,, respectively. They each have two resonances.
in the thickness mode, *1 ond *2 resonete at 446.4 kHz and 445.2 kHz,
respectively. In the radial mode, *1 and *2 rescnate st 105.5 kHz and
105.1 kHz, respectively. In this experiment; the transducers ore used

in the radial mode, ot 105.0 kHz.
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To build the transducers, & 7/& in. hole wes drilled through the
steel plate. The element was placed in the hole with corprene placed
between it and the steel plate, around the circumference of the element,
and behind it on the backside of the transducer. A wire wos soldered on
each face of the element, and the two wires were placed in @ shielded,
waterproofed sheath.

The corprene is of much lower acoustical impedance than either
the piezoelectric element or the sediment-water mixture. It was thus
used on the backside of the element to act as a pressure release material
so that most of the radiation would be from the front side of the
transducer. This directs most of the energy toward the receiver,
producing 8 higher signal to noise ratio.

The area of the plete was made sufficiently lerge and thick, and
the shape of the element was chosen to be circular, so that rediation
from the transducer could be treated as radiation from s piston in a rigid
baffle. in this way the geometricel spreading and the directivity of the
transducer could be calculsted and verified by measurerment.

2. Geometrical Spreading. Since the geometrical spreading in

the nearfield is very complicated and veries with distance from the
source, the transducers were designed for use in the ferfield The
Reyleigh distance is roughly the distance awey from the source at which
the ferfield begins. At seperations lerger than the Rayleigh distance, the

amplitude of the signal decays as 1/r, due to the geometricel spresding

of the signal.



The Rayleigh distance for o circuler piston in an infinite, rigid

baffle is given by {Blackstock)
R =1/, ka?

where 3 is the radius of the piston, k=w/cy is the wave number, and w is
the angular frequency. Note that R is inversely proportionsl to the phase
velacity cg. For these transducers, and & frequency of 105.0 kHz, this
formula gives a Rayleigh distance of 2.0 cm in water. Thus, spherica!
spreading is expected at ceparations of about 4.0 cm or greater.

For a lossless medium in which there is 1/r spreading, the

signal amplitude satisfies the following relation:

E KX

E r

r
where E is the signal asrmplitude, E- is & reference arnplitude. A ig the

wavelength, and K ig 3 calibration constant. Taking the logarithn: of both
slges gives
E r
log — = -log — + logkK,
E- A
Thus, T the siwgnal smplitude is measured es a fum non of
separalion for separstions greater than the Reyleigh distence, tie points
wili fall on & stisight lirie with a slope of -1 when plotted on 1og-log
qraph paper. Thus, to experimentaliy verify thet there is sphericel

spreading in weter at separations greater than 4.0 cm, (e amplitude of

16
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the acoustic signal was measured as the seperotion was veried from
40 cmto 20.0 cm, in 2.0 cm increments. A least squares fit through the
points on @ log-log plot of range versus ampiitude revealed a slope of

m=-.9914 of the equation.

E r
log—=mxlog — +log K

E A
If the point corresponding to r = 40 cm is omitted, the slope is
m=-1.0061 as shown in Fig. 3. At these distences, it can be assumed theat
there is no absorption in water and the total losses can be attributed to
geometricel spreading. Therefore, this test shows thet there is
sphericel spreeding ot separations greater than 4.0 cm.

Since the phase velocity is greoter in the sediment-weter
mixture then in woter, the Rayleigh distance is even smeller in the
mixture. These considerations establish thet sphericel spresding in the
sediment is a good assumption ot separations greater than 4.0 cm.

3. Directivity Since the transducers are directional and the
receiving trensducer is moved to 8 new separation after esch set of
readings, greet cere has to be teken so thet the trensducers remain on
each others oxes, where the signel amplitude is maximum. The 8xis is
the imeginery line running through the center of the circuler element and
perpendiculer to its face. The alignment problem is lessened if the

radietion petlern of the trensducer is sufficiently wide thet slight
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errors in resligning the receiver exactly on the axis of the transmitter
will cause only slight error in measuring the on-oxis signal emplitude.
By treeting the trensducer as a circuler piston in en infinite,
rigid baffle, the half-power angle can be calculated. If p(0,r,t) is the on-
oxis pressure, then the helf-power angle is the engle ot which the

pressure is given by (Blackstock)
p{Byar,t) = p(O,r,t)/ /2

For & circuler piston, the half-power angle is (Blackstock)

sin 6y =1.616/ka

In fresh water, 8t 8 frequency of 105.0 kHz, the calculeted half-power
angle for these transducers is 22.6°.

Figures 4 and 5 show the measured directivity of the two
transducers in fresh water. Again, it is seen that the model of the
transducer as a circular piston in & rigid baffle works well. The
directivity patterns for both transducers show that the half-power
angle, the angle at which the pressure is 3.0 dB below the on-axis
pressure, is about 20°.

Since transducer *1 is used as the receiver in this experiment,
and is moved after each reading, it is desired that the response of this
trensducer especially be constant for small angles off axis. This is so
that failure to exactly reslign the transducers will still give a reliable

measurement of the on-axis value of the signal amplitude. Fig. 4 shows

thot the sound pressure level, L., for tronsducer *1 veries less then

p:
21

SIPRIS S T T AR
-

x
l" ’*
f .
.",.
y v
.,

o
adaiai PO e ba S A .4’..';'..;:\'_.“_!

-----------

Sttt S T T R K .
Ty '.."‘:". co AR '."“p"u'- Y AU VL -“-"'

v
]
"
N
13
)
1
'4

. LtE AT W % ST e W W e I e W R




o
0
e V'
e~ Ny
z — 10 —IN HALF-POWER
POINTS ARE
CIRCLED

: hmmmnmmmm&Mlmrmm USRI T AT S BOR BRI, 4™ 5 &7 L R RN B M BN RS B g RS TN ARG, MR
s X

60°

270° [

/
210°

FILTER: 50-200 kHz
FREQUENCY: 105000 Hz2

DIRECTIVITY PATTERN IN HORIZONTAL PLANE
FOR TRANSDUCER No. 1 IN FRESH WATER

’. 120°

150°
RANGE: 45 ft
180° DEPTH: 30t
TEMPERATURE: 21°C
FIGURE 4

ARL:UT
22 AS-65-58

AN LS5 BT S S A W SN SO U TR (T




30°

| I HALF-POWER

")
X POINTS ARE

. CIRCLED
[0S
e
s

0
0

DECIBELS

0

90°
‘ { ]

) 50 RANGE: 4.5 ft

FILTER: 50-200 kHz 180 DEPTH: 3.0 ft

FREQUENCY: 105000 Hz TEMPERATURE: 21°C

FIGURE 5
DIRECTIVITY PATTERN IN HORIZONTAL PLANE
FOR TRANSDUCER No. 2 IN FRESH WATER
ARL:UT

43t A
23 1-23-85

TR ," LA AP T AL TR it ."" DI TRAL Sy Mg
AN PN A AT L 2 I .o




'A?S?S'&!?E‘TjS'fm;m.;

L WL N

Sl Nw

, :‘I ,,.l

SR AN TS A Y, L RS

[ | AN
R e,

TN L,

A

\d
t‘-'

MOl Ml " AR R IRA o &Y

=

05 dB Vor 7.0° on either side of the axis. A 0.5 dB difference in L'J

implies that the actusl pressure varies less than 6.08 from the on-axis

value. Actually, the Lp for transducer *1 is essentislly constant for

angles up to 3.0° off axis.

For media such as saturated sediments, in which the sound
speed is higher than that of water, the half-powser angle would be even
greater. A typicsl compressional wave speed for a sediment-water
mixture is 1800 m/s (Bell, 1979). At the seme frequency that is being
considered, 105.0 kHz, this 13ads to a half-power angie of 28°. Thus one
is led to believe tha! for small angles off axis, the signal amplitude
would vary even less in the mixture than it would in water. In the
measurements taken in this investigation, it weas estimated that the
receiver was positioned in the sediment with no more than 4° variation
in the angle off axis. Thus, there is confidence that the on-axis signal

smplitudes were massured accurately.

D. Sediment Preparation

The experimental sediment is made up of MS-MH size glass
beads manufactured by the Ferro Corporation of Jacksen, Mississippi.
The grain size distribution is shown in Fig. 6 (Bell, 1979).

The sediment-water mixture was preparad in a five gallon,
plastic bucket in the following menner. The bucket is approximately
33 cm high and 29 cm in diameter. The liquid in the sediment-water
mixture is circulated by & Masterflex tubing pump. Before the mixture

was put in the bucket, the outflow tube was attached to the bottom
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of the bucket with duct tape. The bucket was then pertially filled with

de-ionized woter and the input hose was put in the weoter. The pump was

turned on so that all of the air was driven from the tube. To retard the

growth of micro-organisms, 20 mi of B10-CLEAN |1l elgeecide was added

to the water.

The glass shot was then poured slowly into the water until the

sediment-water mixture waes 24 cm deep. Pouring wes heited ot

intervals and the mixture kneaded to remave 8ir trapped in the beads. A

leyer of weoter, approximetely 6 cm thick, was left on top of the

sediment mixture and the input hose to the pump wes suspended in the

layer, as shown in Fig. 7.

The bucket was then placed inside & vacuum tank on top of 8

vibrator to remove sny air remaining in the mixture. The tank was

evacuated and the mixture was vibrated in excess of 6 hours. The

mixture was left in the vacuum overnight, but the vibretor was turned

off. After the sediment was removed from the vacuum, the transducers

were inserted into the mixture so that the center of the elements were

12 cm below the sediment-water interface.

To elter the fluid properties, glycerine was poured into the

liquid on top of the mixture and the pump turned on until the liquid in the

bucket was well mixed. Approximately 10 ml of slgeecide waos added

while the liquid was being circuleted to further reterd the growth of

micro-organisms. The specific grevity of the liquid wes measured

severel times while the liquid was being circuleted. The liquid was

considered well mixed after the values of specific gravity had stabilized.
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This ususlly occurred ofter sbout 3 hours. The specific gravity was
measured using 8 hydrometer and the velue of viscosity was determined
from a teble containing values of viscosity for verying concentrations of

glucerine-water solutions (Sheely, 1932).
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IV. EXPERIMENTAL PROCEDURE

A. Phase Velocity

The oscilloscope trace is triggered st the beginning of the
transmitted four cycle puise. The delay time to the fourth positive peak
on the received signsl is measured with o digitel readout on the
oscilloscope. This is first dore ot a tronsducer seporation of
epproximately 20 cm, and then at every 2.0 cm increment down to @
separation of 6 cm. If these deley times are then plotted on a time
versus distance graph, with time as the horizontal exis, the points
should fall on & stroiight line perallel to the cheracteristic of the
wavelet. The slope of this line is the phase velocity.

Therefore, to find the phase velocity o least squares routine is
used to fit the best straight line through these points. Since the line is
paraliel to a characteristic, the equation of the line is of the form

r=cgt+B
where cg is the phase velocity, B is the intercept of the r-axis, and r and
t represent the separation and time delay, respectively. If the time were
measured from the fourth positive peak on the transmitted pulse to the
same pesk on the recetved pulse, B would ideally be zero (for &
nondispersive medium) and the least squares line would be the same as
the characteristic. But since time is measured from the beginning of the
triggered pulse and there are additional time delays associated with the

circuitry and transducers, B turns out to be negative.
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This method was tested using two different size beads with
fresh weater as the pore fluid: the MS-MH size which was used in the
experiment, and the MS-L size which are smaller size beads. The results
of these preliminary tests sre shown in Figs. 8 end 9. The linear
correlation coefficient displayed in the figures is a number between zero
and one thot gives an indication of how well the dote points fit 2
straight line. A coefficient of one represents perfect linear correlation
and a coefficient of zero represents no correlation. The coefficients
shown in the figures indicate a very good correlation between the deta
and the streight lir?es. The good correlation suggests thst the
disturbances in the sediment, caused by moving the transducer to esch
seporation, have a negligible effect on the measurement

in order to check the validity of our procedure, we megsured the
phase velocity in water ot room temperature, appreximately 25°C, six
times. Each of these results were between 1492 m/s end 1508 m/s. The
average of these measurements was 1501 m/s. By linear interpolation
of tabuleted values of sound speed as & function of temperature (AIP
Handbook, 1963), the speed of sound at 25°C in fresh water is 1496 m/s.
The average thern has an error of only 0.33%, while the extreme values
have errors of -0.3% and 0.8%.

In another check, we compared our results to results obtained by
Bell (Bell, 1979), Shirley (Bedford, Appendix A, 1982), and Hovem end
Ingram (Hovem, 1979). We measured the phase velocity three separate

times in MS-MH beads with fresh water as the pore fluid. The three

results are shown in Table I, along with the other results mentioned.
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BEAD TYPE: MS-MH
FREQUENCY: 105 kHz VISCOSITY: 0.893 cP

TIME -- us SEPARATION —cm
65.88 5.65
77.63 7.65
88.98 9.65
100.12 11.65
112.07 13.65
121.38 16.65
133.23 17.65
142.31 19.65

VELOCITY: 1820 m/s
STANDARD DEVIATION OF VELOCITY: 24 m/s
LINEAR CORRELATION COEFFICIENT: 0.9995
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BEAD TYPE: MS-L
FREQUENCY: 105.0kHz  VISCOSITY: 0.893 cP

TIME — us SEPARATION —cm :
63.62 5.65
73.39 7.65 R
83.49 9.65 o5
95.51 11.65 v
107.15 13.65 4
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Comparison with these other results indicates that our results are velid.
But the comparison also suggests that the velocity is strongly dependent
oh the depth of the transducers in the sediment.

The comparison in the MS-L size beads is not nearly so qood.
Our first triel measurement in sediments was made in the MS-L size
beads. Since the standerd deviation accompenying this measurement is
so large, 34 m/s, and since in 8li subsequent measurements the standard
devietion was substantislly reduced, the discrepancy is attributed to
experimental error and carelessness in precisely determining the
sepairation. As the exberiment progressed, the technique improved and

the errcr decreased.

Table I: Comparison of Velocity Results in M5-MH and MS-L Size Beads.

Frequency - kHz  Depth - cm Velocity - m/s
MS-MH  MS-L
Bell 120. 9 1809 1854
Shirley 114, 10 1608
Hovem & Ingram 100. 20 1922
Present Study 105, 12 1820 1791
105, 12 1840
105. 12 18606
33
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Obviously, the sound speed measurements in sediments are not
nearly as repeatable as the measurements made in water. One reason for
this is the uncertainty in the separation measurement. in the sediment,
this uncertainty is estimated to be 0.1 cm. At o separation of 20 cm this
represents a relative uncertainty of 0.5 8, while at 6 cm the uncertainty
is 1.78. The uncertainty in the time delay measurement is negligible
compared to this. Relative uncertainties of 0.5% and 1.7% in the
separation represent absolute uncertainties of 10 m/s and 30 m/s in the
velocity, respectively.

The stenderd deviaticns shown in Figs. 8 end 9 were derived
from the lesst squeres method. In this calculetion of the uncertainty it
was ossumed that the uncertainties in the time delay measurements,
which were measured along the horizontel axis, were negligible. It was
also assumed that the absolute uncertainties of each of the seperetion
measurements, which were represented on the verticel axis, were equal.
Since both of these assumptions eore oppropriate end the standard
devietions caelculated from the least squares method are consistent with
uncertainties in the separation measurements, these standard deviations
ore a8 realistic measure of the uncertsinty in the velocity.

All of the velocity measurements made in the sediments ere
listed in Teble VII of Chepter IV and in Appendix B together with the raw
data. It con be seen thet the standard deviations of the velocities were
less than 15 m/s after the first few trial measurements. This indicates
that as the experiment progressed, the technique was improved and the

uncertainty decreased.
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B. Attenustion Vs
N

1. Measurement Technique. In the sediment the lesses are due to Eg:s

A ¥

both geometrical spreeding and sbsorption of the medium. Therefore, to

cglculate the sttenuation by the medium the geometrical spreading must

" 5 lr"‘
-
pTet

be teken into account. As discussed in Section 11.C.2., the transducers
were designed so theat the Reyleigh distence would be reletively smaell
compared to the sediment sample. At distances greater than the
Reyleigh distance, the signal amplitude decays as 1/r due to spherical
spreading, where r is the sepasration between the transducers. This
distance was calculated for both water and the sediment. The
calculation for water was then verified by scoustic measurements.
These messurements support the calculated assumption that the

geometrical spreading in the sediment is indeed spnerical at the

distances ot which the ettenuation meesurements ere teken. Using
spherical spreading, the 1osses due to absorption in the sediment can be l'-'s
b

determined. A detailed discussion of this procedure follows. F;ﬁ
The measurements establishing the 1/r decoy of the signel E\
amplitude due to spherical spreading have been discussed in =
oy

Section 111.C.2. We determine the absorption due to the medium by -
3

measuring the amplitude of the signel end assuming that the amplitude E;;Z
varies as t-
=

~r o

E=(K/e (Iv-1) -

s,

o

in an absorbing rmedium. Here, K is 8 calibration constant with units of L‘E
voitsxiength end « is the attenuation in nepers per unit length. The 1/r Lt_:,
Ul

factor in Eq. (IV-1) takes into account the spherical spreading and the ft?
N
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e" %" term takes into account the ebsorption of the medium. It is also

'g;
assumed that the coupling between the sediment and the transducer is :
the same at each separation. Thus, the decay in amplitude of the signal

is attributed only to the increase in separation.

The attenuation is determined by comparing the amplitudes

measured at various separations. To do this, one of the amplitude

- -

measurements and the separation at which it is measured are designated

.v'"{.
(N 35

ey

as reference values, E. and rp., respectively. In this experiment, r. is

_:’t’

the smallest separation at which measurements are taken and Er =t st

r =r,.. Therefore the following relation holds:
-xr :\‘
Er=(l(/rr)e°‘r . 1
From this and Eg. (IV.1) it followse that : -
K=EreX =g r. e ;
r-r.; . .
g(r=r} - Ep re/(ET)
r-r) = NE rAED . (IV-2) :
Therefore, if In[E r/(E r)] is plotted versus (r-r.), the points should fall ‘“
on a straight line and the slope of this line is the attenuation To find the N
slope of this line, and thereby the attenuation, the method of least
squares can again be employed.

- B T ¥ €T
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This technique was tested using two different size beads with
fresh water as the pore fluid: the MS-MH size which was used in the
experiment, and the MS-L size which are smaller size beads. The resulls
of these preliminary tests are shown in Figs. 10 and 11. Asg in the case
of the phase velocity, a linear correlation coefficient near one indicates
8 very close correlation between the dets and the straight line.

The standard deviation cen be celculeted for this method,
assuming that the uncertainties in each of the data peints are equel and
that there are no errors in the values along the horizonta! axis. Because
of these assumptions, the standerd devistion calculated from the least
squares method is too low. But the attenuation can be caiculated by
other means, and from these calculations 8 realistic estimete of the
error can be made. These methods and the uncertainties associated with
them will be discussed in the remesinder of this section.

A physicel interpretation of the sources of error cen be acquired
by celculating the attenuation, x, directly using Eq. {IV-2) with the dete
at any two separations. If the data for MS-MH beads corresponding to
separations of 5.65 cm and 19.65 cm, shown in Fig. 11, are used, the

attenuation calculated from Eq. (1V-2) is 2.28 Np/m. We can calculate s

Pythagorean estimate of the uncertsinty in the attenustion from this
calculation by using the relation (Bevington, Eq. 4-9, 1969)
+ er(o(2+20(/r+]/r2)

02 (r-rp)? = o'riz(""ﬁe"zo(/r"""r"’)rtz:f

|
+ (OB/g)2 por + (OB/p)? (1v-3) ?

where O and O denote the uncertainties, or standard deviations, in the
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BEAD TYPE: MS-L

FREQUENCY: 105.0 kH2

AMPLITUDE -~ Vv

VISCOSITY: 0.893 cP

SEPARATION ~cm

0.2800 5.65
0.1870 71.65
0.1430 9.65
0.1060 11.65
0.0820 13.65
0.0852 15.85
0.0516 17.65
0.0430 18.65

DL SRS Nt

ATTENUATION: 4.71 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.14 Np/m
LINEAR CORRELATION COEFFICIENT: 0.9974

r = SEPARATION
r,=5.65cm

E = AMPLITUDE
07+  E =0280V

0.6 - /
& EXPERIMENTAL DATA |

054 = LEAST SQUARES FIT TO DATA /
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FIGURE 10
ATTENUATION IN MS-L BEADS

seian

A f

38 RDC-GA
1-23-85

D R e T g N e K R T N T P O L L L T
YES A VAN GRS 3 SV S A Y R S T T P IO S R h N



FREQUENCY: 105.0 kHz

0.4 1

0.3

0.1+

BEAD TYPE: MS-MH
VISCOSITY: 0.893 cP

AMPLITUDE -V

0.3720
0.2690
0.2004
0.1570
0.1300
0.1074
0.0892
0.0777

SEPARATION — cm

5.65
7.65
9.65
11.65
13.65
15.65
17.65
19.65

ATTENUATION: 2.40 Np/m
STANDARD DEVIATION OF ATTENUATICN: 0.09 Np/m
LINEAR CORRELATION COEFFICIENT: 0.9962

E = AMPLITUDE
E, =0.3720V

r=SEPARATION
r,=5.65cm

& EXPERIMENTAL DATA
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ATTENUATION IN MS-MH BEADS
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N amplitude end separation, respectively, and the quentities merked “ref”

signify that the separstions and amplitudes correspond to the separetion

.?.; of 565 cm.  To perform this calculation, the uncertainties in the

,ﬁ., separation and the amplitude, ¢, and O, must first be determined. The

‘ uncertainty in the separation is estimated to be 0.1 cm.

%: The uncertainty in the amplitude has two sources. The first one
: * is instrumental, because the oscilloscope can be read accurately to 1/4

’ of a gradation. The scale is changed at different separations, since the

amplitude grows with decreasing r, so this type of uncertainty increases

® with decreasing separation.

‘ The second source of uncertainty in E is due to the uncertainty

inr. Since the amplitude is a function of r, as was assumed in Eq. {IV-1),

s_;E any uncertainty in r produces an uncertainty in E. This type of error can

‘ 1\ be estimated from the relation (Bevington, Eq. 4-9, 1969)

v op =0, /5 =0 Elar+ /)

By calculating this uncertainty, snd comparing the results with the d
instrumental uncertainty in E, it can be seen that over §0% of the E

uncertainty in E is due to the uncertainty in r. Using EqQ. (1V-3), and the h

values in the raws in Table Il carresponding to r=19.65 cm and r=5.65 cm, ;ﬂ
" the uncertainty in the direct calculation is found to be 0.522 Np/m. Note b
' from Eq. (3) that the uncertainty, ©,, is inversely proportionsl to the i
\’ difference between the two separations being compsred. Thus, one way E
': to improve the measurements would be to increase the distances over i
: which the measurements are taken. 1
=

\
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Using each pair of dete shown in Fig. 11, the attenuation can be

calculated seven times in this way, and the values designated as ;.

These seven vslues of attenuation can then be weighted with their

carresponding uncertainties, o, and averaged as shown in Table Il

(Bevington, p. 73, 1969). The resulting average is a better estimate of
the atlenuation than any of the individual attenuations, and the standard
deviation calculated from this method is a better estimate of the
uncertainty. Although this value of « differs by 3% from the least
squeres velue, this standard deviation is a more realistic estimate of the

uncertainty.

Table II: Analysis of Errors in Attenuzation.

r-cm E-volts °E/E orJ(m2+2“/r+‘/r2) d; - Np/m & -Np/m

x = 0,2 ) (%i/0;2) = 2.266 Np/m

9.65 0.372 0.0380 0.000404
7.65 0.269 0.0407 0.000239 3.06 1.087 :
9.65 0.2004 0.0460 0.000163 1.606 2.082
11.65  0.157 0.0429 0.000121 1.029 2317
13.66  0.130 0.0478 0.000095 0.813 2.116 b
15.65 0.1074  0.0533 0.000077 0.690 2.235 ;'E
17.65  0.0892 0.0592 0.000065 0.613 2.408 {‘»
19.65  0.0777 0.0587 0.000056 0.522 2.283 r
g
| :
Ouls ——  sothat o =0.296 Np/m &
2 (I/O'i)2 E
L
A
2
b
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in calculating the attenuation using this method, the error in the

i

reference separation snd amplitude is repeated in each of the seven
calculations. Thus, if reference measurements are particularly bad, the
error in them will be compounded in the final result. To avoid this type

of error, the attenuation can be calculated with any two pairs of datas, E

X g e AP

and r. The values corresponding to r = 5.65 cm do not necessarily need to

mean is « = 2.38 Np/m and the standard deviation is g, = 0.47 Np/m.

be the reference separation and amplitude. Since there are eigh\ pairs of %

m data, there are 28 possible ways to cslculate « using Eq. (I¥-2). The é
! unweighted mean of these 28 attenuations and the standard deviation of E
p this mean can be easily calculated. For the MS-MH beads of Fig. 11, this E
;

:

This value of the attenuation differs only by 0.6& from the least squares

value. But this standard devistion is larger than the one calculated from

the weighted averages. This may signify that the estimate of the |
uncertainty in r used in that calculation, Gp = 0.1 cm, was too low. In ‘
later calculations, however, there is better agreement between these

two calculations of the stsadsrd deviation. This suggests that the

separation was determined more precisely as the experiment progressed.

LGN BT - % B VT TS & .4 F 2 3 A VEEEEN." a

Ancther reason for the discrepancy is that sll of the attenustions are

weighted equally in calculating the mean. But as can be seen from

e L

Eq. (1V-3), the uncertainty decreases as the difference between the two
separations increases. Thus, the standard deviation calculated by this
method represents an upper bound of the sctual uncertsinly in the

attenuation.
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The attenuation was celculated for each value of viscosity using
the method of least squares and the mesn of all combinations. In each
case, the two values of ettenustion differed by less thon 1%. But we fee)
that the standard deviation associsted with the mean of 811 combinations
was more realistic.

It can be noted that the uncertainty in the separation is by far
the biggest source of error. Therefore, to improve these measurements,
6 method for determining the seperation of the transducers more
accurstely would have to be devised. Toward this end, the separations
were corrected using the velocity results. The atienuations were then
calculsted by the mean of all combinations with these corrected
seporations. These attenustions were within 1& of the attenuations
caiculated by the other methods, except for the case of the M5-MH beads
of Fig. 11 where the difference was 2.58. |In all but a few cases, the
stoandard deviation was substentially reduced. Thus, the attenuation was
cealculated by the mean of a1l combinations. In all but those few cuses
where the standard deviation was not reduced, the separations were
corrected using the velocity results. Reducing the data in this way, we
are confident that the attenuetions were determined within 3 dB/m,
except for a few cases. The attenuations and their uncertainties,
corresponding to each fluid viscosity, ore listed in Table VI in
Chapter IY. They ere also listed together with the rew dete in

Appendix B.
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2. Comparison of Results. To determine the validity of the

attenuation results, the measurements in the water saturated beads,
with no glycerine added, were compared to the results of David Bell
{Bell, 1979). His attenuation measurements were given in decibels per
wavelength. Converting his results to nepers per meter at 105.0 kHz
resulted in the values of 5.45 Np/m oand 3.13 Np/m for MS-L and MS-IMH
size beads, respectively.

The discrepancy in attenustion hetween Bell's velues and those

T
AR T A A GBI S AN TP R EL,

presented in Figs. 10 and 11 was 0.74 Np/m in the first case and
0.73 Np/m in the second. Since this difference was too lerge to be
attributed to experimental error, an effort was made to explain it.

In order to account for the geometricel spreading of the
transducers, Bell measured the smplitude decay in water at 120 kHz and
the amplitude decay in the sediment at the same frequency. He assumed
that the only losses in the water were due to geometrical spreading and
that the losses in the sediment were due to geometrical spreading end
absorption in the medium. He then assumed that the losses due to
geometrical spreading in the sediment were the same as in water, at the
same frequency. Therefare, to calcuiate the attenuation he subtracted
the spreading losses, which he determined from his measurements in
water, from the tntal losses (Bell, 1979).

In doing this, he sssumed that the geometricel spreading in the
water was the same as in the sediment, for measurements taken at the
same frequency. But the Reyieigh distance, which is 8 measure of the
distance at which spherical spreading starts, is inversely proportional to

the sound speed. Since the sound speed is grester in the sediment than in



the water, the Rayleigh distance is smaller in the sediment than in the
water. Also, the distances at which he took his measurements were less
than the Rayleigh distance for his transducers, so that in water his
amplitude did not vary as 1/r. Therefore, the losses due to geometrical
spreading were less in the water than in the sediment. The extra
geometricel spreading that was occurring in the sediment was attributed
{o absorption in the sediment, resulting in & value of attenuation thet
was too large.

We also compared our measurements in MS-MH beads with those
made by Shirley (Bedferd, Appendix A, 1982) and Hovem eand Ingram
{Hovem, 1979). These results are summarized in Table Ill. Shirley's
result, like Bell's, is much higher than ours. We believe that he measured
the attenuation in the same way that Bell did. Thus, we feel that his
results differ from ours for the same reason that Bell's did.

Hovem and Ingram’s results at 100 kHz also differ significantly
from ours. if their results st just this one frequency are considered, one
might be led to the conclusion thet the messured sttenustion is very
much dependent on the depth of the transducers in the sediment. But if
their results at other frequencies in thet range are considered, it can be
seen that their deta exhibit a significant amount of frequency
dependence. It is difficult to say whether this exhibited frequency
dependence is due to actual physical processes or to scatter in the deta.
Other frequency dependent measurements need to be taken to investigete

this.
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Table III: Comparison of Attenuation Results in MS-MH Size Beads.

Frequency ~ kHz Depth - tm Attenuation - dB/m

Present Study 105.0 12, 20.85
20.74

21.61

Beli 120.0 9, ‘ 27.10
ahirley 114.0 10, 30.91
Hovem & 60.0 20. 24.86
Ingram 80.0 20, 17.63
100.0 20. 13.20

150.0 20. 19.65

There were several assumptions made in our measurements
which could affect the validity of the attenuation results. One
assumgtion was that the mechanical coupling between the transducer and
the sediment was the same at each separation. To justify tRis
assumption, each time the transducer was moved the sediment-water
mixture was vibrated gently for approximately thirty minutes. The
mixture was then left undisturbed for another half hour before another
measurement was taken. Four or five more readings were then teken
over the next three to four hours. Since we found that the amplitude and
time delay readings did not change over this period of time, except for
small variations attributed to experimentat uncertainty, it was assumed

that the coupling between the transducer and sediment did not vary.
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3. Transient Considerations. From o theoretical viewpoint, it

would be desirable to measure the time delay and amplitude using a
steady stete signai. In this way, we could be confident that the signal
had & single frequency. The transient characteristics of the transducers
could aiso be neglected. However, the container holding the sediment has
8 iimited volume. Thus, there will be reflections of the signel from the
sides of the container and from the sediment-water interface. To
prevent these reflections from interfering with the signel that travels
along the direct path between the two transducers, a four cycle pulse
was transmitted. The signal was then cut off for several milliseconds
so that all the reflections in the sediment would attenuste before 8 new
pulse was trensmitted. A photograph of the oscilloscope trace of the
transmitted and received signals is shown in Fig. 12. Note that the
received signel contains more than four cycies. Since the transducers
are being opereated at one of their resonent frequencies, they continue to
vibrate, or ring, for several cycles after the input signel is turned off.

In this section and the next, an attempt is made to justify
treating the pulses as steady state, harmonic signals in anelyzing the
date and comparing it to the theory. This section discusses the transient
effects of the trensducers on the signal amplitude. The signal amplitude
cen also be affected by dispersion. These effects are discussed in the
next section.

Since we compared amplitude measurements ot different
separations to coalculate the sttenustion, it is assumed that the

measured voltage amplitude is linearly proportionsl to the scoustic
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pressure amplitude that produced it in the sediment. [n order to justify
this assumption, consider the block diagram in Fig. 13. The amplitude of
the voliage signal put in to the transmitter is denoted by E;. This
produces an acceleration of the transducer face, denoted by u. The signal

produced by this motion of the transducer face travels a distance r to the
receiver, where it produces a pressure Py. The receiver converts this
pressure signal to an output voltage signal E;. The phase constant ¢
gignifies that the measurements are taken on the fourth cycle. Thus

Eo($), shown in Fig. 12, represents the peak-to-pesk, voltage smplitude

of the fourth cycle of the received signal. The operators Ly, LQ, and Lz

denote linear functions uf their arguments.

Our use of the phase constant ¢ deserves some explanation. If T
represents the period of one cycle, then the positive and negative peaks
of the fourth cycle will correspond to the phases

o=ty -/ =3.257
and $-=t =T/ =3.75T
respectively. Note that the separation ris the same in each case, so that

the difference in the travel times t, and t_ is 0.5T. The pressure

arplitude of the fourth cycle is then
Po($) = Fold,) - Po(d)
Since u represents the acceleration of the transducer face, and the phase

represented by 4) spans half of & period, the quantity u(4)) does not really
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make sense. Butl in Fig. 13 it represents the quentity
u(¢) = u(¢u) - u(¢_)
The terms Ey(¢} and E;($) have similer meanings.

Consider the two graphs of Eq($) versus E;(¢) shown in Fig. 14

These were taken by varying the amplitude of the input voltage, Ei(4’)*

and measuring the amplitude of the fourth cycle of the output voltage
cignal. The graphs were made at the distances r = 10.0 c¢m and
r = 20.0 cm so that the entire range of received amplitudes that were
measured in the experiment would be cavered. The graphs show that the

output amplitude of the fourth cycle, E0(¢), is a8 linear function of the
input amplitude E;. This can be expressed es
Eold) = L3(Ei(¢))
To celculate the attenuation, it is assumed that the pressure
signal decays according to
Polr,t) = (K/r) e”&F u(t—r/co) \
where K represents an arbitrary constant, and ¢, is the phase velocity

The exial, farfield pressure due to a transient signal in & nonabsorbing,

nondispersive medium is
Polr,t) = (K/r) u(t-T7¢, )

To account for the attenustion, the exponential term was incorporated,
ad hoc. Taking the sttenuation into account in this way is justified

because the farfield pressure on the axis for steady state, harmonic
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radiation from a baffied piston is given by (Blackstock)

Poliyt) = (K/r) el (Wt-kr)
The e™*" term is arrived at in this case by assuming that the wave
number k is complex, where « ‘s its imaginary part. Since u(¢) is a

constant, we get
Po($) = (K/r) %"
Therefore, the assumption used to determine the attenustion,

Eo$) =K/ %, (1)
will be valid if EolP) = Lo(Po($)) . (2)
To show thet (1) is valid, assume that {2) is true and also that
u($) = L (E;())
This is the same as assuming that the transducers produce a signal
amplitude thet is lineerly proportionel to their signal input, for a given
cycle. it therefore follows that:
Eo($) = L(Po($))
= Ly [(K/r) e7%T u($)]
= (K/r) e” % Ly(u($))
= (K/r) e™%F Ly{LyE; (M

= (K/1) g &I L3{E1(¢)]
= (K'/r) e Ey($)
where K’ i another arbitrary constant. For a fixed r, this shows that

Eg($) is linearly proportional to E;{$), which has been demonstrated in
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the two graphs of Fig. 14. This result supports the assumption (2).

Furthermore, E;(¢) is a constant so that (1) directly follows.

4. Effects of Dispersion. In determining the attenuation, the

decrease in amplitude with increasing separstion was attributed to two
causes; spherical spreading and absorption of the medium. In reducing
the data, it was assumed that the signai contained only one frequency
and that any dispersion could be neglected. But, since the transmitted
signal was the product of a sine wave and the difference between two
step functions, the signal contained & continuum nf frequencies. Wwe
justified treating the signal as a pure tone by channeling the signal

through a narrow bandpass filter and by making our measurements on the

fourth cycle of the signal to minimize transient effects.
Since the signal did contain more than one frequency, dispersion

would cause & decrease in amplitude with incressing separation.

However, we believe that the effect of dispersion on our measurements
is very small. The theory and the measurements predict littie change in |
the phase velocity of the compressionsl wave of the first type with |
frequency. Since the received signal is filtered as a further precouﬁon,
we would expect the influence of dispersion on the amplitude to be
negligible.

To be more confident in this assumption, the attenustion was
determined by measuring the amplitudes from three consecutive cycles
on the received signal: the third, fourth, and fifth cycles. This was done
for three different sets of measurements. The results are shown in

Table IV. In each set, the three attenuations are within a standard
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deviation. The attenustion of the middle set exhibits the most spreead,
but even so the spread is still within the estimated uncertainties.
Curiously, the standard deviations corresponding to this set are the
smallest in the table.

If dispersion was a significant factor, the envelope of the
received signal would change shape as the signal propsgated through the
sediment. This would cause the gttenuations measured from amplitudes
of different cycles to be distinctly different. Since they are not, we
conclude thet eny error in the attenuetion ceused by dispersion is

negiigible within the limits of error of our measuring technique.

Table IV: Comparison of Attenuations and Standard Deviations
Measured from Different Cuycles of the Same Received Signal,

CYCLE ¥ISCOSITY -cP ATTEN - dB/m STD DEV - dB/m
3 1.33 20.5 3.9
4 20.4 2.9
5 19.5 3.4
3 1.33 20.7 1.7
4 19.0 1.9
S 18.1 2.7
3 2.59 23.6 2.6
4 23.2 2.1
S 23.5 2.4
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V. EXPERIMENTAL RESULTS

A. Physicel Properties of the Sediment
in order to calculate the wave number using the theory outlined

in Chapter 11, the physical properties of the saturated sediment needed to
be determined. The values of most of these psrameters were easily

obteined, either by direct measurement or from tables listing material

properties, which were found in handbooks and journal articles.
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Assigning numerical values to some of the other parameters, on the other .1
hand, was not so straightforwerd.
The physical properties of the solid and fluid constituents were ,_:

N

the most easily determined. Glass beads constitute the solid part of the
mixture. The density and bulk modulus of glass were found in several

sources (Bedford, 1982; Kinsler, 1982). The averege groin size, or beed

o
-a

diemeter, was measured by Bell from a grain size anslysis. The porosity
of MS-MH size beads wos also determined by Bell (Bell, 1979). These

202 el

values are listed in Table V.

po—
>

The properties of the fluid change in the experiment since

-

glycerine is edded to the mixture after each set of measurements. The
density of the fluid is easily determined by measuring the specific
gravity with e hydrometer. Knowing the specific gravity and the
temperature, the viscosity wes read from s table containing values of

viscosity for solutions of verying glycerine-water concentrations

e e E——T A WEWTW W W Y

(Sheely, 1932). Shirley measured the sound speed in glycerine-water
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Table V: Physical Properties and Parameters of Sediment Used in
Theoretical Calculations.

PRESENT

PARAMETER SYMBOL  STUDY BEDFORD  SHIRLEY
Parosity ¢ 0.365 0.365 0.265
Bead Diameter (cm) dm 0.0177 0.018 0.0177
Glass Bulk
Modulus (x10" dyn/ecm?) K, 3.9 4,07 3.5
Glass Density {g/cm?) Ps 2.5 2.5 2.5
Frrame Bulk
Modulus (dyn/cm?) Ky 8.0x107  5.8x109  B.0x107
Frame Shear
Modulus (dyn/cm?) My 8.0x107 5.8x109 B.0x 107
Comp. Log Decrement 8¢ 0.1 0.15 0.1
Shear Log Decrement 8g 0.1 0.15 0.1
Permeability (x1077 ¢cm?2) By 3.6 2.48 2.64
Kozeny-Carman Constant Kk, 2.76 4.23 3.98
Depth in Sediment (cm) 12 20 10
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solutions with varying concentrations of giycerine (Bedford, Appendix A,
1982). From this data, and values of density and viscosity at 20°C found

in the CRC Handbook, he was able to determine the bulk modulus as o

function of viscosity for concentrations up to 32% glycerine, by weight.

ﬁ""‘ﬁ" Srcor e DR
A 95 1 g A

But since his measurements were taken at rcom temperature, which is

closer to 25°C, we adjusted his measurements so that the bulk modulus

velues corresponded to viscosity values at 25°C. His results were then {:3"
o
projected to include glycerine concentrations up to 408 The results of ‘,'\‘
A
this procedure are shown in Table VI. This extrapolation of his data is P
o

questionable at best, but there was not enough time to repeat the

XTAX

'}

.
1

measurements. These adjustments produce oniy slight changes in the

-

7

7 3

theoretical predictions. At some point in the future it would be
desirable to redo and hopefully repeat Shirley's meesurements.

The properties of the solid meatrix are more difficult to
determine. With all of the other properties tefined, these properties

were chosen so that the theareticel predictions and the experimentas)

LRSS SR Rt e e it

T
&

dote agreed for the case of pure water. Once this agreement was

LRIk 05 M " Ararts vk B L

3
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satisfiad, we were able to show that the Biot-Stoll theory predicted the
same change in attenustion ond phase velocity thet was indicated by the
experimental dats as the viscosity of the pore fluid was increase.

Four of these properties were the real and imaginary nortis of
the bulk end shear mocduli of the drained gless beads. Hovem and Ingram
(Hovem, 1979), Shirley (Bedford, Appendix A, 1962), end Bedford
{Bedford, 19684) chose the resl parts of both of these moduli so that

thero was sgreement between the theory and compressiongl velocity
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Table VI: Physical Properties of Fluid Used in Thegretical Calculations.

VISCOSITY FLUID DENSITY FLUID BULK MODULUS
M - cP ps - g/cm? K¢ - %1010 dyn/cm?
0.893 0.9971 2.175
1.0 1.0080 2.284
1.2 1.0242 2,442
1.4 1,.0373 2,574
1.6 1.0483 2.683
1.8 1.0576 2.781
2.0 1.0654 2.867
2.2 1.0723 2.943
2.4 1.0785 3.012
2.6 1.0840 3.075
2.6 1.0867 3.128
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deta. Bedford mede theoretical comparisons with Hovem and Ingrem's

date and his choices of the parameters ore very similer to Hovem and

ingram’s.
Bedford hed good agreement between theory and deta for

Kp = by, = 5.6 x 10884,

But Hovem and Ingram’'s measured compressional velocity at 100 kHz,
1922 m/s, is cansiderably higher than ours for the pure water case,
1830 m/s. This is presumably because their measurements were made §

cm deeper in the sediment than ours were. As a result, their choice of Kn

and By produced theoretical velocities that were too large for our data.

But the thecreticel sttenuations produced by this choice compared well

with our date. Shirley's measured velocity, ot 114 kHz with pure waoter

r— " = ol ke B pod
LY. Bk Mt A SR

RNV S S0l s vy e L M A P Y

8s the pore fluid, agreed quite well with our results. It should be noted

that our measurements were taken at similar depths. His choice for the

two moduli was

Kp = Mp = 8.0 x 10794z o

This choice produced theoretical velocities that agreed quite well with
our data. The disparity between these two sets of values suggests that
the properties of the sediment change drastically with increasing depth
in the sediment.

we used Shirley's values for the bulk and shear modulh, even
though the theoretics! sttenuations they produced were much too high.
This discrepancy, which wes the result of differences in experimental

technique and data reduction, was discussed in Section IVB 2. |In order
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to achieve 8 good fit between the theory and the experimental dats for
the attenuation case, we hed to choose other parsmeters differently
from Shirley.

The imaginary parts of the bulk and shear moduli of the granuler
matrix are the terms that teke into account the losses at the
grain-to-grain contacts. From our experience, these paremeters have
negligible effect on the compressional velocity, and only a slight effect
on the attenuation. In the literature, these two parameters have been

related to their real counterparts by two other parameters, the

compressional and shear logarithmic decrements, &, and &, respectively.

The relationships defining these parameters are
Ky’ = 8¢ Kb"ﬂ and Hp' = b Mo/
where a primed variable denotes the imaginary part of the modulus and

an unprimed varible denotes the real part. Qur choices of these variables

are listed in Table v.
The last parameter to be chosen was the permeability. Bell

measured this quantity directly for four sizes of glass beads and three
different sands (Bell, 1979). For the MS-MH size beads he measured the
permeability to be By = 1.70 x 1077 cm2 . The permeabilty is related to
an empirical parameter, the Kozeny-Carman constant, kg, by the relation

(Bell, 1979)
dm2 4,3

36 kg (1-¢)2

Bu:

...................................
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Bell's value for By corresponded to kg = 6.17. Hovem and ingram chose
ko= 4.23 so that By = 2.48 x 10 7 cm2  Shirley used kg = 3.98 so that

By = 264 x 107 cm2 We found good correlation between theory and

data by choosing Bg = 3.7 x 107 ¢cm? This corresponded to kg = 2.83.

This was within the range of values in the data presented by Stoll {(Stoll,
1974) and also within the range of values measured by Bell for several
sands and sizes of glass beads.

Table V summarizes the values of the physical properties and
parameters used in the present study, and also those chosen by Bedford
(Bedford, 1984) and Shirley (Bedford, Appendix A, 1982). In Fig. 15 our
data are compared with the theory with Bedford's, Shirley's, and our
choices of the parameters.
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Tabie VII: VYelocity and Attenuation in M3-MH Beads with
Variable Fluid Properties,
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VISCOSITY  VELOCITY STD.DEV.  ATTENUATION  STD.DEV.

M - cP Co - M/sec Oy~ m/sec « - dB/m ¢ ~dB/m
BATCH 1

0.89 1820.0 23.6 20.7 4.1
0.89 1866.7 9.0 20.7 1
1.07 1861.3 6.8 21.3 2.2
1.22 1878.9 2.6 21.0 3.1
1.33 1893.3 4.2 20.4 2.9

5 1.33 1898.6 5.7 19.0 1.9

- BATCH 2

0.89 1839.4 15.2 21.7 2.5

! 1.15 1873.8 8.7 23.1 2.2

. 1.48 1968.7 9.4 26.0 3.6

¥ 1.74 1973.3 8.9 20.9 2.8

’ 2.16 2044.1 7.3 21.0 1.7

i 2.59 2067.5 9.2 23.2 2.1

g 2.81 2074.5 13.0 24.3 1.4

E 3.23 2098.8 12,1 24.3 2.2

" DILUTING BATCH 2

E 2.46 2034.7 6.2 26.0 1.7

§ 2,09 1986.6 3.6 20.6 L6

-
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-
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repestability of the results. The results for the three cases agree
reasonably well with each other and slso with the theoretical curves.
The figures demanstrate that these experimental results are repestable
within the astimated uncertointies, especially in the phese velocity
case. The larger amount of scutter, and the larger uncertainties, in the
attenustion results suggest that further improvements can be made in
that measurement technique. One suggestion would be to design a
bracket that would hold the transducer mount and guide it straight into
the sediment while it was being repositioned. This would probably be
the easiest and least expensive wey to reduce the most significant ceuse
of experimental error, thet due to uncertainty in the separation
measurements.

The sediment is disturbed each time @& trensducer is
repositioned to take travel time and amplitude measurements at 8 new
separation. It is also disturbea after each sel of measurements, when
the pore fluid is circuleted and glycerine is added to it to modify its
properties. The sample is also vibrated during this process, so it is
disturbed even more. Any such disturbance of the sediment would affect
the packing of the indivioual grains. There has been same concern that
the acoustic propagetion through sediments was very dependent upon this
packing. If the propagation were very dependent on the packing, it would
be very difficult to repesat the results. The repeatability of our results
suggests thet the propagation is not very dependent on the packing of the
individual grains, at least in the cose of compressicnal wave

propagotion. This is fortunate, because it would be very difficult end
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tedious to control the packing of glass beads and sediments of sizes this
small. The good correlation between the dats and their leest squares
fits, shown in Figs. 8 through 11, also supports this conclusion. We
conjecture that the actusl packing cf the glass beads, or sediment, would
have more of an effect on shear wave results. '

Probiems assaciated with the coupling between the transducers
and the sediment could also affect the repeatebility of the resuits. Wwhen
there is good coupling between the transducer and the sediment, o large
amount of energy s transferred irom the transducer to the sediment in
the case of the trensmitter, and vice-versa for the receiver. Due to a
difierence of impedances between the piezoelectric element and the
sediment, a!l of the energy will not be transmitted, but if the coupling is
gcod, the amount oi energy trensferred will be a maximum. If there is
hut good coupling between the trensducers and the sediment, tne
measured voltage amplitude will be less than the emplitude of a signal
produced by ocod coupling.  Since the radisting surfece of our
trensducers wes very much larger than the diemeter of the glass beads,
the coupling bety:een the trensducers and the sediment was aiways good
and the energy iransferred from the transducer to the sediment, and
vice-versa, was aiways adequete. Several observations support this
conclusion. Firet, & strong signal was received immediately after the
trensducer was inserted. Nevertheless, the entire semple was gently
vibreted for twenty to thirty minutes, end then tne sediment sat

undisturbed for enother twenty to thirty minutes more before e

o
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measurement was taken. The signal was monitored for st least three

more hours before the transducer wos repositioned. During this period,

the time deley and amplitude readings varied only by amounts attributed
to instrumental uncerteinties. The good correlation between the deta
and the least square fits 61so supports the conclusion that there weas no
spprecisble veriation in the coupling between the trensducer and the
sediment during the period the readings were being taken.

in the discussion of experimental errors in the phase velocity
and attenustion, no mention has been made of the accuracy with which
the viscosity weas determined. As mentioned in Section I11.D. on the
preparation of the sediment, the viscosity was determined by measuring
the specific grevity of the pore fluid using & hydrometer, end then
reading the value cof viscosity from o table conteining the specific
grevity end viscosity of varying concentrations of glycerine-weter
solutions. The error in the viscosity is difficult to estimate. Most of
this error iz believed to be due to the variations of the temperature in

the room where the experiment was performed. The tempereture in the

leboratory wes ususlly between 24°C and 26°C, so most pore fluid
viscosities were determined essuming thet the room tempereture wes
25°C.  The theoreticel predictions were mede essuming thet the
temperature wa: 25°C. For the most part this produced acceptabile
results, especiaily for the trisngle dets points of Fig. 15 Luckily, the
laboratory tempersture stayed consistently between 24°C and 26°C

during the time these dete points were token .
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For the other measurements, the temperature varied between
22°C and 26°C. This 4° variation in temperature cen preduce a change in
viscosity of over 10%. Not only did this affect the accuracy at which the
viscosity was determined, but it aiso affecied the velocity end
attenuation results, which are tempereture and viscosity dependent.
Therefore temperature veriation could be a source of some of the
uncertainties in the sttenuation and velocity measurements. In future
investigations, it would be advisahle to perform similar experiments in
constant temperature environments.

Taking the experimental uncertainties that have been discussed
into account, the Biot-Stoll theory appesrs to sdequately describe the
effects of the fluid properties on acoustic wave propagation in saturated
sediments, ot least for compressional waves of the first type. Similar
experiments investigating shear wave propagation and the compressional
wave of the second type need to be performed. We observe that these

types of measurements are more difficult to meke.
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V1. DISCUSSION AND CONCLUSIONS

The purpose of the work presented here was to design and
perform an experiment thst would examine the dependence of
compressional waeve propagation in fluid setureted sands on the
properties of the pore fluid. Since this dependence was predicted by the
Biot-Stoll equations, it was hoped thet these measurements would be &
criticel test of the theory. Experiments of this type had aiready been
performed by Shirley (Bedford, Appendix A, 1982), and then later by Elliot
(Bedford, 1982). However, due to large scatter in the experimental deta,
no definite conclusions could be made about their resuits.

The measurement techniques used in this investigation were
refinements of techniques developed and used by Shiriey (Shirley, 1977;
Bedford, 1962), Bell (Bell, 1979), and Elliot {(Bedford, 1982). Al three of
these investigetors measured the phase velocity and attenuation of both
compressional end shear waves. After making 6 few modificetions in
their technique, new measurements have been taken and shown to be
repestable. The main improvement over the earlier work resulted from
redesigning the compressional wave transducers so that the geometricel
spreading end directivity could be predicted. With this improvement,
spherical spreading was established at the separetions at which these
measurements were token. Thus, the losses due to geometricel spreading
were accuretely accounted for when anelyzing the deta. It was also
possible to meke reassonsble estimates of the experimental
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uncertainties. Beceuse of the paramount difficulties involved in meking
repeatable shear woave measurements, these measurements were
postponed.

Taking the experimental uncertainty into account, the data are
in good agreement with vthe theory. Since parameters were chosen 50
that the theoretical velues were in agreement with the experimentai
results for the case of pure water, the present results indicate that the
theory predicts the same trend in attenuation and phase velocity, with
changing properties of the pore fluid, that is exhibited by the data. But
since there was also good agreement with the fresh water velocity
resuits of Shirley, taken at approximateiy the same depth, the choices of
the real parts of the bulk and shear moduli appear to be reasonable
estimates of these parameters. Further experimentail investigo_tions
examining the depth and frequency dependence of compressional wave
propagoetion in sedimencs are needed to support this conclusion.

These compressional wave results, on the other hand, do not
give & strong indicetion of the velues of the imaginary perts of these
moduli. To get more reliasble estimates of these psrameters, shesr wave
measurements in the same size glass beads need to be token. Shear wave
velocity messurements ore easily accessible with only 8 modest
investment in time and equipment.

On the other hand, it is believed thet shear wov2 attenuation
measurements would be much more difficult. One of these difficulties,
especislly in the glass beads, would be the coupling between the

transducer end the sediment. Once this problem hss been surmounted,
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establishing the directivity of shear wave trensducers would also be
tedious and time consuming. However, if & procedure similar to the one
described here were used, this would be an essential step. (nly in this
way couid an experimenter be sure that the amplitude decey being
meosured was due to the 'increosed separation of the transducers, and not
their directivity.

It would slso be important to establish which part of the total
losses would be due tc the geometrical spreading of the trensducers.
This would probably be the most difficult of the three tests to conduct.
The most common type of transducers used in experimentsl chear wave
propagation studies ere shear wave bender elements. The problem would
be to locate a lossless, elestic medium in which the bender elements
would work so that the losses due to the spreading of the signal could be
determined.

Fortunately for oui case, Rayleigh had elready solved for the
forfield pressure produced by & moving piston in @ rigid beffle. Alil that
we needed to do was verify that this model adequately predicted the
measured cheraecteristics of our transducers and that our measurements
were taken in the farfield. It would be helpful if & similsr model could
be derived to describe the stress iield or the displacement field of shear
bender elements. With & model of this type, establishing the

cheracteristics of this type of transducer would be simpler.
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APPENDIX A

COMPUTER PROGRAM

The FORTRAN program presented here is a simple algorithm thet
celculates the phese velocity and sttenuation of sound in satureted
sediments using the Biot-Stoll theory. The program solves the quadratic
formula (i1-3), from Chapter |l for different values of viscosity, density,
and bulk modulus of the pore fluid. The fluid properties used in this
study are shown in Tabie VI of Chapter V and were fed to the program by
the input dete file DATAIN. The physical prcperties of the solid and solid
matrix were either entered interactively orin the DATA statement. The
values of these properties are listed in Toble V of Chapter V. .

The experimental resuits of Table Vil were also entered into the
program through DATAIN. The progream plots the theoretical and
experimental results, shown in Fig. 15, so that they can be compared. A

list of the peremeters used in the progrem, slong with their

corresponding FORTRAN and mathematical symbols, is given in Table VilI,
followed by a listing of the FORTRAN progrem BIVO.
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Table VIII: Parameters Used in FORTRAN program BIVO,

PARAMETER MATH SYMBOL EORTRAN SYMBOL
Pore Size 3, A
Virtual Prag Coefficient b B
Virtual Mass Coefficient c c
Biot Coefficients c cB
(complex) H HB
M MB
(real) D D
Fermeability By BO
Grain Diameter dn DM
Porosity ¢ PHI
Soiid Density Pe ROS
Fluid Density Pt RQF
Mixture Density P RO
Pe ROC
Viscosity n ETA, VISC
VISC2, VIGC3
Phase Velocity Co CPHASE
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PARAMETER MATH SYMBOL FORTRAM SvyMBOL

Attenuation s ATTEN, ALPHA
ALPHAZ, ALFHAZ

Frequency f FR
Angular Frequency w OMEGA
Fluid Bulk Modulus Ky KEF
Solid Bulk Modulus Kg KBS

Bulk Modulus of Drained
Solid Matrix (complex) Ky, KBB

(=

Shear Modulus of Drained '
Salid Matrix (complex) I MUB

Compressional Logarithmic
Decrement

(€2

DELC

Shear Logarithmic Decrement & DELS
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APPENDIX B

EXPERIMENTAL DATA

BEAD TYPE: M3-MH

FREQUENCY: 105.0 kHz VISCOSITY: 0.893 cP
AMPLITUDE - volts TIME - us SEPARATION - cm
0.3720 65.88 9.65
0.2690 °?7.63 7.65
0.2004 88.98 9.65
0.1570 100.12 11.65
0.1300 112,07 13.65
0.1074 121.38 15.65
0.0892 133.23 17.65
0.0777 142.31 19.65

VELOCITY: 1820.0 m/s
STANDARD DEVIATION OF VELOCITY: 23.6 m/s
LINEAR CORRELATION COEFFICIENT: 0.9995

ATTENUATION: 2.38 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.47 Np/m
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BEAD TYPE: MS-MH

FREQUENCY: 105.0 kHz YISCOSITY: 0.893 cP
AMPLITUDE - volts TIME - us SEPARATION - cm
0.1286 62.21 9.65
0.0907 73.60 7.65
0.0690 84.04 9.65
0.0542 94.83 11.65
0.0440 105.90 13.65
0.0366 115.97 13.65
0.0309 126.98 17.65
0.0266 137.16 19.85

VELOCITY: 1869.7 m/s
STANDARD DEVIATION OF VELOCITY: 9.0 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

XTI X
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ATTENUATION: 2.38 Np/m
OTANDARD DEVIATION OF ATTENUATION: 0.12 Np/m
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FREQUENCY: 105.0 kHz

AMPLITUDE - voits

0.1310
0.0912
0.0696
0.0547
0.0441
0.0372
0.0310
0.0268

BEAD TYPE: MS5-MH

TIME - us SEPARATION - cm

61.69
72,61
82.62
93.72
104.37
115.05
126.53
136.68

VELOCITY: 1861.3 m/s

VISCOSITY: 1.07 cP

2.65
7.65
8.65
11.65
13.63
15.65
17.65
19.65

STANDARD DEVIATION OF VELOCITY: 6.8 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.46 Np/m

STANDARD DEVIATION OF ATTENUATION: 0.25 Np/m
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BEAD TYPE: MS-MH

FREQUENCY: 105.0 kHz VISCOSITY: 1.22 cP

AMPLITUDE - voits TIME - s SEFARATION - cm ¥
0.1325 61.17 5.65 &
0.0928 71.66 7.65 &
0.0702 82.34 9,65 i
0.0550 92.60 11.65 =
0.0448 103.56 13.65 Ei
0.0370 114.31 15.65
0.0321 124.96 17.65
0.0270 135.59 19.65

VELOCITY: 1878.9 m/s
STANDARD DEVIATION OF VELOCITY: 2.6 m/s
LINEAR CORRELATION COEFFICIENT: 1.0000

AT TR TR e, -
SRy B (O NS | m"

ATTENUATION: 2.42 Np/m

STANDARD DEVIATION OF ATTENUATION: 0.36 Np/m “‘
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AMPLITUDE - voits

0.1280
0.0916
0.0697
0.0544
0.0445
0.0375
0.0320
0.0274

BEAD TYPE: MS-MH
FREQUENCY: 105.0 kHz

TIME - ys

60.74
71.00
81.30
92.02
102.42
112.98
123.17
124.40

VISCOSITY: 1.33cP

SEPARATION - cm

5.66
7.66
9.63
11.65
13.62
15.61
17.61
18.63

VELOCITY: 1898.6 m/s

STANDARD DEVIATION OF VELOCITY: 5.7 m/s
LINEAR CORRELATION COEFFICIENT: 1.0000

ATTENUATION: 2.18 Np/m

STANDARD DEVIATION OF ATTENUATION: 0.22 Np/m
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BEAD TYPE: MS-MH

5 FREQUENCY: 105.0 kHz VISCOSITY: 1.33 cP
AMPLITUDE - vOits TIME- Us  SEPARATION - cm
> 0.1310 60.97 5.67 ;
5 0.0920 71.20 7.64 2
: 0.0707 81.59 9.62
E 0.0546 92.60 11.64 oy
_: 0.0443 103.14 13.63 A
*; 0.0370 113.47 15.62 s
f 0.0316 124.25 17.65
0.0275 134.22 19.58

VELOCITY: 1893.3 m/s i
. A

STANDARD DEVIATION OF VELOCITY: 4.2 m/s

|' LINEAR CORRELATION COEFFICIENT: 1.0000

: 3
:_ ATTENUATION: 2.35 Np/m ;
: STANDARD DEVIATION OF ATTENUATION: 0.33 Np/m G

L e em eI TR O A ESE
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BEAD TYPE: MS-IH

FREQUENCY: 105.0 kHz VYISCOSITY: 0.893 cP
AMPLITUDE - volts TIME - us SEPARATION - cm
0.1193 63.61 6.0
0.0890 73.32 8.0
0.0654 85.83 10.0
0.0526 95.53 12.0
0.0430 106.16 14.0
0.0352 117.32 16.0
0.0300 128.65 18.0
0.0258 139.50 20.0

VELOCITY: 1839.4 m/s
STANDARD DEVIATION OF VELOCITY: 15.2 m/s
LINEAR CORRELATION COEFFICIENT: 0.9998

ATTENUATION: 2,50 Np/m
STANDARD DEVIATION OF ATTENUJATION: 0.29 Np/m
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BEAD TYPE: MS-MH

FREQUENCY: 105.0 kHz VISCOSITY: 1.15cP

AMPLITUDE - valts TIME - us SEPARATION - cm
0.1218 62.70 6.1
0.0868 73.42 8.1
0.0654 84.32 10.1
0.0516 94.61 12.0 X
0.0427 104.86 14.0 N
0.0354 115.86 16.0 ”
0.0299 126.78 18.0 ;
0.0256 136.53 20.0 ;:

VELOCITY: 1873.8 m/s
STANDARD DEVIATION OF VELOCITY: 8.7 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.66 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.25 Np/m
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FREQUENCY:

AMPLITUDE - volts

0.1190
0.0850
0.0646
0.0518
0.0416
0.0340
0.0280
0.0238

BEAD TYPE: M3-MH

105.0 kHz VISCOSITY: 1.48 cP

TIME - ps SEPARATION - cm

62.02
?2.65
82.73
92.36
102.45
112.99
123.85
132.91

VELOCITY: 1966.7 m/s

6.05

8.09
10.00
12.05
14.02
16.03
18.05
20.00

STANDARD DEVIATION OF VELOCITY: 9.4 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.99 Np/m

STANDARD DEVIATION OF ATTENUATION: 0.41 Np/m

87



% 8 ¥ oY W B ST TR SR TER A SR e TR TR T R A AR

X

BEAD TYPE: MS-MH

o R PN R

FREQUENCY: 105.0 kHz VISCOSITY: 1.74 cP ;
b
AMPLITUDE - volts TIME- s SEPARATION - cm ;
0.1193 51.24 6.06 m
0.0870 ?71.06 8.02 ‘.
0.0649 81.55 10.02 3
0.0514 91.70 12,05 ;
0.0420 102.19 14,05 h
0.0350 112,25 16.02 .
0.0304 121,76 18.02
0.0256 131.66 20.00

VELOCITY: 1973.3 m/s
STANDARD DEVIATION OF VELOCITY: 8.9 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.41 Np/m
STANDARD DEVIATION CF ATTENUATION: 0.33 Np/m
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BEAD TYPE: MS-MH

FREQUENCY: 105.0 kHz VISCOSITY: 2.25 cP
AMPLITUDE - volts TIME - us SEPARATION - cm
0.1180 61.42 6.06
0.0860 70.69 8.03
0.0645 80.80 10.06
0.0515 90.20 12,00
0.0419 100.52 14.04
0.0348 110.25 16.03
0.9298 119.87 18.00
0.0258 129.16 20.00

VELOCITY: 2044.1 m/s
STANDARD DEVYIATION OF VELOCITY: 7.3 m/s
LINEAR CORRELATION COEFFICIENT: 1.0000

ATTENUATION: 2.42 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.19 Np/m
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BEAD TYPE: MS-MH

FREQUENCY: 105.0 kHz VISCOSITY: 2.59 cP
AMPLITUDE - volts TIME - us SEPAPRATION - cm
0.1180 60.55 6.02
0.0843 70.45 8.03
0.0649 79.30 10.01
0.0500 89.72 12.04
0.0410 96.97 13.99
0.0336 109.21 16.04
0.0285 118.76 18.03
0.0250 127.41 19.85

VELOCITY: 2067.5 m/s
STANDARD DEVIATION OF VELOCITY: 9.2 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.67 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.24 Np/m
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BEAD TYPE: MS-MH
FREQUENCY: 105.0 kHz VISCOSITY: 2.81¢cP

AMPLITUDE - volts TIME - us SEPARATION - cm
C.1190 60.41 6.04
0.0846 70,00 8.03
0.0640 79.91 10.05
0.0505 69.64 12.02
0.0408 99,09 14.01
0.0340 108.63 16.00
0.0282 119.06 18.06
0.0245 126.97 19.96

. K T R LU S S G I AT S )
""" B LA AT SR T N iy

VELOCITY: 2074.5 m/s
STANDARD DEVIATION OF VELOCITY: 13.0 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999

ATTENUATION: 2.80 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.16 Np/m
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o BEAD TYPE: MS-MH
FREQUENCY: 105.0 kHz VISCOSITY: 3.23 cP
= AMPLITUDS - volts TIME - ps SEPARATION - cm
0.1160 60.36 6.07
0.0830 69.85 8.06
> 0.0640 79,20 10.06
X 0.0505 83.30 12.01
S 0.0410 98,12 14.03
i 0.0336 107.62 16.02
0.0280 117.86 18.01
0.0240 126.48 20,05
VELOCITY: 2089.8 m/s
STANDARD DEVIATION OF VELOCITY: 12.1 m/s
LINEAR CORRELATION COEFFICIENT: 0.9999
ATTENUATION: 2.80 Np/m
3 STANDARD DEVIATIGN OF ATTENUATION: 0.26 Np/m
v
\-
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BEAD TYPE: M3-MH

FREQUENCY: 105.0 khz VISCOSITY: 2.46 cP
AMPLITUDE - volts TIME - ps SEPARATION - cm
0.11586 €1.06 6.0?
0.0820 ?7i.26 8.09
0.0616 80.76 10.07
0.0434 90.82 12.06
0.0.396 100.46 14.03
0.0328 110.37 16.02
0.0274 119.43 18.01
0.0231 129.68 19.98

VELOCITY: 2034.7 m/s
STANDARD DEVIATION OF VELOCITY: 8.2 m/s
LINEAR CORRELATION COEFFICIENT: 1.0000

ATTENUATION: 2.99 Np/m
STANDARD DEVIATION OF ATTENUATION: 0.19 Np/m
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AMPLITUDE - voits

0.1210
0.0870
0.0660
0.0526
0.0429
0.0355
0.0302
0.0262

VELOCITY:

BEAD TYPE: M3-MH
FREQUENCY: 105.0 kHz

TIME - us

61.73
71.80
82.32
91.83
101.86
112,19
122.23
132.08

1986.6 m/s

6.01

8.02
10.06
12.02
14.00
16.02
18.02
19.99

STANDARD DEVIATION OF VELOCITY:. 3.6 m/s

LINEAR CORRELATION COEFFICIENT:

ATTENUATION: 2.39 Np/m

1.0000C

STANDARD DEVIATION OF ATTENUATION: 0.19 Np/m
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VISCOSITY: 2.09 cP

SEPARATION - cm
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