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Abstract: The seismoelectric effect is the fundamental basis for seismoelectric logging. Most of
the existing theories for the seismoelectric effect are based on the Pride theory, which adopts the
assumption of a thin electric double layer and uses the volume-averaging method to derive the
seismoelectric coupling equations; hence, the obtained electrokinetic coupling coefficient is not
applicable to large-Debye-length cases. In addition, the Pride theory neglects the change in seepage
velocity with the radial position of the pore when calculating the streaming current, which leads
to an inaccurate reflection of the influence of pore size on the electrokinetic coupling coefficient. In
this study, we proposed a flux-averaging method to solve the effective net residual charge density of
porous media and further derived the electrokinetic coupling coefficient expressed by the effective
net residual charge density. We also investigated the effect of formation parameters and compared
the results with those calculated using the Pride theory. Since the proposed method is not limited
by the thin electric double layer assumption, it is suitable for both small- and large-Debye-length
cases. Moreover, we also carried out flume experiments to investigate the influence of salinity, where
both thin and thick electric double layer cases were studied. The comparison between the results of
the experiment and simulation verified the correctness of the proposed method. Furthermore, the
proposed method took into account the variation in seepage velocity with pore location when solving
for the streaming current; therefore, the influence of the pore size on the electrokinetic coefficient can
be described more accurately.

Keywords: seismoelectric effect; flux-averaging method; effective net residual charge density;
electrokinetic coupling coefficient

1. Introduction

There is an electric double layer at the solid-liquid interface in a porous medium, and
there are excess cations in the pore fluid. When an acoustic field propagates in a porous
medium, it will drive the movement of the excess cations in the pore, thus exciting an
electromagnetic field; this phenomenon is the seismoelectric effect in a porous medium.

There were many studies on the seismoelectric effect in porous media. In 1944, Frenkel
first proposed the coupling equations of the seismoelectric effect in porous media [1], but
this theory has some limitations: it ignores the influence of solid skeleton acceleration on
the streaming current and suggests that only longitudinal waves can generate a streaming
potential. In 1953, Packard proposed the capillary pore model and studied the microscopic
mechanism of the seismoelectric effect [2]. However, he regarded the electromagnetic field
as a quasi-static field and used the current balance conduction, which is only applicable
when the acoustic field is steady. In 1956, Biot proposed the theoretical equations for the
acoustic field in porous media [3], which provided a theoretical basis for the study of the
acoustic field in porous media. In 1989, Pride and Morgan proposed the capillary model to
describe the microscopic mechanism of the seismoelectric effect [4], where their method is
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the same as that of [2]. In 1991, Pride and Morgan proposed a slit-like pore model to study
the “electro-viscous effect” [5] with the same theoretical approach as [2]. In 1994, Pride used
the volume-averaging method and combined Biot equations with Maxwell’s equations to
obtain equations that describe the seismoelectric field, and further derived the electrokinetic
coupling coefficient [6]. However, the Pride theory is based on the assumption of a thin
electric double layer and is not applicable when the salinity is too small. In 1996, Pride
and Haartsen derived the coupling function of a seismoelectric field in isotropic media and
the boundary conditions of the seismoelectric field at the interface of porous media [7]. In
1996, Bodapov studied the seismoelectric effect in saturated porous media under the action
of an electric field. In 1997, Haasrten and Pride carried out numerical simulations on the
seismoelectric effect of a layered medium excited by a point acoustic source based on the
equations proposed by Pride [8]. In 1999, Revil and Pezard et al. deduced the acoustoelectric
coupling equations and derived the expressions for the electrokinetic coupling coefficient,
electrical conductivity, and dynamic permeability [9,10], but their theory is based on the
assumption that the electromagnetic field is quasi-static; thus, the result is only suitable for
acoustoelectric conversion when the acoustic field is steady. Furthermore, the net residual
charge density is obtained by the volume-averaging method, resulting in the obtained
streaming current being inconsistent with the Pride theory. In 2005, Zhu et al. decoupled
the electric field from the acoustic field and carried out numerical simulations of the
seismoelectric field in a wellbore, but they treated the electromagnetic field as a quasi-static
field. In 2006, Haasrten and Pride carried out numerical simulations of arbitrary two-
dimensional heterogeneous porous media and investigated the resolution of seismoelectric
logging [11]. In 2013, Revil and Mahardika considered the influence of water saturation
in unsaturated porous media and provided a new expression of the streaming potential
coupling coefficient [12]. In recent years, most of the studies on the seismoelectric effect of
porous media were focused on the study of the coupling relationship of the seismoelectric
field in porous media containing multiple liquid phases [13-15]. The electric double layer
theory is also very important for the study of the seismoelectric effect. In 2001, Bohinc
and Kralj-Igli¢ et al. introduced two measures to describe the effective thickness of the
electrical double layer [16]. In 2002, Bohinc and Igli¢ et al. applied a simple statistical
mechanical approach to calculate the profile of the density of the number of particles
and the profile of the electrostatic potential of an electric double layer formed using a
charged cylindrical surface in contact with electrolyte solution [17]. In 2020, Drab and
Gongadze et al. derived the modified Langevin Poisson-Boltzmann (LPB) model of EDL
by minimizing the corresponding Helmholtz free energy function, which includes the
orientational entropy contribution of water dipoles [18].

The seismoelectric effect in porous media can be divided into two cases: (1) when
the acoustic field is steady, and therefore, the excited electric field is steady, then the
streaming current and conduction current in porous media are equal in amplitude and
opposite in direction, and the seismoelectric effect is determined using the streaming
potential coupling coefficient; (2) when the acoustic field is time-harmonic, and therefore,
the excited electromagnetic field is time-harmonic, then the current balance condition is no
longer satisfied, and thus, the seismoelectric effect cannot be described using the streaming
potential coupling coefficient. However, the existing theories do not distinguish between
the seismoelectric effects in these two cases [2,4,5,9,10] and are mainly based on the Pride
theory [7,8,11], which adopts the assumption of a thin electric double layer, and hence, it
is not applied in the low-salinity case. In addition, the Pride theory ignores the change
in seepage velocity with the radial position of the pore when calculating the streaming
current [6], which leads to the obtained results being unable to accurately reflect the effect
of the pore size.

In this study, we investigated the governing equation of the seismoelectric effect in
porous media, proposed the flux-averaging method to solve for the effective net residual
charge density of the porous media, and further derived the streaming potential coupling
coefficient in the steady case and the streaming current coupling coefficient in the time-
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harmonic case. We investigated the influence of formation parameters, such as the porosity,
pore fluid viscosity, and salinity, on the seismoelectric effect in the thin electric double
layer case and compared the results with those obtained using the Pride theory to verify
the effectiveness of the proposed method. The numerical results indicated that since the
proposed method was not limited by the condition of the thin electric double layer, the
obtained electrokinetic coupling coefficient could also be applied to the low-salinity case,
while the Pride theory could not. Moreover, we carried out flume experiments to investigate
the influence of salinity on the seismoelectric effect, and the results further demonstrated
the effectiveness of our method. In addition, the proposed method fully considered the
variation in seepage velocity with pore location when solving for the streaming current,
and thus, it can be more accurate for describing the influence of pore size on the coupling
coefficient.

2. Methods

In order to study the principle of the seismoelectric effect of porous media, we adopted
the parallel capillary bundle model of Ishido [19]. We assumed that all pores had the same
radius R, and there were 7 pores in a unit volume of porous media.

The model parameters used in this study are shown in Table 1.

Table 1. Model parameters.

Parameter Unit

¢ Porosity Dimensionless
k Static permeability D

C Streaming potential coupling coefficient (Pride theory) V/Pa
Co Streaming potential coupling coefficient (this study) V/Pa
Lw Streaming current coupling coefficient (Pride theory) A/Pa
Lg Streaming current coupling coefficient (this study) A/Pa
Koo Pore tortuosity Dimensionless
we Critical frequency rad/s

€ Permittivity F/m

G Shear potential \%

o) Conductivity S/m

d Debye length m

A Weighted body surface ratio m

nf Viscosity Pa-m

co Salinity mol/L

Some formation parameters of porous media can be expressed as follows.
Porosity:
¢ =ng R? @D

Static permeability:
k = (nortR*)/8 2

From the above, the pore size has the following relationship with porosity and permeability:

R = \/8k/¢ 3)

According to the Pride theory [6], when the acoustic field is steady, the streaming
potential coupling coefficient of the porous medium can be expressed as

C= - p1—24

1700 X) 4)
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where ¢ denotes the permittivity, ¢ denotes the shear potential, 77y denotes the pore fluid
viscosity, 0y denotes the electrical conductivity, d denotes the Debye length, A denotes the
weighted body surface ratio, and A is the pore radius for a cylindrical pore.

On the other hand, when the acoustic field is harmonic, the streaming current coupling
coefficient of porous media is correspondingly expressed as

2 2 _%
Lo(@) = Lot - i B -2y (1= #25) ] ©
_ g Ll
L=~ Le-2) ©)

where ao denotes the pore tortuosity, which was taken to be 1 in this study; w, denotes the
critical frequency:

we = 11/ (eeotcopy) @)

and m is a dimensionless parameter:
m= <pA2/txooK0 =38 (8)

The pore model is shown in Figure 1.
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Figure 1. Pore model.

There is an electric double layer at the solid-liquid interface of the pore, the pore
wall adsorbs negative ions, and the pore liquid contains residual cations. When there
is an acoustic field in the pore, it will drive the pore fluid to move, and the net residual
cations will move synchronously, thus stimulating the streaming current in the pore. The
streaming current excites an electric field in the opposite direction. When the acoustic
field is steady, it excites a steady current, which then excites a steady electric field. In this
situation, the conduction current and the streaming current are equal in size and opposite in
direction; this is the current balance condition. On the other hand, when the acoustic field
is time-harmonic, it excites a time-harmonic current, which then excites a time-harmonic
electromagnetic field. In this situation, the conduction current and streaming current are
opposite, but their amplitudes are not equal.

The Pride theory adopts the thin electric double layer hypothesis. In this situation, the
salinity is not too small, and thus, Debye length is used to estimate the thickness of the
electric double layer:

d = \/ekyT/(2e2N) 9)

where € denotes the dielectric constant, k; denotes the Boltzmann constant, T denotes the
Kelvin temperature, e denotes the electron charge, and N denotes the ion concentration
away from the electric double layer.

When the difference between the Debye length and the pore size is more than two orders
of magnitude, the electric double layer can be considered “thin”. When the Debye length is
comparable to the pore size, we call it a large Debye length.
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2.1. Seismoelectric Effect in the Steady Condition

When the acoustic field in the porous medium is a steady field, the electric field
excited by the seismoelectric effect is accordingly also a steady electric field. In this case, the
streaming current and the conduction current in the porous medium are equal in magnitude
and opposite in direction.

The current density in the pore satisfies the Nernst-Planck equation [20]:

Jo = Juws + Jue (10)

where J,, denotes the streaming current:

st = Qwsvws (11)

where Qs denotes the net residual charge density in the pore fluid and vys denotes the
seepage velocity in the pore. J,,. is the conduction current:

Jowe = owew (12)

where 0, denotes the pore fluid conductivity and e, denotes the electric field in the pore
fluid.
According to the volume-averaging theory [21], the volume average of the conduction
current can be written as
J.=0E (13)

where J, o, and E are the respective physical quantities after volume averaging.
Define the flux average of Qy; relative to vy as

f}ff:/ Qwsvwsdv// UywsdV (14)
of of

where v denotes the volume-averaging reference volume of fluid.
The expression of the streaming current of porous media has the form

Jo= Qi v (15)
where Vy, denotes the macroscopic seepage velocity and Qf,f f
residual charge density of porous media.
Vy can be obtained according to Darcy’s law:

denotes the effective net

Vi = —k/y;- VP (16)

When the acoustic field is a steady field, the streaming current balances the conduction
current:
Js+J.=0 17)

The electric field can be represented using the streaming potential:
E=-V¢ (18)
By substituting the definition of the streaming potential coupling coefficient:
C=Ve¢/VP (19)

we can obtain the streaming potential coefficient:

Co=kQ/ (n50) (20)
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The seepage velocity of the liquid in the pore is
vus(r) = AP/ (477) - (R* — 1?) (21)

The net residual charge density in the pore fluid electric double layer [4,22] can be
expressed as
Qus = —2eNsinh(eq/k;,T) (22)

where ¢ denotes the electrostatic potential in the electric double layer:

¢ = clo(xr)/In(xR) (23)

x =/ (B7eN) / (¢ky T) 24)

Then, the effective net residual charge density in the cylindrical pores can be obtained
using the flux-averaging method according to Equation (14).

By substituting the effective net residual charge density into Equation (20), the stream-
ing potential coupling coefficient can be obtained.

In summary, we finally derived the governing equation of the seismoelectric effect in
saturated porous media under the action of a steady acoustic field:

V¢ = CoVP (25)

2.2. Seismoelectric Effect in the Time-Harmonic Condition

When the acoustic field in the porous medium is a time-harmonic field, the electric
field excited by the seismoelectric effect is time-harmonic. In this situation, the magnitudes
of the streaming current and conduction current in the porous medium are no longer equal.

Same as in the steady case, the local streaming current in the pore is written as

Jws = QusVuws (26)

Similar to the seismoelectric effect under the excitation of a steady acoustic field, the
flux average of Qs relative to vy is defined as

O = | QuivwsdV/ [ vusdv 27)
of of
We can obtain the streaming current of porous media:

Js = Q;ff -V (28)

where V;, denotes the macroscopic seepage velocity; according to Darcy’s law, it can be
given as follows:

k =,
Vy = —(=VP+ iwp fVs) (29)
g
We can deduce the streaming current of porous media:
k eff .
Js = GU;”(—VP + iwpVs) (30)
f

According to this definition, the permeability in the pore can be calculated as follows:

k(w) = 2174)/0R Owsrdr/ R? (31)
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We can further deduce the streaming current coupling coefficient:

Lo = k(w)Q¥ /yy (32)

The seepage velocity in the pore satisfies the Navier-Stokes equation [2,23] such that
the seepage velocity in the pore is

— j 1/2
Vs — _( Vp ‘szlwprS) - IO(.l gr) ] (33)
G Io(i'/2¢R)

The net residual charge density in the pore liquid is the same as in the steady case.
The effective net residual charge density in the cylindrical pore can be obtained using the
flux-averaging method according to Equation (27). By substituting the effective net residual
charge density into Equation (32), we can obtain the streaming current coupling coefficient.
In summary, we finally derived the governing equation of the seismoelectric effect in

saturated porous media under the action of a time-harmonic acoustic field:

Js = Lo(=VP + iwps¥s) (34)

2.3. Verifying the Validity of the Flux-Averaging Method

The solution of the streaming current in the Pride theory is obtained using the overall
volume average of J,;. In this study, Qus and vy were treated separately, that is, vy
denotes the volume averaged seepage velocity, Qus denotes the flux-averaged charge
density relative to vy, and then the two are multiplied to obtain the streaming current. The
flux average is similar to the weighted average of Qs relative to vy;. The equivalence of
the flux-averaging method with the volume-averaging method used in the Pride theory is
demonstrated below.

The volume average of the seepage velocity is defined as follows:

V, = / VasdV /0 (35)
Jug

where v denotes the volume-averaged reference volume and vy denotes the reference fluid
volume. The volume average of the streaming current is

Js = / QusvwdV /v (36)
i
By multiplying the effective net residual charge density and the seepage velocity, we
y plymg g y pag Yy
obtain f i f i f ;

QusVwsdV VysdV QusvwdV

;ffvzu - J = =Js (37)
o VwsdV v v

It can be proved that the product of the effective net residual charge density and
seepage velocity is equal to the streaming current. Therefore, the feasibility of this proposed
method can be proved. The method in this study does not need to be restricted to the
condition of a thin electric double layer and is more applicable than the Pride theory.

2.4. Experimental Setup

In order to verify that the method used in this study is also applicable to the seismo-
electric effect in the low-salinity case, we carried out relevant experiments in a water tank.
The experimental model diagram is shown in Figure 2.
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Ml

Figure 2. Experimental model diagram.

T refers to the transmitting equipment, i.e., the sound source, which included a signal
generator, signal amplification circuit, and piezoelectric transducer. R represents the signal-
receiving equipment, which included a receiving antenna and signal amplification circuit.

The tank was a PVC pipe, and a NaCl solution was added to the tank. The sound
source was located on the left side of the water tank. The rock sample was a whetstone
located on the right side of the water tank. The receiving antenna was closely attached to
the rock sample. The excitation source of the acoustic field was a pulse, and the salinity
of the solution was changed by adding NaCl to the water tank. An oscilloscope was used
to record the electric field waveform under different salinities and extract the peak value
of the electric field from it. The experimental results were compared with the simulation
results of Equation (32).

3. Simulation and Analysis
3.1. The Streaming Potential Coupling Coefficient

In the simulation discussed in this subsection, the parallel capillary bundle model
was used to study the influence of the formation parameters, such as the porosity, pore
fluid salinity, and viscosity, on the streaming potential coupling coefficient in the steady
case. We compared the results with those calculated using the Pride theory. We mainly
studied the difference in the streaming potential coupling coefficient obtained using the
two methods in the case of a large Debye length, and we also compared and analyzed
the effect of pore size on the streaming potential coupling coefficient calculated using the
two methods. In the following figures, C represents the result calculated using Pride theory
and Cg represents the result found using the method developed in this study.

Figure 3 shows the effect of porosity on the seismoelectric effect in the steady case.
As shown in Figure 3, the streaming potential coupling coefficient was proportional to the
porosity, but the effective net residual charge density of the porous media did not change
with the porosity. The larger the porosity was, the larger the number of pores, the volume
of pore fluid, and the acoustoelectric coupling ability. The coupling coefficient curves
calculated using the two methods basically overlapped, and the porosity had the same
effect on the coupling coefficient obtained using the two methods.

._..CQ d

14x1077 L. c 215
1.2x107+ L7 210
5 1.0x1074 ";:V,{/ . 205+
S soxt0® s S 200

.UX’ 1 57 Y

S . L 3 195
S 6.0x10° /,,» 190
4.0x10° P 185 |
2.0x10°{"" 180

01 02 03 04 05 06 01 02 03 04 05 06

(a) (b)

Figure 3. Effect of the porosity (steady case): (a) streaming potential coupling coefficient; (b) effective
net residual charge density.

Figure 4 shows the effect of the pore fluid viscosity on the seismoelectric effect in
the steady case. It can be seen from Figure 4 that, with the increase in the pore fluid
viscosity, the streaming potential coupling coefficient gradually decreased and the effective
net residual charge density in the pore remained unchanged. When the viscosity of the pore
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fluid became greater, the seepage velocity of the fluid became lower and the acoustoelectric
conversion efficiency became lower. The streaming potential coupling coefficient curves
calculated using the two methods almost overlapped, i.e., the influence of the pore fluid
viscosity on the streaming potential coupling coefficient obtained using the two methods
was nearly the same.

5.0x10° 215]
4.0x10° 2104
205
= 3.0x10°- =
g © 200]
§ 2.0x10° ag :zzf
1.0x10°- ]
9 185-
0.0{ >~ 1801
00 01 02 03 04 05 00 01 02 03 04 05
ate (Pa*s) ate (Pa*s)
(a) (b)

Figure 4. Effect of the viscosity (steady case): (a) streaming potential coupling coefficient; (b) effective
net residual charge density.

Figure 5 shows the effect of the pore fluid salinity on the steady seismoelectric effect
in the case of a thin electric double layer. As indicated in Figure 5, with the increase in the
pore fluid salinity, the streaming potential coupling coefficient gradually decreased and
the effective net residual charge density gradually decreased. In the case of a thin electric
double layer, with the increase in the pore fluid salinity, the shear potential of the electric
double layer on the pore wall decreases, the electric double layer becomes thinner, the net
residual charge density of the electric double layer decreased and the seismoelectric effect
weakened. The curves of the streaming potential coupling coefficient calculated using
the two methods almost overlap and the influence of salinity on the streaming potential
coupling coefficient calculated using the two methods was nearly the same in the thin
electric double layer case.

25x107) - 220]
2.0x107 200+
180
= 1.5x107 =
g \, S 160/
> 7] 4 =
S 1.0x10 \ & 1404
5.0x10° 120+
0.0 N 100
' : : : : ‘ 80 : : : : ;
0.00 0.02 0.04 006 0.08 0.10 0.02 0.04 0.06 0.08 0.10
c0 (mol/L) c0 (mol/L)
(a) (b)

Figure 5. Effect of the salinity (steady case): (a) streaming potential coupling coefficient; (b) effective
net residual charge density.

Figure 6 shows the effect of salinity (including the large-Debye-length case) on the
streaming potential coupling coefficient calculated using the two methods. The Debye
length was used to describe the thickness of the electric double layer. The Debye length
increased with the decrease in the salinity. As shown in Figure 6, the coupling coefficient
of the streaming potential increased with the decrease in the salinity. The effective net
residual charge density first increased and then decreased with the decrease in the salinity,
but the conductivity decreased with the decrease in the salinity, resulting in the streaming
potential coupling coefficient increasing with the decrease in the salinity. When the salinity
was large, the Debye length was much smaller than the size of the pore; in this case, the
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curves of the streaming potential coupling coefficient calculated using the two methods
overlapped. However, as the salinity decreased, the Debye length gradually increased;
when the salinity was 0.00125 mol/L, the Debye length reached the order of 10~ m. In this
situation, the Debye length was comparable to the pore size (2 x 10~° m), and thus, the
results calculated by Pride theory differed from those found using our method.

= ¢a 220
4.0x107! ..—-c
[}
i 210
3.0x107
—_ Y
g 2] 4,c0=0.00125mollL o 200
S 2.0x107q 3, ey
- A\
0 . < 4
g RERN & 190
1.0x1071 1 O\
: e 180 {
0.0 : =
- T T T T 170 ; ; ; , ;
0.000 0.005 0010 0015  0.020 0.000 0005 0.010 0015 0.020
c0 (mol/L) c0 (mol/L)
(a) (b)

Figure 6. Effect of the salinity (steady condition, including the large-Debye-length case): (a) streaming
potential coupling coefficient; (b) effective net residual charge density.

Figure 7 shows the effect of pore size on the seismoelectric effect in the steady case. As
shown in Figure 7, with the increase in the pore radius, the streaming potential coupling
coefficient increased monotonically while the effective net residual charge density decreased
monotonically. The larger the pore radius, the smaller the effective net residual charge
density in the pore; however, as the corresponding permeability increased (quadratic
relationship with pore size), the streaming potential coupling coefficient increased. The
streaming potential coupling coefficient calculated using the flux averaging method was
more affected by the pore size. The Pride theory adopts the assumption of a thin electric
double layer and ignores the variation in the seepage velocity with the radial position of the
pore [6]; therefore, its results are less affected by the pore radius and the coupling coefficient
of streaming potential obtained by the Pride theory cannot truly reflect the influence of
the pore size. The method developed in this study does not have this defect, and thus, the
results it produces are more reliable.

5.6x10° == CQ 180]
' =C. 160
5.4x10° T 140
5.2x10° R _ :ggf
© 8 Rd T g b
g 50x10°) e T 80l
g 48x10%y & 237
o 8| / 4
46x10°| oy
44x10°¢ 0

42x10° 20—

2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10

R (m) R (m)
(a) (b)

Figure 7. Effect of the pore size (steady case): (a) streaming potential coupling coefficient; (b) effective
net residual charge density.

3.2. The Streaming Current Coupling Coefficient

We also carried out numerical simulations of the streaming current coupling coefficient
in the time-harmonic case. The effect of the formation parameters was analyzed and
compared with the results of the Pride theory. We focused on the difference in the streaming
current coupling coefficient calculated using the two methods in the case of a thick electric
double layer, and the influence of pore size on the result of the two methods was compared
and analyzed. We also investigated the variation in the amplitude and phase of the coupling
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coefficient with the frequency of the acoustic field. In the following figures, L, represents
the result calculated using the Pride theory and L represents the result calculated using
the method developed in this study.

Figure 8 shows the variation in the amplitude and phase of the streaming current cou-
pling coefficient with frequency in the time-harmonic case. It can be seen from Figure 8 that
the amplitude and phase curves of the coupling coefficient calculated using the two meth-
ods almost overlapped. As the frequency increased, the amplitude of the coupling coeffi-
cient decreased and the phase increased and approached a constant value (77/4).

7.0x10°, e 50. ~—-angLQ
eoxt0®| L Lw T e
5.0x10°1 % = 40 s
-9 .:( [ ',/
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w (rad/s) w (rad/s)
(a) (b)

Figure 8. Variation with the frequency (time-harmonic case): (a) amplitude; (b) phase.

Figure 9 shows the effect of porosity on the seismoelectric effect in the time-harmonic
case. It can be seen from Figure 9 that the streaming current coupling coefficient was
proportional to the porosity, and the effective net residual charge density did not change
with the porosity. When the porosity became larger, the number of pores became larger, the
volume of pore fluid became larger, and the conversion ability between the acoustic field
and the electric field became stronger. The coupling coefficient curves calculated using the
two methods almost overlapped, and the porosity had the same effect on the streaming
current coupling coefficient calculated using the two methods.
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Figure 9. Effect of the porosity (time-harmonic case): (a) streaming current coupling coefficient;
(b) effective net residual charge density.

Figure 10 shows the effect of pore fluid viscosity on the seismoelectric effect in the
time-harmonic case. As shown in Figure 10, with the increase in pore fluid viscosity, the
streaming current coupling coefficient gradually decreased and the effective net residual
charge density in the pore remained unchanged. When the viscosity of the pore fluid
became greater, the seepage velocity of the fluid became smaller, and therefore, the acousto-
electric coupling ability became weaker. The coupling coefficient curves calculated using
the two methods almost overlapped and the influence of the viscosity on the streaming
potential coupling coefficient obtained using the two methods was basically the same.
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Figure 10. Effect of the viscosity (time-harmonic case): (a) streaming current coupling coefficient;
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Figure 11 shows the effect of the pore fluid salinity on the time-harmonic seismoelectric
effect in the case of a thin electric double layer. It can be seen from Figure 11 that with
the increase in pore fluid salinity, the streaming current coupling coefficient gradually
decreased and the effective net residual charge density gradually decreased. In the case of
a thin electric double layer, as the salinity of the pore liquid increased, the shear potential
of the electric double layer at the pore wall decreased, the electric double layer became
thinner, the net residual charge density of the electric double layer decreased, and the
acoustoelectric coupling ability weakened. The coupling coefficient curves calculated
using the two methods almost overlapped. The effect of salinity on the streaming current
coupling coefficient obtained using the two methods was basically the same in the thin
electric double layer case.
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Figure 11. Effect of the salinity (time-harmonic case): (a) streaming current coupling coefficient;
(b) effective net residual charge density.

Figure 12 shows the effect of the salinity (including the large-Debye-length case) on the
streaming current coupling coefficient calculated using the two methods. The Debye length
increased with the decrease in salinity. As shown in Figure 12, with the increase in salinity,
the coupling coefficient of the streaming current increased first and then decreased. The
effective net residual charge density first increased and then decreased with the increase
in salinity, leading to the streaming current coupling coefficient first increasing and then
decreasing with the decrease in salinity. When the salinity was large, the Debye length
was much smaller than the pore size and the curves of the streaming current coupling
coefficient calculated using the two methods overlapped. As the salinity decreased, the
Debye length gradually increased; when the salinity was 0.005 mol/L, the Debye length
reached the order of 10~7 m. In this situation, the Debye length was comparable to the
pore size (1.7 x 10~° m), and thus, the results calculated using the Pride theory differed
from those found using our method. When the Debye length was greater than the pore
radius, the streaming current coupling coefficient calculated using the Pride theory became
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negative, which is obviously inconsistent with the physical facts and verified that the Pride
theory is not suitable when the salinity is too low.

o 100,
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Figure 12. Effect of the salinity (time-harmonic condition, including the large-Debye-length case):
(a) streaming current coupling coefficient; (b) effective net residual charge density.

Figure 13 shows the effect of the pore size on the seismoelectric effect in the time-
harmonic case. It can be seen from Figure 13 that as the pore radius increased, the streaming
current coupling coefficient increased monotonically and the effective net residual charge
density decreased monotonically. When the pore radius became larger, the effective net
residual charge density became smaller, but the corresponding permeability increased
(quadratic relationship with pore size), resulting in a larger streaming current coupling
coefficient. The streaming current coupling coefficient calculated using the flux-averaging
method was more affected by the pore size. Because the Pride theory adopts the assumption
of a thin electric double layer and ignores the variation in the seepage velocity with the
radial position of the pore [6], its results are insensitive to the change in the pore radius,
and thus, the streaming current coupling coefficient obtained using the Pride theory cannot
truly reflect the influence of pore size on the acoustoelectric effect. In contrast, the method
developed in this study has no such defect, and thus, its results are more reliable.
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Figure 13. Effect of the pore size (time-harmonic case): (a) streaming current coupling coefficient;
(b) effective net residual charge density.

4. Experimental Results and Analysis
We carried out the experiment in the tank, where the experimental device is shown in
Figure 14.
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Figure 14. Experimental device.

Figure 15 shows the comparison between the experimental and simulation results.
Both the simulation and experiment investigated the case of a large Debye length. The
red curve is the simulation result showing that the coupling coefficient of the streaming
current changed with the salinity calculated using the method developed in this study.
The blue dots are the peak values of the electric field signal measured under different
salinities. It can be seen from the figure that with the increase in the salinity of pore fluid,
the electrokinetic coupling coefficient obtained via the simulation increased first and then
decreased; meanwhile, the peak value of the electric field caused by the seismoelectric
effect of the rock samples increased first and then decreased, and the changing trend of the
two with the salinity was basically consistent. It can be seen from Equation (32) that the
streaming current coupling coefficient was proportional to the effective net residual charge
density, and the effective net residual charge density first increased and then decreased
with the increase in salinity (shown in Figure 12b). When the salinity was low, the Debye
length was large. At this time, the effective net residual charge density increased with the
increase in salinity. When the salinity increased to a certain extent, the electric double layer
became thinner. In this situation, the shear potential of the electric double layer decreased
and the effective net residual charge density decreased with the increase in salinity, leading
to a decrease in the coupling coefficient. Therefore, the coupling coefficient of the streaming
current first increased and then decreased with the increase in salinity.
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Figure 15. Comparison between the experiment and simulation.

Figure 16 shows the comparison of simulation results between the Pride theory and
the proposed theory in the experimental condition; when the salinity was 0.003 mol/L,
the Debye length reached the order of 10~7 m. In this situation, the Debye length was
comparable to the pore size (107® m), and thus, the results calculated by Pride theory
differed from those found using our method. When the Debye length was greater than the
pore radius (co = 0.0003 mol/L), the streaming current coupling coefficient calculated using
the Pride theory became negative, which is obviously inconsistent with the experimental
results, indicating that the Pride theory is only valid in the case of a thin electric double
layer. In contrast, the theory developed in this study does not have this limitation and is
applicable to the cases of both small and large Debye lengths.
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Figure 16. Comparison of the simulation results between the Pride theory and the proposed theory
(experimental condition, including the large-Debye-length case).

5. Discussion

In Section 3.1, we discussed the variation in the streaming potential coupling coefficient
and the effective net residual charge density with the porosity, pore fluid salinity, viscosity,
and pore size; then, we compared the results with those calculated using the Pride theory
and analyzed the reasons.

It can be seen from Figures 3-5 that in the case of a thin electric double layer, the
variation trend of streaming potential coupling coefficient with the porosity, salinity, and
viscosity obtained using the method developed in this study and the Pride theory was
consistent. This also verified the correctness of the theory developed in this study to a
certain extent.

Figure 6 shows that when the salinity was low and the Debye length was large,
the coupling coefficient of the streaming potential calculated using the Pride theory was
different from that found using our method because the Pride theory was derived based
on the assumption of a thin double electric layer. Figure 7 shows that the influence of
the pore size on the streaming potential coupling coefficient calculated using the method
developed in this study was greater than that calculated using the Pride theory. This was
consistent with our analysis, which showed that the Pride theory ignored the change in the
seepage velocity with the radial position when solving the streaming current, and reduced
the influence of the pore size on the streaming potential coupling coefficient.

In Section 3.2, we discussed the variation in the streaming current coupling coefficient
and the effective net residual charge density with the porosity, pore fluid salinity, viscosity,
and pore size; then, we compared the results with those calculated using the Pride theory
and analyzed the reasons.

Figure 8 shows that the influence of frequency on the streaming current coupling
coefficient obtained using the two methods was the same. It can be seen from Figures 9-11
that in the case of a thin electric double layer, the variation trends of the streaming potential
coupling coefficient with the porosity, salinity, and viscosity obtained using the method de-
veloped in this study and the Pride theory were the same. This also verified the correctness
of the theory developed in this study to a certain extent.

Figure 12 shows that when the salinity was low and the Debye length was large,
the streaming current coupling coefficient calculated using the Pride theory was different
from that found using our method because the Pride theory was derived based on the
assumption of a thin double electric layer. Figure 15 shows that the streaming current
coupling coefficient calculated using our method was consistent with the experimental
results, while the results of the Pride theory were not consistent (when the salinity is very
small, it will become negative). This showed that the method developed in this study is
applicable to both small- and large-Debye-length cases. Figure 13 shows that the influence
of the pore size on the streaming current coupling coefficient calculated using the method
developed in this study was greater than that calculated using the Pride theory. This was
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consistent with our analysis that the Pride theory ignores the change in the seepage velocity
with the radial position when solving for the streaming current, and thus, will reduce the
influence of the pore size on the streaming current coupling coefficient.

It can be seen from Equations (4) and (6) that the Pride theory will use the thickness
of the electric double layer when calculating the electrokinetic coupling coefficient. The
Pride theory adopts the thin electric double layer hypothesis and uses the Debye length to
describe the thickness of the electric double layer. According to [16], when the salinity is
very low, the Debye length has a deviation when describing the thickness of the electric
double layer. Therefore, the results of the Pride theory will be biased in the low-salinity
case. This study also used the Debye length to describe the thickness of an electric double
layer to verify that the Pride theory is not applicable in the case of a large Debye length.
It can be seen from Equations (20) and (32) that the method developed in this study does
not use the thickness of electric double layer when calculating the electrokinetic coupling
coefficient, and thus, the results in this study are also applicable to the case of low salinity
without the limitation of the Pride theory.

In this study, we only investigated the cylindrical pore model; other pore models, such
as a slit-like pore, have not been studied, which is what we need to study in the next step.

6. Conclusions

The previous studies on the seismoelectric effect are mainly based on the Pride the-
ory [7,8,11], which cannot be applied to the case of a thick electric double layer, nor can
it accurately reflect the influence of pore size on the acoustoelectric effect. Besides, when
the acoustic field in porous media is respectively steady and time-harmonic, the governing
equations of seismoelectric effect will be different accordingly, while the existing theories
don’t distinguish the two cases [2,4,5,9,10]. In this study, we proposed the flux-averaging
method to investigate the seismoelectric effect of a saturated porous media under the action
of a steady acoustic field and a time-harmonic acoustic field, then deduced the coupling
coefficient and compared the results with those calculated using the Pride theory. Through
the simulation and analysis, the following conclusions were drawn.

For the seismoelectric effect in the steady condition:

(1) In the case of a thin electric double layer, the porosity, viscosity, and salinity had the
same influence on the streaming potential coupling coefficient obtained using the
two methods. It was feasible to calculate the streaming potential coupling coefficient
in the steady case through the flux-averaging method.

(2) The effect of the pore size on the streaming potential coupling coefficient obtained
using the flux-averaging method was stronger. The flux-averaging method could
better reflect the influence of the pore size on the seismoelectric effect in the steady
case.

(3) The streaming potential coupling coefficient obtained using the Pride theory was not
suitable for the large-Debye-length case, but the method developed in this study does
not have this limitation.

For the seismoelectric effect in the time-harmonic condition:

(1) The amplitude and phase of the streaming current coupling coefficient obtained using
the two methods had the same variation trend with frequency.

(2) In the case of a thin electric double layer, the porosity, viscosity, and salinity had
the same influence on the streaming current coupling coefficient obtained using the
two methods. It was feasible to calculate the streaming current coupling coefficient in
a time-harmonic case through the flux-averaging method.

(3) The influence of the pore size on the streaming current coupling coefficient obtained
using the flux-averaging method was stronger. The coupling coefficient obtained
using the flux-averaging method could better reflect the influence of the pore size on
the acoustoelectric effect in the time-harmonic condition.
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(4) The streaming current coupling coefficient obtained using the Pride theory was not
suitable for the case of a large Debye length, but the method proposed in this study
does not have this limitation.

Through the flume experiments, the influence of the salinity on the seismoelectric
effect was investigated, and both cases of a thin and thick electric double layer were studied.
The conclusions can be summarized as follows:

(1) As the salinity of the pore fluid increased gradually, the streaming current coupling
coefficient of the porous medium first increased and then decreased, and the coupling
coefficient had a peak value.

(2) The theory developed in this study had no limit on the thickness of the electric double
layer and was suitable for both the small- and large-Debye-length cases; therefore, its
application fields are more extensive than the Pride theory.
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