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ABSTRACT. The purpose of this study is to present mathematical modeling of the acoustic properties of fluid-fluid interface in
porous medium in order to to identify fluid-fluid interfaces according to their different acoustic properties. Biot’s theory of acoustic
wave’s propagation in homogenous porous medium is used to calculate reflection and transmission coefficients of an interface in the
porous medium. It is found that these coefficients are sensitive to the frequency and the angle of the incident wave, which is regarded
as the significant acoustic property of fluid-fluid interfaces and of discontinuities of the porous medium. Acoustic properties of general
fluid-fluid interfaces or porous medium discontinuities are presented as series of plots of coefficient magnitude versus incident
frequency or angle. It is shown that there is significant acoustic difference between a fluid-fluid interface and a discontinuity of the
porous medium, which can be used to identify a fluid-fluid interface. Here, methods are designed to locate, identify a fluid-fluid
interface, and measure its shape, using reflection and/or transmission of waves.
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1. Introduction

One potential technique for investigating the location and
shape of the fluid-fluid interface in porous media is through
acoustic probing. This technique can be utilized for monitoring
various processes involving fluid displacement in porous media,
such as those observed during carbon dioxide (CO,) flooding
of oil reservoirs. In this proposed method, acoustic transducers
emit acoustic waves towards the fluid-fluid interface; while oth-
er transducers receive the reflected and transmitted acoustic en-
ergy.

Proper analysis of these transmitted and reflected signals
can be used to determine the location and shape of the fluid-
fluid interface and to distinguish it from other discontinuities
found in porous media, such as presence of faultsand variations
in spatial permeability. .

One of the applications of such technique can be during
CO, flooding operations, where CO, is injected into oil fields
for improving oil recovery and for the purpose of geological
storage of CO,. Injection of CO,in petroleum producing reser-
voirshashbeenaccepted asa viable approach to reduce emissions
of green house gases, such as CO,, into atmosphere. Figure 1
presents a schematic of carbon dioxide flooding process in oil
reservoirs. Here, carbon dioxide is injected from injection wells
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into the reservoir, where it comes into contact with oil in the re-
servoir and mobilizes the oil towards production wells. In the
reservoir, an interface between injected CO, and oil gets estab-
lished. This interface separates CO,-rich part of reservoir from
oil-rich region and moves from injection wells towards produc-
tion wells. It is of great importance to know the location and
the shape of this fluid-fluid interface in order to better control,
monitor, and manage the CO, flood.

Carbon dioxide Oil production
injection well well

Acoustic l
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Figure 1. CO,-flood for sequestration and enhanced oil
recovery (EOR).

Currently there are few techniques proposed for monitoring
CO;, in porous geological formations. Four-dimensional (4D)
(time-lapse), three-component (3C) (multi-component) seismic
is the most advanced technique used for this purpose (Benson
and Davis, 2000). The newly developed time-lapse seismology
can be used for determining reservoir property variations under
changing conditions. This is an effective method, but it is very



N. Y. Liu et al. / Journal of Environmental Informatics 15(1) 26-32 (2010)

costly to implement and time consuming. Another method pro-
posed for monitoring CO, in oil reservoirs is based on a techni-
que that has been developed initially for gas flooding. This me-
thod is based on utilizing neutron logs for computing two po-
rosities: the base true porosity determined before injecting CO,
and monitor-apparent neutron porosity determined after CO, in-
jection (Ruhovets, 1995). Another process proposed for moni-
toring movement of CO, in oil reservoirs is by injecting and
monitoring radioactive isotopes of CO, (Juprasert et al., 1999).
This method can provide general information about volume-
tric sweep efficiency of CO,, but the information obtained
from this method cannot be used for monitoring the shape and
location of the CO,-oil interface.

It is the objective of this paper to present a novel approach
for utilizing acoustic waves for monitoring the shape and loca-
tion of this interface. A theoretical analysis of suitability of ac-
oustic waves for this purpose is presented in this paper.

Here, a careful analysis and modeling of the propagation
of acoustic waves in porous media containing two different fl-
uids is presented, where Biot’s theory has been utilized to des-
cribe wave propagation in a porous media containing CO, and
oil.

2. Biot’s theory

The mathematical representation of Biot’s theory of wave
propagating in saturated porous media is presented as a system
of equations below (Biot, 1956, 1962a, b; Berryman, 1980;
Bourbie et al., 1987):

2 2
V-r=HCV(V~U)—,qu(VxU)+DV(V~W)=paa—lzj+ pfaa—VZV
t i t
(1a)
2 2
—Vp:DV(V~U)+MV(V-W)=p/-%+g%+b%—? (1b)

Definition of various variables in Equations (1a) and (1b)
is presented in the abbreviation section at the end of this paper.
Above set of equations have been utilized for describing the
propagation and reflection of waves in porous media saturated
by two different fluids as follows.

2.1. Model of Reflection and Transmission of a Wave at an
Interface

According to various studies when an incident wave enc-
ounters an interface, which can be a fluid-fluid interface in po-
rous medium or a parameter discontinuity of porous medium
itself, six types of waves will be generated (Santos et al., 1992;
Wuetal., 1990; Deresiewicz, 1960; Deresiewicz and Rice, 1962,
1964; Albert, 1993). These are reflected compressional type |
waves, compressional type Il waves, shear waves, transmitted
compressional type | waves and compressional type Il waves,
and their corresponding shear waves. Figure 2 shows a shema-
tic of reflection and transmission of an incident wave at an in-

terface.
Incident wave i Reflected type 11 wave r2
Reflected shear wave rs
/'Reﬂected type 1 waver1
= 4
Medium Q1
Medium Q2
Transmitted type | wave t1
\ = Transmitted shear wave ts
Transmitted 11 wave

'
Figure 2. Reflection and transmission model of acoustic
waves in porous media.

For each type of wave generated, there is a propagating

coefficient “¢”, which describes the waves velocity and attenua-
tion coefficient in a the form of a complex number. The complex
wave vector g of a compressional wave satisfies Equation 2,
where j is the imaginary unit:

(MH, - D")q" +[0"(2p,D~gH, - pM) + jobH 1¢" + &*(pg
-p;)— jw'pb=0 @
Solution of the above equation provides two physical meaning-
ful roots of ¢; and ¢,, as well as two negative imaginary part

corresponding to the type I and type Il compressional waves,
respectively.

Similarly, the complex wave vector ¢ of a shear wave satis-
fies the equation below:

®* ,02
g’ =—(p-—=L—) ©)]
u g-jblo

The physical meaningful root ¢, also has a negative imagi-

nary part. If 4 is defined as the angle of a wave and the y axis,
then:

o = qsinf (4a)
S = gcosh (4b)
According to Snell’s law, we have:

Oy = Oy = Oy = Gy = Oy = O = O ®)
Different subscripts indicate various types of waves as shown

in Figure 2. Furthermore, the reflection and transmission angles
can be calculated as:

0,., = arcsin(g;sinddq,,), m=r, t;n=1,2, s (6)
It worth mentioning that above equations and derivations
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are based on research reported by Wu et al. (1990). The chara-
cteristics of the porous medium and the fluids on both sides of
the fluid interface determine the relationship among these an-
gles. Figure 3 shows a representative example of how the refle-
ction and transmission angles vary as a function of the incident
angle.

90 Type | wave in Porous media + Gas P

- Type | wave in Porous media + Water e
Type Il wave in Porous media + Gas e .

- Type Il wave in Porous media + Watér

Shear wave in Porous media -t-/G/as
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Incident Angles of Type Il Wave (dgree)

Figure 3. Reflection and transmission angles vary with the
incident angle.

3. Identifation of the Fluid-fluid Interface

Acoustic reflections and transmissions are affected by ph-
ysical discontinuities in the porous medium, as well as the fluid-
fluid interfaces. Therefore, it is important to be able to distin-
guish porous media discontinuities from a genuine fluid-fluid
interface. In this part, it has been demonstrated that the acoustic
characteristics of a fluid-fluid interface are different from those
of a porous medium discontinuity. Hence, acoustic waves can
be utilized for identifying the fluid-fluid interface in reservoirs
regardless of the presence of heterogeneities in the porous me-
dia.

3.1. Calculation of reflection and transmission coefficients
at a linear interface

Let us consider a plane interface, I, at z = 0, which sepa-
rates two regions of fluid-saturated porous media, 2, and Q,
(as seen in Figure 2). The boundary conditions at the interface
I are:

v®=u® (7a)
U® =y® (7b)
0 = (70
o) =7 (7d)
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p?=p? (7e)
W(l) W(Z) (7f)

From the boundary conditions above, the reflection and trans-
mission coefficients are calculated as (Wu et al., 1990):

C=F/R ©)

C is defined as reflection and transmission coefficient vector
[ErI: ErZ) Ers: Etl’ EtZ) Etx]' R IS g|Ven by

o @ By —ay
B B2 ~%rs —Pa
R %1 G2 “Ops —On
arlﬁrl:u(l) arZﬂrZ/u(l) (ﬂrzs - arzs),u(l) 12 —atlﬁtlﬂ(z)
01 01 0 —On
L Bara B2rr2 ~QsYrs —Bara
a4, - B, ]
- ﬂtZ Qs
DG o ©
~0, B 1P (B -al)u® 12
- 5;2 0
—Bave a7 ]

where ,,,, o,,, and d,,, are given by:

Vo= (000" ~qr, HO) g, DO = pP®) ,n =1, 2 (10a)

Y =(pP0" =2 H)(g2D? - pP&*) ,n =1, 2 (10b)

V= - pP0?) pP o’ (10c)
Ve =W = pP0*) pP e’ (10d)
o, =-H"q,-DVy,, +2ua, ,n=12 (10e)

=-H®q, -DPqy, +2uPal n=12 (10f)
8, =DV + MYy, )q’ n=12 (109)
5,=(D®+MPy Y%, n=12 (10h)
o,=2u"p, (10i)
o, =21%p, (10k)
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2 2 2
=g, — o, and real-

rn

where B,, (n = 1, 2, s) are obtained from

(Bw) <0; By (n = 1, 2, s) are obtained from B2 =¢> —a?, and

n

real(8,,) < 0. If a compressional wave is the incident wave,

F; = [-a;, B -0, 'az}giﬂw, -0;, -Bivid " (113)

If a shear wave is the incident wave,
Fi=[-f, o 0, - (,B,Z - a,-z) :u(l)/ZJ 0, ‘aiVL'/T- (11b)

In Equations (11a) and (11b), 6; = 6,4, 6; = O ¥i = Py IN
which n is determined by the type of the incident wave.

3.2. Investigating the Discontinuity of porous media with
an incident shear wave

From Equation (3) of a complex wave vector of a shear
wave, it is observed that g, is only related to parameter S, ¢, &
of the porous medium. Equations (10c) to (10k) indicate that
O Bonss Yms» Oms (m = 1; £) are also independent of the parameters
of the porous medium except for S, ¢, k.

If we assume the porous medium coefficients S, ¢, k of Q,
are equal to those of Q,, as well as the fluid in Q; and Q, are
the same g,; of Q; is always equal to g, of Q,. In this situation,
if we apply a shear wave as the incident wave, we can observe
the vector F; is equal to column 6 of R. Under these conditions,
the reflection and transmission coefficients will be:

C = Fl/R = [E,.], E)‘Z) EVS) Eﬂ, EtZ) E,S] = [0, 0, 0, 0, 0, ]] (12)

This result means that discontinuities of the porous med-
ium do not affect the propagating of an incident shear wave,
and no new reflection or transmission waves will be produced
in this situation.

On the other hand, when a shear wave encounters a fluid-
fluid interface, reflection and transmission waves are produced
as modeled in Figure 2. It can be concluded that a shear wave
as the incident wave can be used to discriminate fluid-fluid in-
terfaces from discontinuities of the porous medium, such as va-
riations in permeability or presence of faults.

3.3. ldentification of the fluid-fluid interface using
reflection and transmission coefficient at curve interface

It is found that the acoustic characteristics of a fluid-fluid
interface and a discontinuity of porous medium are acoustically
different. This difference is observed from amplitude vs. frequ-
ency or amplitude vs. incident-angle plots shown in Figures 4
and 5. In Figure 4, the porous medium is homogeneous in Q,
and Q,, while there is a fluid-fluid interface of gas and oil be-
tween Q, and Q,. In Figure 5, the fluid is homogenous in Q;,
and Q,, while there is permeability discontinuity in the porous
medium between Q; and Q.. In Figures 4 and 5, acoustic pro-
perties of the fluid-fluid interface and the porous medium dis-
continuity are compared when the incident wave is a compres-

sional type Il wave and the incident angle is changing. In these
two figures, the amplitudes of all reflected and transmitted wa-
ves are shown. It is observed that the amplitude curves related
to fluid-fluid interface are significantly different from those ge-
nerated by a porous medium discontinuity. The acoustic proper-
ties described by these figures help identify the fluid-fluid inter-
face.

1.8 Transmitted type | wave
———- Reflected type | wave

16 - Transmitted type Il wave,
—-=-= Reflected type Il wave

14 —&— Transmitted shear wave

—»— Reflected shear wave

Amplitude (voltage)

0 10 20 30 40 50 60 70 80 90
Incident Angle of Type Il Wave (dgree)

Figure 4. Reflection and transmission amplitudes related to
fluid-fluid interface varying with the incident angle.
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Figure 5. Reflection and transmission amplitudes related to
porous medium discontinuity varying with the incident angle.

Similarly, in Figures 6 and 7, the acoustic properties of a
fluid-fluid interface and a porous medium discontinuity are co-
mpared when the incident wave is a shear wave and its frequ-
ency ischanging. The X-axis in these figures sweeps the frequ-
ency range from OHz to over | MHz. This covers a very broad
range of frequencies. Once again, it is found that the amplitude
curves related to fluid-fluid interface are distinguishable from
those related to a porous medium discontinuity. The acoustic
properties described by these figures of amplitude vs. frequen-
cy help identify the fluid-fluid interface.

Because the physical properties of porous medium and fl-
uids are known, the acoustic characteristics of fluid-fluid inter-
face can be studied in advance. The acoustic characteristics of
an unknown interface are investigated with acoustic methods,
and compared with those of the fluid-fluid interface in order to
determine whether it is a fluid-fluid interface.
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Figure 6. Reflection and transmission amplitudes related to
fluid-fluid interface varying with the incident frequency.
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Figure 7. Reflection and transmission amplitudes related to
porous medium varying with the incident frequency.

4. Locating the interface

When a fluid-fluid interface in porous medium is identifi-
ed, it can be located by using reflected waves or transmitted
waves. Here, the methodology for determining the location of
both linear and curved interfaces is presented.

4.1. Proposed approach to locate a vertical fluid-fluid
interface

A vertical line fluid-fluid interface is an idealized and sim-
plified example of this problem. It is assumed that the interfa-
ce is parallel to the walls of the well, as shown in Figure 8.

When transmitted waves are used to locate the interface,
the time of flight of the wave is measured as it is emitted by the
transducer in one well and received by the second transducer
at the second well. Based on this description, Equation 13 is
constructed, in which the time of flight ¢, the velocities of wave
in porous media v;, v,, the distance of two wells d are known,
while the position of the interface x is the unknown. When this
equation is solved, the distance between the well and the inter-

30

face is obtained. Distance d can be calculated with the similar
method when the reflected wave is used:

U= x_, (13)

Y V2

well fluid-fluid interface  well

transducer

transducer |

transducer

fluid-fluid interface ls

transducer
0|

normal

Figure 9. Determine the curved fluid-fluid interface d.

4.2. Proposed approach to locating a curved fluid-fluid
interface

In most practical situations, however, the interface is typi-
cally curved, see Figure 9. Under these conditions, 6; and x are
unknown variables, while d is measured directly. The value of
H can be obtained if we monitor the transmitted wave while mo-
ving the receiver along the second well. With geometrical rela-
tion of 4 and x, and with the relationship of the distance, velo-
cities and flight time of waves, a system of Equation (14a) is
constructed. If the acoustic properties of the fluid-fluid interfa-
ce are studied in advance, the relation between 6, and 6, can be
described with a plot like Figure 3. From Figure 9, [ is a func-
tion of 8, 6, and x, while 6, is a function of 6, hence/ is a func-
tion of ; and x. Here, the system of equations can be rewritten
in the form of Equation (14b), which includes only two
unknown variables: x and ;. When the system of equations
(14b) is solved, both x and 6; are obtained. When a series of x
and 6, are obtained along the interface, the location and the
shape of the front can be determined.
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" 156-0)
x| (14a)
+—=t
{ﬁ(m) =0 (14b)
.fz(x101) =0

5. Conclusions

From the Biot’s theory of acoustic wave propagating in fl-
uid saturated porous medium, there are total of six waves gene-
rated at a fluid-fluid interface as reflected waves and transmit-
ted waves. These waves can be used to locate the interface and
to determine its shape.

The difference of acoustic characteristics is clearly distin-
guishable between a fluid-fluid interface and discontinuity of
porous medium. This can be used to identify a fluid-fluid inter-
face from discontinuities of porous medium. The locationand
shape of a fluid-fluid interface can be measured with reflected
or transmitted waves.

The method presented in this paper has a great potential to
support development of an acoustic wave system for monitor-
ing the fluid-fluid interface in reservoirs under CO, flooding
conditions.

List of Symbols

U = Averaged displacement vector of the solid part of the
medium;

U, = Averaged displacement vector of the fluid part of the
medium;

W = Averaged relative fluid displacement per unit volume
of bulk material;

) = Porosity of the solid;

n = Shear modulus of the bulk material, considered to be

equal to the shear modulus of the solid matrix;
7., 7, = Elements of total stress tensor matrix;
E.,. = Reflection or transmission coefficient;

K = Bulk modulus of the solid grain;

K, = Bulk modulus of the saturant fluid;

K, = Bulk modulus of the solid matrix;

K, = Bulk modulus of the saturated solid;

Ae = Lamé constant of the saturated solid;

Ds = Mass density of the solid grains;

Pr = Mass density of the fluid;

P = Mass density of the bulk material;

g = Mass coupling coefficients between the solid and fluid
phases;

b =Viscous coupling coefficients between the solid and fl-

uid phases;
S = Structure factor;

u = Fluid viscosity;

k = Solid (rock) permeability;

P = Fluid pressure;

q = Wave propagation index;

® = Phase velocity of the acoustic wave;

0 = Wave’s angle from the normal;

N = Complex wave vector;

C = Concentration of fluid,;

v = Local fluid velocity;

D = KK(K, - K,)[[KAK; - K,)*Kp(K - K)];
M =K’KI[K(K, - K,) + K@K, - K)];

H. =1.+2u
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