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Numerical simulation of electrokinetic dissipation caused by elastic waves

in reservoir rocks

Xiaogian Zhang, Qifei Wang*, Chengwu Li**, Xiaoqi Sun, Zheng Yan and Yao Nie
College of Emergency Management & Safety Engineering, China University of Mining & Technology, Beijing, 100083, China
(Received June 23, 2019, Revised August 21, 2019, Accepted August 26, 2019)

Abstract. The use of electrokinetic dissipation method to study the fluid flow law in micro-pores is of great significance to
reservoir rock microfluidics. In this paper, the micro-capillary theory was combined with the coupling model of the seepage field
and the current field under the excitation of the harmonic signal, and the coupling theory of the electrokinetic effect under the
first-order approximation condition was derived. The dissipation equation of electrokinetic dissipation and viscous resistance
dissipation and its solution were established by using Green's function method. The physical and mathematical models for the
electrokinetic dissipation of reservoir rocks were constructed. The microscopic mechanism of the electrokinetic dissipation of
reservoir rock were theoretically clarified. The influencing factors of the electrokinetic dissipation frequency of the reservoir
rock were analyzed quantitatively. The results show that the electrokinetic effect transforms the fluid flow profile in the pores of
the reservoir from parabolic to wavy; under low-frequency conditions, the apparent viscosity coefficient is greater that one and is
basically unchanged. The apparent viscosity coefficient gradually approaches 1 as the frequency increases further. The viscous
resistance dissipation is two orders of magnitude higher than the electrokinetic effect dissipation. When the concentration of the
electrolyte exceeds 0.1mol/L, the electrokinetic dissipation can be neglected, while for the electrolyte solution (<10M) in low

concentration, the electrokinetic dissipation is very significant and cannot be ignored.
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1. Introduction

When the elastic wave passes through the formation, it
can cause the fluid containing electrolyte to move relative
to the rock skeleton, so that the existence of the electric
field is observed (Zhang et al.2015), and the potential
associated with the electric field is called flow potential.
The electric field generated by this electrokinetic effect can
push excess ions to move in the opposite direction of the
pressure gradient, thereby increasing the viscosity of the
fluid, consuming energy, slowing the relative motion of the
fluid, and thus reducing the attenuation of the wave (Revil
et al. 2013, Ji and Li 2018). Geophysicists use the
electrokinetic coupling phenomenon caused by this elastic
wave to identify oil and gas reservoirs in reservoir rocks,
monitor the flow of injected water, and evaluate the crack
production dynamic monitoring of artificial pressure. As
shown in Fig. 1, the pre-designed wavy current is input
during the measurement, and the current is input into the
formation through the surface electrode (Thompson et al.
2007). The electrokinetic effect caused by elastic waves can
not only reflect the true flow of fluid in the reservoir, but
also its frequency characteristics are similar to those of the
excited seismic wave field. Therefore, physicists also use it
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to predict the formation properties and observe the
earthquake (Liu ef al. 2018, Jouniaux and Zyserman 2016),
etc. The fluid flow in the pores of the reservoir rock belongs
to the microfluidic flow, which is different from the
phenomenon of macroscopic flow. The existing
understanding of microfluidic flow is still in a immature
stage. Therefore, it is of great practical and scientific value
to deeply study the electrokinetic effect caused by elastic
waves in micropores.

There are now two main theological models of
electrokinetic coupled waves in reservoir rocks, the Pride
model based on the Frenkel theory and the Revil model
developed in recent years. According to the basic principles
that solid particles and pore solution are guided by
respectively, Pride (1994) derived the relation between the
frequency and the coupling characteristics of elastic waves
and electromagnetic waves in porous media using the
method of average volume based on the hypothesis of thin
electrical double layer. Revil (2014, 2016) used the basic
principles of mechanics and electromagnetics to study the
electrokinetic effect of porous media for such rocks with
low-porosity and low-permeability as shale by applying the
hypothesis of thick electrical double layer, which means the
size of its thickness is larger than the porous size. Recently,
a kind of electrokinetic coupling model suitable for any
pore size was deduced by Shi er al. (2018) to study the
effect of the thickness of double layer on the electrokinetic
effect. As the first one to simulate the electrokinetic
coupling effect at borehole in the world, Hu et al. (2000)
solved the complete equations of Pride model in the
axisymmetric cylindrical coordinate system, and deduced
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Fig. 1 Scheme of field test of electroseismic hydrocarbon
detection

the analytical expressions of elastic waves in porous media
excited by a monopole point sound source at borehole axis.
And thus the full waveform in the time domain of the
borehole electrokinetic wave was obtained. Then the
rationality and the applicable conditions of calculating
borehole seismic wave field by quasi-static field method
was justified and presented respectively by Wei et al
(2018). And a study about the Joule heat generated by the
combined action of pressure drive and electrokinetic drive
in a nanochannel was conducted by Zhao et al. (2016),
which turned out that the heat generated by electrokinetic
effect in nanofluids is of great influence on the change of
temperature. Ding et al. (2019) used circuit analysis to
study electrokinetics and thermodynamics, as well as the
electrokinetic effects between immiscible liquids, and thus
proposed an energy conversion system for nanofluids based
on their potential flow. The -electrokinetic effect in
permafrost was studied by Zyserman et al. (2012), who
presented numerical examples of detecting natural gas
hydrate in permafrost through the conversion of
electromagnetic energy and seismic energy by calculating.
Besides, Carcione and Tinivella (2000) extended the elastic
model of porous media, and presented the mathematical
expression of elastic wave propagation in gas hydrate
reservoir. Zyserman (2015) studied such shallow questions
as the seepage of fluid and the sequestration of carbon
dioxide using acoustic logging. In short, the establishment
of existing mainstream mathematical models relies on the
role of electric double layer. The problem of dynamic
electricity effect of reservoir rocks is in the transitional
stage from qualitative to quantitative research, and this
microfluidic flow also faces many new problems that are
different from traditional macroscale flow.

The physical simulation experiment is a research
method that can truly reflect the law of the characteristics of
the electrokinetic dissipation. Paul Glover (2011) designed
a set of measurement methods for studying flow potential in
reservoir rock under DC and AC conditions. Imperial
College London (Vinogradov and Jackson 2011) designed
an experimental device for measuring the coupling
coefficient of flow potential in cores, which can eliminate
the flow polarization phenomenon. The University of
Strasbourg (Allégre et al. 2010) designed an experimental

device to measure potential, pressure, temperature and
cumulative flow rate during fluid flow. Harbin Institute of
Technology China (Wang ef al. 2017) measured and studied
the electrokinetic effect in fluid-saturated porous media in
laboratory. The electrokinetic conversion signals and
interface electrokinetic conversion signals produced by
acoustic waves in different model wells were recorded.
Holzhauer (2017) experimented with loose sandstone in the
frequency range of kilohertz, and investigated the effect of
fluid conductivity on the accompanying electric field. The
basic information of fluid distribution in the channel was
obtained by measuring the value of the adjoint electric field.
Garambois  (2002) conducted on-site experimental
measurements and studies on the electrokinetic effect.
Garambois (2002) measured and studied the electrokinetic
effect in situ. Two kinds of electromagnetic signals were
obtained from the experimental records, i.e. the
electromagnetic field induced by sound wave and the
adjoining electromagnetic field excited by the discontinuous
medium interface. Xie et al. (2011) injected bubbles into the
pore, which could weaken the electrokinetic effect and
increase the flow rate of the fluid. Ghommen et al. (2017)
carried out an experimental study on the electrokinetic
effect under pressure driving. The electrokinetic coupling
coefficient obtained from the experiment was compared
with the pressure, and a linear relationship was obtained. A
field experiment was conducted by Thompson (2007) on
natural gas sandstone at depths of 1,000 meters and
carbonate reservoirs at depths of 1,500 meters, and he also
detected the seismoelectric conversion signal and calculated
the magnitude conversion between electromagnetic energy
and seismic energy. Last but not least, physical simulation
experiments were carried out by Peng et al (2017) on
conversion signals of electrokinetic waves at the interface
of sandstone samples with wedge shaped models and hole
models.

Data analysis shows that the numerical simulation of
electrokinetic dissipation can reveal the generation process
of electrokinetic dissipation caused by elastic wave from the
micro-mechanism, but most work studies electrokinetic
effect under stable conditions, or infers electrokinetic
dissipation by analyzing velocity field and flow field.
However, these methods do not have a unified mathematical
analytic formula after all, and can’t establish the
relationship between parameters and permeability
parameters of reservoir rock and macro-electrochemical
parameters. This paper aims to answer two questions: (1)
What is the micro-mechanism of electrokinetic dissipation
in frequency domain of reservoir rock? (2) How to
construct mathematical simulation and quantitative
calculation methods for describing electrokinetic
dissipation? Based on the above problems, the capillary
model is used to establish the coupling mathematical model
between periodic pressure field and current field. The
electro-viscous effect of fluid in reservoir rocks is studied
by using the model. The analytical formulas of the
electrokinetic effect dissipation function and the viscous
resistance dissipation function are derived. The ratio of the
two functions is used to quantitatively describe the effect of
electrokinetic effect caused by elastic wave on fluid flow.
Mathematical method is used to simulate the influence of
electrokinetic effect of different reservoir parameters
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(formation water salinity, cation exchange capacity and
porosity) on elastic wave propagation.

2. Electrokinetic coupling model of reservoir rock

2.1 Electric double layer theory of reservoir rock and
capillary model

Due to the complexity of pores of actual reservoir rock,
it is difficult to establish corresponding mathematical-
physical models for related problems. For this reason,
simplified models are often used to simulate actual rocks in
the study of rock properties. Among them, the circular
straight capillary model is the simplest one. In the circular
straight capillary model, the pore volume of actual rock can
be equivalent to that of capillary with radius. That is to say,
a parallel straight capillary is used to replace the pore
structure of actual rock, as shown in Fig. 2.

According to the definition of porosity and permeability
of reservoir rock, it is easy to get the relationship between
micro-parameters of circular straight capillary model and
macro-parameters of reservoir rock as

¢’:no7ﬂo2 (1)
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In the formula, ¢ is porosity, k is permeability, no is the
number of capillaries per unit area and 7o is the radius of
capillaries.

The interaction between reservoir rock skeleton and ion

in solution forms a electric double layer at the interface. In
the long straight capillary with radius 7o, the existence of
electric double layer makes the ion concentration of multi-
electrolyte solution in reservoir obey Boltzmann
distribution

-ZFy
C =C,exp| ———
o0 257

3)

In the formula: C; is the concentration of the component
i, Co 1is the initial concentration of the solution,
F=9.65x10*C/mol is the Faraday constant, Z; is the valence
of the component i, y is the potential formed by the electric
double layer, R=8.314J(k'mol) is the universal constant of
the gas and T is the absolute temperature.

In aqueous solutions with equal positive and negative
valence, the charge density in capillaries is derived from the
charge conduction theory.

Pe— FZ (C+ _C*) = _ZFZCO sinh [ZRFiT‘//j (4)

According to literature 22, the potential distribution of
diffused electric double layer in capillary is as follows

v = §exp[—r°ﬂ:j (5)

8k
In the formula, =\/%

eRT
Ay :*/W is the thickness of the double electric layer.
0

The electric potential { on the shear plane of the double
layer can be calculated by the cation exchange capacity

is the capillary radius;
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QOpyin argillaceous sandstone.
2.2 Electrokinetic effect theory in reservoir rocks

When different pressures P; and P, are applied to both
ends of the formation rock sample, a pressure difference AP
is generated at both ends of the formation sample, and fluid
flow occurs in the formation rock sample. The measuring
electrode is placed at both ends of the rock sample, and it
will be found that both ends of the rock sample have a
potential AU. This phenomenon is called the electrokinetic
effect, as shown in Fig. 3.

The incompressible fluid in microchannel satisfies the
generalized Navier-Stokes equation

v= qexp[f%] (6)

In the formula, po is the the formation water density in
the pores, P is the fluid pressure, u is the flow rate, and u is
the formation water viscosity. Let the electric field strength
be the E=—VU, and U is the flow potential.

It is assumed that the pressure gradient caused by the

. . . . . . 0P(z,t
elastic wave in the Z-direction in the rock pore is éz ) ,
z

and the pressure field is a harmonic field, that is, P=Poe .
In the formula, w=2xf, f is the harmonic frequency, and the
unit is Hz. The streaming potential stimulated is also a
harmonic field, ie. U=Use™. Under incompressible
conditions, the non-in-phase vibration of pore-solid-liquid
interface caused by elastic waves is neglected. The formula
(6) is as follows

1
Viu +1\’2u=;(VP+peVU) (7)

K2 iwp,

In the formula, T The formula (7) is the

governing equation for fluid flow under the time-harmonic
pressure field in the rock pore unit.
The potential boundary conditions and velocity boundary

conditions are used: @ at r=0, u is a finite value; @ at
r=ro, u=0, the solution of Eq. (7) is

ol

r ()
R

In the formula: Jo(Kr) is Bessel zero order function of
the first kind.

The formula (8) is the velocity distribution of fluid in
pore units.

By integrating the wvelocity distribution along the
capillary section, the flow rate in a single capillary can be
obtained

u(r)=

0- 1 { 2 27"0 1 Ko)}

K2u 0
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According to the parallel capillary bundle model, pore
. . Bk . : 5
unit radius % = ~ ° reservoir rock porosity @=nomro’,

seepage velocity of reservoir rock v=noQ. It can be
obtained,

__m(@P
Ty a *a

(10)

The formula (10) is Darcy's Law of seepage velocity in
reservoir rocks in frequency domain, le%indicates the

seepage excited by flow potential generated by pressure
field, which belongs to secondary field. In this formula,
kp(w) 1is the dynamic permeability and L, is the
electrokinetic coupling coefficient

K

e

] (11)

Jl[K AJ
2¢ 4
8k 8k
___ & K,[—=1J (K 7]
L ;4(1+Kzﬂvé) [ ° [ (12)
-1 [Bk
Ao A ale

(4
20| 2. | & _
"’[Dsk 8k 8k ]

Under the influence of pressure gradient, the flow of
formation water in rock pore carries ions to move together,
and the flow current is as follows

oP

o u
i=2a; u(r) prdr =L, (w) =

L (w)= (13)
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In this formula,
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The conduction current generated by electric field
excited by fluid flow is

i = ZHJJD[FZZZ (v.C, +v7C7)E+gcch|tE}rdr=_ |_3(\,\,)(27LZJ (16)

In this formula,
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The current of reservoir rock is

=it h-L@T oS (18)

The formula (18) is Ohm’s Law of current density in
. . . oP
reservoir rocks in frequency domain, and L, > represents

flow current. We define L; as electrokinetic coupling
coefficient and o(w) is complex conductivity. The formula
(10) and formula (18) give the coupling relationship
between current field and seepage field in reservoir rocks in
frequency domain.

When the fluid flow process in the reservoir reaches a
stable state, the current density generated in the formation is
j=0.We call the negative value of the ratio of potential
difference AU excited by fluid flow to fluid pressure
difference AP acting on both ends of rock sample as the
flow potential coupling coefficient. Therefore, the coupling
theory between the current field and the seepage field in the
reservoir rock is established. Through the formula (18), it
can be obtained,

ouJ
N al LW L)
"Ml T o e (19
oz j=0

2.3 Electroviscous effect and dissipation function of
reservoir rocks

2.3.1 Electroviscous effect of reservoir rocks

The electric field produced in the flow potential effect of
reservoir rocks acts on the ions in the pore, which makes the
ions carry the fluid to flow along the opposite direction of
the external pressure gradient through the viscous force,
thus impeding the flow of the fluid. This effect is called the

electroviscous effect of the fluid. The electroosmotic fluid

le‘%u in formula (10) shows this effect, and when the
Z

formula (19) is brought into the formula (10), it can be
obtained,

vo_Ko—HL,0P & P 20)
Yz 0z M, OZ
In this formula,
KD
#a=—_ﬂ|_129ﬂ 21)

Mais the apparent viscosity of fluid flow, and u./u is
called the apparent viscosity coefficient of fluid, which
reflects the reaction of electrokinetic effect of fluid in
reservoir rock pore to fluid flow.

2.3.2 Dissipation function of reservoir rock

The loss of energy generated by the electrokinetic effect
in unit time and unit section is called the electrokinetic
dissipation, and its dissipation function (Medlin ef al.1975)
expression is

. ., o, (e
D, - Re{i, WE W} =Re{l WE W} - Re {I3 (w)o (w)(—) } (22)
a

When the formula (19) are brought into formula (22), it
can be obtained
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The formula (23) is the expression of electrokinetic
dissipation of reservoir rocks.

The fluid is viscous. When flowing in the channel, the
resistance caused by the viscosity of the fluid is called
viscous resistance. It is also called internal friction. The
viscous resistance causes energy loss that is called viscous
resistance dissipation whose size depends on the shear
velocity gradient. According to the hydrodynamics, its
dissipation function can be expressed by the following
formula,

n(ou) ou
D, :,uj0 (5J 8—2 rdr (24)

When the formula (8) is brought into the formula (24), it
can be obtained,
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The formula (25) is the expression of the viscous
resistance dissipation of the reservoir rock.

It can be seen from the above formula that there is a
complex functional relationship between the electrokinetic
dissipation as well as the dissipation of the viscous
resistance of the reservoir rock and the frequency as well as
the electrochemical parameters of the rock.

3. Calculation examples

According to the above mathematical model, the
electrokinetic dissipation caused by elastic wave of
reservoir rock is simulated mathematically. Through
obtaining a group of porosity ¢ and permeability £ from the
original core data of the specific oilfield, the micro-
parameter of capillary model of reservoir rock is
determined, and the permeability & is determined by using
the relationship between reservoir porosity and permeability
in reference(Vinogradov et al. 2011). In addition, in
practical calculation, the porosity ¢ in the formation should
be corrected as ¢ occupied by the fluid flow channel, the
)]/3 and the cation
exchange capacity should be corrected as Q, = ¢-Q, in

the calculation of this chapter.

correction formula is ¢=1-(1-¢

3.1 Distribution of periodic electroosmotic flow
velocity

When the fluid flows in the pore, the function of
pressure (force) is to change the original state of the fluid.
When the fluid accelerates, the function of fluid viscous
force (reaction force) and inertia force (reaction force) is to
maintain the original state of motion of the fluid. Therefore,
the motion state of fluid is the result of the interaction
between the action force and the reaction force. The
modulus and phase of electrokinetic velocity reflect the
magnitude of action force and reaction force respectively.
Large modulus value represents the dominant role of
pressure, and large phase represents the dominant role of
inertia force. According to the above theory, the calculation
parameters are selected as shown in Table 1 and the
frequency range is 1~10°Hz. The distribution of periodic
electrokinetic velocity along the pore section is calculated
by formula (20), as shown in Fig. 4(a). Because the velocity
distribution presents different states in the low frequency
range and the high frequency range, F = 1000Hz (low
frequency range) and 60000Hz (high frequency range) are
taken to make velocity distribution diagram. As shown in
Fig. 4(b)-4(c), the solid line represents the modulus v of the
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Fig. 4 Distribution of periodic electroosmotic flow
velocity along the pore section

electrokinetic velocity and the dotted line represents the
phase @ of the electrokinetic velocity. As can be seen from
Fig. 4(a)-4(b), the fluid in the pore is mainly affected by
pressure at low frequencies. The inertia force is weak and
the phase of the fluid is small. Therefore, the velocity of the
fluid in the pore center region is much higher than that near
the pore wall. The velocity profile of electrokinetic current
is approximately parabolic, which is similar to the flow
velocity distribution of viscous fluid. With the increase of
frequency, the electrokinetic velocity decreases, while the
phase, the fluid acceleration, and the lag effect of inertial
force on velocity all increase. As shown in Fig. 4(a)-4(c),
the velocity in the central region decreases significantly. It
can be seen from the literature that the channel wall is
mainly affected by the action of electric double layer, and
the inertia force can be neglected. Therefore, the fluid
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velocity in the pore center region will always lag behind
that near the wall, and the electrodynamic velocity profile
of pore will be wavy. This is consistent with the
experimental conclusion given in reference (Vinogradov et
al.2011). The electrokinetic flow in the main flow region is
almost stagnant, and there is a reflux phenomenon between
the electric double layer region and the main flow region. It
can also be found from figure (a) that with the increase of
frequency, the fluid oscillation in the pore increases, the
inertia force of the fluid in the pore increases gradually, and
the fluid velocity decreases gradually.

3.2 Electroviscous effects of fluids in reservoir rocks

The flow potential in the porous medium is due to the
flow of ions in the pores with the fluid. The apparent
viscosity coefficient is the reaction of the reaction flow
potential effect on the fluid flow. A certain frequency of
pressure is added to both ends of the reservoir rock.
According to Darcy's Law, when the frequency is low, the
fluid in the pore is subjected to pressure to exhibit a
turbulent state, the ions in the pore have sufficient time to
move to the ends of the pore to form strong flow potential,
and the flow potential has the greatest effect on the fluid.
With the increase of frequency, fluid flow oscillation
accelerates, most of the ions can’t reach both ends of the
pore. The hindrance of electrokinetic effect on fluid
weakens.

According to the above theory, the corresponding
parameters are selected from Table 1, the frequency is
changed, and the dispersion characteristics of the apparent
viscosity coefficient of the porous medium can be obtained
as shown in Fig. 5. The modulus in the figure is the
porosity, concentration, and cation exchange capacity. The
solid line indicates the modulus value of the apparent
viscosity coefficient, and the dotted line indicates the phase
of the apparent viscosity coefficient. It can be seen from Fig
5 that the modulus of apparent viscosity coefficient exhibits
a maximum value when the frequency is weak. As the
frequency increases, the phase gradually increases, and the
modulus of apparent viscosity coefficient gradually
decreases toward 1, and the intersection of the two
represents the critical frequency. The formula (21) is used to
calculate the relationship between apparent viscosity
coefficient and porosity, solution concentration and cation
exchange capacity. According to Fig. 5, the larger the
porosity is, the smaller the apparent viscosity coefficient is.
This is because when the thickness of the electric double
layer is fixed, the larger the porosity is, the smaller the
proportion of the electric double layer affecting the fluid
flow space is, and the weaker the hindrance to the fluid flow
is. The effect of solution concentration on apparent
viscosity coefficient is shown in Fig. 5(b). The bigger the
solution concentration is, the thinner the thickness of the
electric double layer is. The weaker the electrokinetic
coupling ability of the fluid is, the smaller the hindrance of
the electric field on the flow of the fluid is, and the smaller
the apparent viscosity coefficient is. The effect of solution
concentration on apparent viscosity coefficient is shown in
Fig. 5(c). The larger the cation exchange capacity is, the
more ions are adsorbed on the solid-liquid interface. The
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Fig. 5 Impact of the reservoir parameters on frequency
dispersion characteristics of the apparent viscosity
coefficient

larger the Zeta potential is, the more obvious the hindrance
of the electric field on the flow of the fluid is, and the larger
the apparent viscosity coefficient is.

3.3 Relationships between electrokinetic effect,
viscous resistance and ratio

According to formula (23) and (25), Fig 6 shows the
dispersion characteristics of viscous resistance dissipation
and electrokinetic dissipation, and compares the two. It can
be seen from Fig. 6(a) that in the low frequency state, the
fluid velocity in the pore decreases with increasing
frequency, and the distribution along the diameter becomes
more and more gradual, and the viscous resistance
dissipation function decreases. In the high-frequency state,
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Fig. 6 Relationship between viscous resistance
dissipation, electrokinetic dissipation, ratio and solution
concentration

the frequency is further increased, the change rate of fluid
velocity along diameter in pore tends to zero, and the
viscous resistance dissipation function approaches zero,
which is consistent with the results obtained in Fig. 6(a).
The electrolyte solution with charge flows under the
influence of pressure gradient, and the resulting flow
potential is an obstacle to fluid flow. With the increase of
frequency, the flow potential decreases, and the dissipation
function of electrokinetic effect decreases, and finally
approaches zero. By comparing the two, it can be seen from
Fig. 6(c)that the electrokinetic dissipation plays a certain
role in fluid flow, which explains that the flow rate of
micro-scale fluid in experimental data is much smaller than
that calculated by traditional theory, but the dissipation of
viscous resistance is two orders of magnitude higher than
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Fig. 7 Relationship between viscous resistance
dissipation, electrokinetic dissipation, ratio and porosity

that of electrokinetic effect. From Fig. 6, it can also be seen
that the electrokinetic effect plays a role in the fluid flow in
the pore at low frequency, but when the frequency is very
high, the dissipation caused by the electrokinetic effect can
be neglected. Fig. 6 also shows the relationship curve
between viscous resistance dissipation function and
electrokinetic dissipation function as well as concentration.
The greater the solution concentration is, the thinner the
electric double layer thickness is. The fluid viscosity in the
pore becomes weaker, the fluid velocity decreases, and the
dissipation function of viscous resistance decreases. At the
same time, the electrokinetic coupling ability of the fluid
decreases with the decrease of the thickness of the electric
double layer, and the electrokinetic dissipation function
decreases. It can also be seen from Fig. 6(b) that the
concentration of electrolyte solution has no effect on the
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viscous resistance.

3.4 Relationships between electrokinetic effect,
viscous resistance and porosity

Fig. 7 shows the relationship between viscous resistance
dissipation, electrokinetic dissipation and porosity at
different porosity. It can be seen from Fig 7, with the
increase of porosity, the flow rate of fluid in the pore
increases, the flow capacity increases, and the viscous
resistance of fluid increases. At the same time, ions in the
pore increase, the electrokinetic effect caused by the electric
double layer effect is enhanced, and the electrokinetic
dissipation is enhanced. The Fig. 7(c) shows the ratio of
viscous resistance dissipation to electrokinetic dissipation
and the porosity are given in the figure. From the figure, it
can be seen that the ratio increases with the increase of
porosity, that is, the rate of increase in dissipation caused by
the electrokinetic effect is faster than that of viscous
resistance dissipation.

4 Conclusions

At present, the research on the electrokinetic effects
dissipation is based on the theory established by Repeat,
Yang, etc. These theories do not establish a complete
theoretical system of frequency domain electrokinetic
dissipation. The theoretical expression contains some
hypothetical constants whose physical meaning is not very
clear or cannot be measured experimentally. It is difficult to
quantitatively explain the electrokinetic dissipation of
reservoir rocks. In this paper, Ohm's Law of current density
in frequency domain is derived through expanding double
layer potential distribution with series and Bessel function
method, and then derive the analytical formulas of the
electrokinetic effect dissipation function. The analytical
formula of viscous resistance dissipation is obtained by
hydrodynamics, and the quantitative mathematical
description of the electrokinetic dissipation of reservoir
rock is realized. The dispersion characteristics of the
electrokinetic dissipation of reservoir rocks are studied from
the microscopic mechanism. The correctness and reliability
of the theory are proved by calculation examples, and the
following conclusions are obtained:

(1) At a certain frequency, the electrokinetic effect
caused by the elastic wave has a hindrance to the fluid flow,
and the energy dissipation caused by the electrokinetic
effect is far less than the energy dissipation caused by the
viscous resistance. When the concentration of the
electrolyte exceeds 0.1mol/L, the electrokinetic dissipation
can be neglected; and for the electrolyte solution (<102M)
with low concentration, the electrokinetic dissipation
phenomenon becomes very significant. The dissipation of
electrokinetic effect decreases with the increase of
electrolyte concentration, and increases with the increase of
porosity. The concentration of electrolyte solution has no
effect on the dissipation of viscous force. The greater the
porosity is, the more significant the viscous force
dissipation is.

(2) Under the action of the periodic pressure field, the

fluid in the pores of the reservoir rock is subjected to
pressure, the viscous force and the inertial force. When the
frequency is low, the inertial force of the fluid is small, and
the fluid in the pores becomes a steady flow state, and the
fluid flow profile in the pore is approximate parabola. With
the increase of frequency, the fluid flow oscillation
accelerates. The inertia force and viscous force of fluid play
a dominant role in the fluid flow, and the fluid velocity
decreases. At the channel wall, because of the friction force,
the velocity of the channel wall is always greater than that
of the middle of the pore, so the fluid flow becomes wavy.

(3) The apparent viscosity coefficient reflects the
reaction of the flow potential effect of the fluid in the pores
of the reservoir rock to the fluid flow. The results show that,
at low frequencies, the apparent viscosity coefficient is >1
and is basically unchanged. When the frequency increases
to a certain value, the apparent viscosity coefficient
gradually approaches 1 as the frequency increases further.
The decrease in porosity, the increase in formation water
concentration, and the increase in cation exchange capacity
all increase the apparent viscosity coefficient.

Because the interpretation of the mechanism of
electrokinetic dissipation involves the fluid mechanism of
porous media in reservoirs, different fluid models of porous
media can be used to obtain different simulation results of
electrokinetic dissipation. The physical mechanism model
of Biot two-phase medium is chosen in this paper, which
can’t explain all experimental phenomena and physical
causes. Moreover, the complexity of micro-pore structure
and fluid flow mechanism of reservoir rocks and the
conclusion need further experimental verification.
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