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Theoretical and experimental investigation of acoustic streaming in a porous material
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An experimental and theoretical investigation of the influence of high-frequency acoustic waves on the flow
of a liquid through a porous material has been made. Particular attention was paid to the phenomenon of
acoustic streaming of the liquid in the porous material due to the damping of the acoustic waves. The experi-
ments were performed on Berea sandstone cores. Two acoustic horns were used with frequencies of 20 and 40
kHz, and with maximum power output of 2 and 0.7 kW, respectively. A high external pressure was applied in
order to avoid cavitation. A microphone was used to measure the damping of the waves in the porous material
and also temperature and pressure measurements in the flowing liquid inside the cores were carried out. To
model the acoustic streaming effect Darcy’s law was extended with a source term representing the momentum
transfer from the acoustic waves to the liquid. The model predictions for the pressure distribution inside the
core under acoustic streaming conditions are in reasonable agreement with the experimental data.
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[. INTRODUCTION the liquid. A planar, traveling wave with intensityhas mo-
mentum
In earlier publicationgsee Refs[1] and[2]) we reported
about an experimental and theoretical investigation of the
influence of high-frequency acoustic waves on the flow of a
liquid through a porous material. The experiments were per-
formed on Berea sandstone cores. The reason for this type afherec is the velocity of sound in the medium in which the
sandstone is that next to a fundamental study we are alspave propagates. There is a relation between energy and
interested in an application of high-frequency acoustic wavesnomentum. While energy is dissipated into heat in the lig-
to clean the near well bore region of an oil reservoir, anduid, momentum is passed on to the liquid. This generates a
Berea sandstones are representative of the type of porouget steady flow away from the sound source. So even without
material in an oil reservoir. Two acoustic horns were used pressure drop over a core of porous material before the
with frequencies of 20 and 40 kHz, and with maximum acoustic source is switched on, the liquid inside the core will
power output of 2 and 0.7 kW, respectively. A high externalstart flowing after the source is switched on due to this mo-
pressure was applied in order to avoid cavitation. The acousnentum transfer. As the damping of high-frequency acoustic
tic waves were found to produce a significant effect on thevaves in a liquid inside a porous material is strong, also a
pressure gradient at constant liquid flow rate through the corstrong and measurable acoustic streaming effect may be ex-
samples: during the application of acoustic waves the pregpected in such a material. To investigate this effect we have
sure gradient inside the core decreased. This effect turned ooérried out streaming experiments in the experimental setup
to be due to the decrease of the liquid viscosity caused by amentioned above. During these experiments there was no
increase in liquid temperature as a result of the acoustic erpressure drop over the core before the acoustic horn was
ergy dissipation inside the porous material. Also a theoreticaswitched on. After the horn was put into action, the liquid
model was developed to calculate the dissipation effect ostarted to flow. Because of the liquid flow and the momen-
the viscosity and on the pressure gradient. The model predi¢um transfer from the acoustic wave a pressure profile devel-
tions were in reasonable agreement with the experimentalped inside the core as a function of time. This pressure
data. profile development was measured. Also a theoretical model
In this paper, we will report about another effect of high- was developed to predict the streaming effect on the devel-
frequency acoustic waves on the flow of a liquid through aopment of the pressure distribution inside the core. In this
porous material; viz. the streaming effect due to the dampingublication we report about this experimental and theoretical
of the acoustic waves. A traveling acoustic wave in a liquidinvestigation.
induces a net steady flow in the direction of its propagation.

|
MZEZ, (1

This effect can only occur when the wave is being attenu—' Il. DESCRIPTION OF THE EXPERIMENTS
ated. The phenomenon is called acoustic streaming and is
described in detail in the book by Lighthilsee Ref][3]). The experiments were carried out in the setup shown in

From a physical point of view acoustic streaming is due to aig. 1. The cores that were used for the experiments were
transfer of momentum from the traveling acoustic wave tocylindrically shaped Berea sandstone samples. The length of
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the cores was 20 cm and the diameter 7.62 cm. The porosity
was about 0.25. The initial permeability was 100-300 g, 2. An example of the three pressure drops evolution during
mdarcy for all samples. During an experiment a core Washe sonification time.

placed in a rubber sleeve to keep it fixed during the experi-

ment. It was then placed in a steel vessel in which down-hole (1) The core was flushed with GQo expel all the air in
reservoir conditions were simulate@dip to 150 bars and the porous material. The gas flow was kept on for several
100 °Q. An acoustic horn was placed at one end of the coreminutes.

(see Fig. 1 The high pressure in the vessel made it possible (2) After the gas flow was stopped, a constant flow rate of
to avoid cavitation(for pressures lower than 100 bars the brine was started. The high pressure ensured that all the CO
influence of cavitation becomes noticeabl€he space be- dissolved into the brine. Brine instead of water was used in
tween the vessel and sleeve, which was filled with water, wasrder to avoid the generation of fine clay particles inside the
pressurized to 180 bars to make the rubber sleeve completetyore sample by the swelling of claifor more details see
seal off. Khilar and Foglel{4]).

There were four pressure measurements, two along the (3) The flow rate was increased up to the maximum value
core(at 2.54 and 10.70 cjrand two at both ends of the core that the pump could deliver to detach and remove possible
(see Fig. 1 dP4 is the pressure drop over the first part of thefines that were present in the core sample.
core sampledP, is the pressure drop over the middle part, During a streaming experiment we set the initial tempera-
anddP is the total pressure drop over the core. The pressurure in the cell, the pore pressurpy(,9, and the confining
drop over the third pard P; can be calculated in the follow- pressure f.,n). The two ends of the core were connected
ing way:dP;=dP.— (dP;+dP,). To measure the tempera- via a pipe(see Fig. 1, so no external pressure drop over the
ture at two locations in the cof@, andT,) we installed two  core was applied. This means that the pressure distribution
thermocouples at the sidewall of the porous medium, througinside the core was uniform before the acoustic horn was
the rubber sleevésee Fig. 1 Also the temperature in front switched on. After the acoustic horn was switched on we
and at the backT) of the core could be measured. The datameasured the pressure profile inside the core as a function of
were sent to a digital data recorder and processed on a cortime by measuring the pressure development at the front and
puter. back side of the core and at the two points inside the core.

The ultrasonic equipment consisted @) a converter, The development of this pressure profile is due to the acous-
which converts electricity into mechanical vibrations of atic streaming phenomenon: the transfer of momentum from
piezoelectric elemen{2) an amplifier, which is used to set the acoustic wave to the liquid. Also the temperatures at the
the amplitude of the vibrations; an@) an ultrasonic horn, two points inside the corél; andT,) and at the backT,,)
which concentrates the mechanical vibrations onto the fromvere measured as functions of time. The temperature change
side of the core sample. Two acoustic horns were applied: B due to the dissipation of the acoustic wave. Some typical
Branson Module PGA 22@a 20 kHz horn with maximum results that we got during these experiments are given in Fig.
power output of 2 kWWand a Branson Module PGA 47@ 2 (where the pressure drop evolution over the three parts of
40 kHz horn with maximum power output of 0.7 KWThe  the core is shownand in Fig. 3(where the temperature
power output could be selected as a percentage of the maxvolution of T, T,, and T, is shown. Calculations show
mum. that the temperature profile in a cross section of the core is

A microphone was placed at the end side of the core. lalmost uniform. In Fig. 2 two discontinuities are present in
was used to measure the amplitude of the acoustic signghe pressure drop profile: one at 25 sec which corresponds to
after passage through the core. In this way the damping ahe switching on of the horn, the second at 230 sec which
the signal was determined during the experiments. corresponds to the switching off. Further discussion of the

A new core was used for each new series of experimentsesults will be given in the section on experimental results.
Before performing experiments, the following steps wereDuring the experiments the temperature at the back side of
taken. the core sample remained nearly const@ee Fig. 3. The
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reason is that the fast wave has almost completely dissipated

gzrigleergy inside the core before it reaches the end of the COherel fast0 @Nd 1 g0 0 @re the initial valuegat the front end

of the corg of the intensities of the fast wave and slow wave,
which are transmitted in the porous material as a result of the
IIl. THEORETICAL MODEL incident acoustic wave at the front end of the core caused by

. . - ._the acoustic horn. There is no transmitted shear wave as the
The influence of the acoustic wave on the liquid flow is. ~. : : .
) . . ncident acoustic wave is perpendicular to the porous mate-
modeled via a source term in the momentum equation and ip X ) o
X : rial surface at the front end. The intensity of the incident

the energy equation. The source term in the momentum : L
) acoustic wave has been measured. To calculate the initial
equation represents the transfer of momentum from the wave . .
values of the intensity of the fast and the slow waves from

to the liquid, anq the source term in the energy equatloqhe incident wave we used a calculation procedure proposed
represents the dissipation of acoustic energy into heat. Thg

flow is assumed to be incompressible. Moreover, the distri- y Wu Xue, and Adlef7]. In Appendix B this calculation

. I . rocedure is explained. As is well known, there is a strong
bution of the pressure and velocity in a cross section of th ; ;
. . . damping of the transmitted fast wave and a very strong
core is assumed to be uniform. So the model equations ar . . )
; ! : : . amping of the transmitted slow wave. These damping coef-
one dimensional witkx as the axial coordinate.

- . . ficients are given by, and agoy- (@ast IS also dependent
The continuity equation can then be written as on the temperaturd.) The determination of the damping
coefficients will be discussed later.
—=0, ) For the determination ofi(T) and as,s(T) we need the
X temperature distribution inside the core. To that purpose we
solve the temperature equation

Jv

wherev is the superficial velocity of the liquid.
For the momentum equation we use the Darcy equation s

extended with a time-dependent term and with a source term _

representing the momenF'zum transfer. For the source term we (épiCit (1= d)ppCp) gt TPier oy =\ x> * Stnerm:

assume, only a fractiofequal to the porosityof the acoustic (6)

momentum is given to the liquid. The remaining part goes to

the solid. In this way, the momentum equation is given by

aT T

in which c; is the specific heat for the liquid,, is the spe-
cific heat for the solidp, is the solid density) is the ther-
pi ’9_”: _ a_p_ #(T) v+S, 3) mal conductivity of saturated rock, ar®em is the source
¢ dt ax K o’ term due to the acoustic energy dissipation. For the thermal
conductivity of saturated sandstone we used the results pub-
in which p; is the fluid densityp is the pressureg is the lished by Khan and Fatf8]. They measured the thermal
porosity, andK is the permeabilityu(T) is the viscosity, conductivity for a temperature up to 80 °C and a pressure up
which is dependent on temperatufeThis temperature de- to 125 bars. We took the heat conductivity into account, as
pendence has been taken from the book by Zaytsevan ande expected that at low velocities the heat transfer due to
AseyeVv[5]. Syomis the rate of momentum transfer from the conduction can be important. In E@), we did not include a
acoustic waves to the liquid. It can be written as term representing the heat transfer from the core sample via
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FIG. 4. Output signal as a function of core length. Symbols refer
to the percentage of the power input. The Berea sandstone core is FIG. 5. Damping coefficient as function of temperature. The
saturated with 2% KCI brine. Frequency 40 kHz, permeability 140Berea sandstone core is saturated with 2% KClI brine. Frequency 40
mdarcy,T=20°C, Ppore= 120 bars, ang o= 185 bars. kHz, permeability 140 mdarcy,pyoe=120bars, and pegn
=185 bars.
the sidewall and the rubber sleeve to the water in the sur- ) ) ]
rounding vessel. However, the heat conductivity of the rubsured the damping as a function of the core length with the
ber sleeve is very small and the heat loss to the water i8id of the microphone. Each set of points could be interpo-
(according to our calculatigrtherefore negligible compared lated by means of an exponential curve. In this way, the

to the convective heat transfer. The source term can be wridamping coefficient was determined. Six different power
ten as outputs of the acoustic horn were used. For each power out-

put, we measured as mentioned the damping coefficient on

0 o Det T, 4 | Slow Y cores of three diffe_rent Iength_s, viz. 5, 11, and _16 cm. As th_e

Stherm= - [0 (1— et TX) +15°%(1 — e~ 2siow¥) ], microphone was fixed at a distance of 20 cm in the experi-
7) mental setup, we extended, for each core length, the core

with an additional part made of a plastic materigkek in

The following boundary conditions are applied. such a way that the total core was always 20 cm. The acous-
(1) The flow resistance of the connecting pipe between théic damping in the Peek is negligible. We measured the
front side and the back side of the core is very low andacoustic intensity at the end of the total core length. The
therefore, the pressures at the two sides were chosen to besults are presented in Fig. 4, where we have plotted, in a
equal. logarithmic scale, the ratio between the intensity of the at-
(2) The temperature at the front and at back side ardenuated wave and the input intensity as function of the po-
known functions of time: these temperatures were measuregition inside the core. For cores with a length of 16 cm the
with the thermocouples placed in front and at the back of thélamping of the acoustic wave is almost complete at the back

core. side of the core. So the intensity of the wave reflected at the
Afinite difference code was written to solve the equationsback is very small and can be therefore neglected. According
discussed in this section. to our measurements this is still true for shorter core samples

with a length of 11 cm. However, for the shortest core
samples with a length of 5 cm the damping of the acoustic
wave is not complete and therefore the intensity of the re-
As mentioned, the incident acoustic wave is split in theflected wave is significant. We have not compensated for this
porous material into a slow wave and a fast wave. The dampeffect by including the reflection of the wave at the back
ing of the slow wave is very strong and is known accordingside. In our opinion this is the cause for thrather small
to Biot’s theory. In Appendix A a brief review of Biot's scatter of our measured pointx&5 cm in Fig. 4. As can be
theory and the calculation of damping coefficient are givenseen from Fig. 4 this scatter is no longer presext=all and
However, the damping of the fast wave is much more diffi-at x=16 cm, as explained above.
cult to predict. Biot's theon}6] predicts a damping coeffi- The damping coefficient depends, for instance, on the vis-
cient for the fast wave which is too low for many materials. cosity of the liquid. As the viscosity is temperature depen-
To the best of our knowledge, no models are available thatlent, also the damping coefficient is dependent on the tem-
can reliably predict the damping coefficient for the fast wave perature. Therefore the measurement of the damping
This is the reason why we decided to determine this dampingoefficient was carried out at different temperatures. In Fig. 5
coefficient for our cores experimentally. In order to measureve show the result. The damping coefficient decreases
the attenuation we used cores of different lengths and meaguickly with increasing temperature.

IV. MEASUREMENT OF DAMPING COEFFICIENT
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Two series of experiments have been carried out: one us-£ - <
ing the 20 kHz horn and one using 40 kHz horn. The results | - 7===- Grmrmimimmmm T

are summarized below. 100 i

A. Experiments with 40 kHz horn 200 s . ‘

It turned out that the 40 kHz horn had a too low power b) x {cm)
output (max. 0.7 kW to cause measurable changes in the
pressure distribution inside the core. However, there was a FIG. 7. Pressure and temperature profiles inside the core as
measurable influence on the temperature distribution. A typifunctions of position plotted at three different times. Both experi-
cal result is shown in Fig. 6. As can be seen the agreememtental data and theoretical results are shown. The Berea sandstone
between experimental data and model predictions is reasorere is saturated with 2% KCI brine. Frequency 20 kHz, permeabil-
ably good. ity 270 mdarcy,ppore= 120 bars,pgon= 185 bars, and power input

250 W.

B. Experiments with 20 kHz horn acoustic wave to the liquid. According to E(B) this mo-

The power outpuimax. 2 kW of the 20 kHz horn is mentum transfer is used for the pressure buildup, but also for
sufficiently large to cause a measurable effect on the pressuovercoming the viscous friction of the liquid flow and for the
distribution inside the core due to acoustic streaming. Annegligible inertia increase of the flowing liquid. The experi-
example of the comparison between model predictions anchents show a pressure increase at the end side of the core.
experimental data is given in Figs. 7—13. As can be seen th€his is necessary for overcoming the viscous friction of the
agreement is certainly not perfect. However, the order ofiquid flow in the connecting pipe between the end side and
magnitude of the pressure distribution inside the core due tthe front side of the core. This effect is not incorporated in
streaming and also its development as function of time ishe model, as we assumed the friction of the connecting pipe
very reasonable. From a comparison of the results shown ito be negligible. It is important to realize that at places with
Figs. 7—13, the strong relation between the intensity of thestrong damping of the acoustic wae front part of the
sound wave and the induced pressure and temperatuoere there is a large momentum transfer from the acoustic
changes can be seen. For the cases of minimum and maxirave to the fluid. This causes a very significant initial pres-
mum power output we also show in Figgayand 13a) the  sure increase at the front end of the c¢see Figs. 7—-13
measured and calculated temperature distribution inside thEhe relative decrease in pressure at the front end at later
core. As can be seen, the agreement is rather good. times is caused by the temperature increase with time, which

At the front part of the core there is a strong pressurestrongly influences the viscosity and the damping coefficient.
buildup. This is due to the momentum transfer from theThese effects are well captured by our theoretical model.
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FIG. 8. Pressure profile inside the core as function of position FIG. 10. Pressure profile inside the core as function of position
plotted at three different times. Both experimental data and theoreilotted at three different times. Both experimental data and theoret-
ical results are shown. The Berea sandstone core is saturated wiitel results are shown. The Berea sandstone core is saturated with
2% KClI brine. Frequency 20 kHz, permeability 270 mdangy,e 2% KCI brine. Frequency 20 kHz, permeability 270 mdangyye
=120 bars,pon= 185 bars, and power input 300 W. =120 bars,pon= 185 bars, and power input 375 W.

VI. CONCLUSION effect is rather weak. The pressure change due to acoustic
streaming is much smaller than the pressure drop over the
In this paper we have shown experimentally that a meagore resulting from a flow through the core at a typiail
surable acoustic Streaming effect due to the diSSipation qfeservoi) flow rate of 75 ml/min. So during a practica' ap-
(high energy and high-frequencgcoustic waves can occur piication of high-frequency acoustic waves to clean the near
in a liquid inside a porous material. We measured the evolupell bore region of an oil reservoir the streaming effect is

tion of the pressure distribution in the liquid due to the mo-jikely not relevant. However, from a scientific point of view
mentum transfer from the acoustic waves to the liquid. Alsothe effect is very interesting.

the evolution of the temperature of the liquid due to the

dissipation of acoustic energy was experimentally deter-

mined. The measurements were in reasonable agreement ACKNOWLEDGMENTS

with model predictions based on an extension of the Darcy \we wish to thank Dr. D.M.J. Smeulders and De M.E.H.

equation. Although the pressure changes due to acoustig,n pongen for many discussions and suggestions they made
streaming are measurable, it has to be kept in mind that thg, improve this work.
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FIG. 9. Pressure profile inside the core as function of position FIG. 11. Pressure profile inside the core as function of position
plotted at three different times. Both experimental data and theorefplotted at three different times. Both experimental data and theoret-
ical results are shown. The Berea sandstone core is saturated wiital results are shown. The Berea sandstone core is saturated with
2% KCI brine. Frequency 20 kHz, permeability 270 mdangy,e 2% KCI brine. Frequency 20 kHz, permeability 270 mdangyse
=120 bars,pon= 185 bars, and power input 350 W. =120 bars,pon= 185 bars, and power input 400 W.
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APPENDIX A: BRIEF REVIEW OF BIOT'S THEORY AND
THE CALCULATION OF DAMPING COEFFICIENT

[

[=1

(=]
T

Biot's theory allows one to calculate the velocity and the
damping of acoustic elastic waves traveling through a porous

Pressure drop (Pa)
8

material. In this appendix, we will give a brief review of this L R PSR g
theory (simplified to the one-dimensional caséntroducing S L
the averaged velocity of the solidys, and the averaged 100l B o i
velocity of the fluid,ws (the relation betweew; andv in- *
troduced in Sec. lll iz = ¢wys), the one-dimensional mass
conservation laws for the solid and fluid phases in a porous 2% 5 10 15 20
medium can be written as (b) x (cm)
d d FIG. 13. Pressure and temperature profiles inside the core as
ﬁ(l_ P)pst (7)((1_ $)psws=0, (A1) function of position plotted at t?lree diﬁeﬁent times. Both experi-

mental data and theoretical results are shown. The Berea sandstone

9 core is saturated with 2% KCI brine. Frequency 20 kHz, permeabil-
r dpi+ x ¢piwW;=0, (A2) ity 270 mdarcy,ppoe= 120 bars,pcqn= 185 bars, and power input
500 W.
whered is the porosity, an@; andp, are the densities of the 149 14
fluid and solid, respectively. Linearization of Eq&1) and e P 7p’ (A6)
(A2) yields pt dt Ky dt
aps d¢p AW whereK; is the bulk modulus of the pore fluid.
(1=¢) = ps - H(1=d)ps——=0, (A3 The linearized momentum equations for the solid and the
fluid are given by
aps d IWs
b it =0 (Ad)

W  do ap
(A=d)ps == 5 —(1=d) 7 —F, (A7)

Assuming that the grains are incompressible, a combination
of Egs.(A3) and (A4) yields the so-called storage equation, IW¢ p
15 (A3) and(Ad)y 9° i == b (A8)
1op 1-¢dws dws

K—fEJr ) ax+ax 0, (A5)

where we introduced the intergranular stresgnegative in
tension), and the interaction forcé, between the solid and
where we used the constitutive relation for the pore fluid the fluid phases. A detailed expression fQrwill be given
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later. We finally close the system of equations by means of TABLE I. Parameters used for the calculation of the wave prop-
Hooke’s law, relating the stress and the strain in the solicerties.

material
Parameter Value
Jdo OWg o 12 2
—=—Ky—, (A9) Permeability 0.197410 “m
at 24 Porosity 25%
where K, is the constrained moduluglefined ask +2u, Kp 36.1 GPa
with X\ and u the Lameés coefficienty. Taking Fourier’s Ky 2.06_?Pa
transform of Eqs(A5)—(A9) with respect to both time and H 9.8x107" (Pas)
space and eliminating and o, we obtain Pt 1000 kg/mi
Ps 2640 kg/nt
. (1—¢)?] . ® 40 kHz
—(1— ) psw?We=—| K+ KfT Wek? . 53
M 1

—(1- p)KWik?—iwfy, (A10)

— pprw® W= — (1— ¢)KWek?— pK (k2 +iwfy .
(A11)

At this stage it is necessary to provide an explicit formula-
tion for fx. We have a precise definition due to the work of

Johnson, Koplik, and Dashégf]

f=b( @) (Ws—Wy) + (@ — 1) psi w(Wg—Wy),
(A12)

where we have introduced the tortuosity . The frequency
dependent friction force(w) is expressed as

b(w) B

\/1+1'M @
bo 2I w

)
Cc

(A13)

with bo=u¢?/Ky. K, is the stationary permeability/l is
the so-called similarity parameter, ang is the critical fre-
quency .= uop/Kopsa,,). Now solving Egs.(A1l) and
(A12) we arrive at the dispersion relation

dy?+dyp+dy=0, (A14)
in which different quantities are defined by
d,=PR-Q?
d;=—(Pp22t+Rp11—2Qp11—2Qp1)
ib(w)
+ a0 (P+R+2Q),

, ib(w)

do=p11p20— P17 w

(1-¢)?
%
Q=(1-¢)Kj,

R= ¢Kf '

P=K,+K;

(A15)

p12= —(a.—1)dps,

p11=(1—d)ps—p12,

p22= dPt— P12,

k 1/2
(4"
Since the frequency is known, from E@A14) we can cal-
culate the wave numbdk) and then the velocity and the
damping coefficient of the two waves. For instance, using the

parameters given in Table | we derive the wave velocities
and damping coefficients given in Table II.

APPENDIX B: CALCULATION OF TRANSMITTED FAST
AND SLOW WAVES ACCORDING TO WU, XUE,
AND ADLER [7]

Wu, Xue, and Adlef7] developed a calculation procedure
to deal with the problem of the transmission and reflection of
acoustic waves at the interface between a fluid and a porous
material. The transmitted and reflected intensities are calcu-
lated by using the Poynting energy flux vector. We simplify
the problem to the case of waves propagating perpendicular
to the interface; in that case the shear wave is absent. If we
introduce the potentialgh, and ¢_ of the fast and slow
wave (we will use the subscript- and — pointing, respec-
tively, to fast and slow wave propertiesve can write the
displacementsfor the free fluid,U"’, the fluid in the porous
medium,U, and the solid material)) as

d
L

TABLE Il. Wave velocities and damping coefficient.

Parameter Value
Ctast 4833.6 m/s
Cslow 658.4 m/s
Qgast 0.28mt
Csiow 1823 m?
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_dé, do 82 $i=(e "+ A)e o,
~d dx . _
- ¢, =B e el (B10)
de do_ o
= — - _=B_ ly_X ot
u G, dx G_ I (B3) 1) e e 'Yy

where the amplitude of the incident wave is taken equal to

where the coefficient&.. _ are given by unity. A is the amplitude of the reflected wave aBd and

c2 —p B_ are the amplitudes of the transmitted waves. In addition
+,-P11
G, =7—"+, (B4)  we have
cy _p12—Q
N yf2= w?IV2,
wherec, _ are the velocities of the fast and slow waves. We
can now impose the following three boundary conditions Vi=(K¢/pp) Y2,
valid for the case of an open pore boundary condition. (B11)
(1) Continuity of normal stress, vi=wlC,,
du du du’ _
_ k- y_=wlC_.
(P+Q)dx+(Q+R) dx K; a7 0. (B5)
If we now substitute the Eq9B1)—(B4) and (B10) and
(2) Conservation of fluid volume, (B11) in Egs.(B5)—(B7), we can determind, B, , andB_
, and then the displacements. For fast and slow waves, we
pU+(1-¢)ju=U". (B6)  derive the following result:

(3) Proportionality between discontinuity in pressure and

; e ; u=—iysd,—iy_-¢_,
relative velocities in porous medium,

Wl oM kMo @) A A (B12
dx " x| T dx T=[(QG, ~P+2N)w?c2 —2Ny2 ¢, +[(QG_~ P
We define the Poynting vector as +2N)w?c2 —2Ny2 1o,
P=-0.T-US, (B8) S=(RG, - Q)wc2 ¢, +(RG_—Q)w?c ¢ .

whereT is the stress tensor in the skeleton &id the strain
tensor. In one-dimensional case probléssumingz the di-
rection of propagation the Poynting vector can be simpli-
fied as

If we substitute Eqs(B12) in Eq. (B9) and take the absolute
value of the Poynting vector, we obtain the sound intensity of
the fast and slow waves in the fluid-saturated porous media,

_r(_ 47,3 2
P:_iw[iz(UT+US)]. (Bg) |+_[( 2Q+RG+)G++P](‘) /C+|¢+| ’ (813)
The displacement potential can now be written as |_=[(-2Q+RG_)G_+PJw*c?|$_|2.
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