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ARTICLE INFO ABSTRACT

This paper aims to interpret the low-velocity nonlinear flow occurring in low-permeability reservoirs based on
the theories of electrokinetic transport and non-Newtonian rheology of fluids. To achieve this end, we simulate
the steady-state electroviscous flow of Bingham-Papanastasiou (BP) fluids in circular microtubes by simulta-
neously solving the Poisson-Boltzmann and the modified Navier-Stokes equations. The induced electrical field
strength |Egl, velocity profiles, and the transport capacity of the non-Newtonian fluid under the effects of various
factors (such as capillary radius R, zeta potential ¢, yield stress 7o, and stress growth index m) were examined.
The results show that the generated |E;| of the BP fluid is highly affected by the fluid rheology, which is quite
different from that of the Newtonian liquid. The velocity profiles become lower and flatter as m or 7 increases,
and this is more remarkable in smaller microtubes. The apparent viscosity of non-Newtonian fluid declines
monotonically with increasing c.., yet non-monotonically with R, m, 7o, and ¢. In addition, the low-velocity
nonlinear flow in microtubes can be successfully captured when considering the electrokinetic flow of the non-
Newtonian fluid rheology. While for the Newtonian fluid, only involving the electroviscous effect fails to gen-
erate the nonlinear flow behavior. The contributions of electrokinetic parameters versus rheological properties
to the degree of flow nonlinearity are also discussed. The impact of electrokinetic parameters (£, c..) on the flow
characteristics is significant at high-pressure gradients and becomes trivial when the pressure gradient is rela-
tively low. In contrast, the fluid rheological parameters (m, 7o) greatly determine the magnitude of the flow
nonlinearity occurring at the low-pressure gradients. In sum, the electroviscous flow of BP fluids in micro-
channels provides a possible explanation of the low-velocity non-Darcy flow in porous media.
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1. Introduction

Fluid flow in porous media is often described by Darcy’s law, which
characterizes a linear correlation between flow velocity and the pres-
sure gradient (Bear, 2013; Kumar et al., 2020). However, numerous
studies (Soni et al., 1978; Coles and Hartman, 1998; Dejam et al., 2017;
Diwu et al., 2018) have shown that the Darcy velocity, in both saturated
and unsaturated flows, exhibits nonlinear dependence on the pressure
gradient in low permeability porous media at low pressure gradients, as
illustrated in Fig. 1a. This nonlinear behavior may result from strong
liquid-solid interactions in a thin layer close to the solid surface due to
the combined effects of various interfacial forces. Whether these forces
require a threshold pressure gradient (TPG) to initiate the flow is still
debatable (Wei et al., 2009; Wang and Sheng, 2017). The direct mea-
surement of the TPG is often not practical since the flow rate in low
permeable media is always too low to be accurately determined. In fact,

the TPG value is generally obtained by fitting experimental data with
considerable uncertainties. Nevertheless, whether the TPG exists re-
mains unanswered to date, while the low-velocity non-Darcian flow in
low permeability porous media is widely recognized (Liu et al., 2012).

To characterize the nonlinear flow in porous media, extensive ex-
periments have been conducted using fluids like tap water, deionized
water, or various formation liquids. These experimental data allow
establishing correlations to describe the nonlinear feature of the flow in
porous samples (Prada and Civan, 1999; Hao et al., 2008; Zeng et al.,
2011). An earlier work by Miller and Low (1963) observed the TPG as a
result of water-clay interaction when water flows through different
clayey specimens. Prada and Civan (1999) performed a series of brine
flow tests through sandstones and sandpack samples and proposed a
modified Darcy’s law that the flow velocity is proportional to a power
relation of the pressure gradient. Additionally, Zeng et al. (2011)
measured the velocity-gradient curves for various types of fluids
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Fig. 1. (a) The velocity-gradient curve for low-velocity nonlinear flow; (b) Schematic of the electrokinetic flow of fluids in a capillary.
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Fig. 2. The dimensionless shear viscosity 7/7, versus the shear rate y for various
values of m, calculated using Eq. (2). The fixed parameters arez, = 1 mPas
andzy = 0.5Pa.

flowing through ultra-low permeability rocks and obtained empirical
relations between the TPG and sample permeability. Recently, by cri-
tically reviewing the current advances and discussing the nonlinear
flow mechanisms, Wang and Sheng (2017) used the boundary-layer
theory (Huang et al., 2013) (including the boundary and bulk fluid,
shown in Fig. 2 of their work) to describe the nonlinear flow me-
chanism. However, a universal mechanism responsible for the non-
linear seepage phenomenon in reservoirs remains elusive.

An enhanced understanding of the underlying mechanisms of non-
linear flow in tight porous media is of great societal and economic in-
terests, in the context of the exploration of unconventional reservoirs
such as shale gas and tight oil. Fluid flow in such tight porous media is
typically subjected to low pressure gradients and exhibits strong non-
Darcian behavior (Diwu et al., 2018). This non-Darcy flow highly af-
fects the well production and the injection operation in tight reservoirs
(Chen et al., 2017). Therefore, to uncover the underlying mechanics of
non-Darcian behaviors of fluids becomes crucial to the successful de-
velopment of unconventional resources. However, such reservoir rocks
mainly contain micro- and nano-scale pores (Loucks et al., 2009; Zhao
et al., 2015; Cheng et al., 2019), which precludes the accuracy of
conventional core flooding experiments, as mentioned above. On the
other hand, the rapid development of microelectromechanical tech-
nology provides an alternative approach to study the diverse physical
phenomena, such as microfluidic mixing (Kirby, 2010), heat transfer
(Ayoubloo et al., 2019; Ghalambaz et al., 2019; Shashikumar et al.,
2019), and fluid flow at the microscale (Li, 2004; Masliyah and
Bhattacharjee, 2006). For instance, authors (Wang et al., 2009; Yang
etal., 2011; Wu et al., 2017a,b) have performed flow experiments using

micro-fluidic channels to study the novel features of micro-scale flow. It
has been shown that the observed nonlinear flow at low pressure gra-
dient can be explained by the boundary-layer theory, assuming the
adsorption of polarized water molecules on hydrophilic solid surfaces;
and the thickness of the boundary-layer decreases with increased
pressure gradient until a certain thickness cannot be reduced any fur-
ther even at a higher pressure gradient (Wu et al., 2017a).

The impact of surface-dominated forces in microfluidics originating
from the liquid-wall interaction on the flow becomes indispensable
when the flow channels are at the micro- and nano-scales (Brutin and
Tadrist, 2003). One of the surface-dominated forces arises from the
electrical double layer (EDL) effect (Hunter, 1981; Li, 2004). EDL is
essentially a physical structure that spontaneously appears on a solid
surface when it is in contact with an electrolyte solution. An electrical
potential difference at the solid-liquid interface leads to the re-
arrangement of ions within the EDL. In the presence of an external
pressure gradient, the solution transport in microfluidics can be greatly
influenced by the electroviscous effect in many cases (Hunter, 1981).
The primary mechanism of the electroviscous flow is illustrated in
Fig. 1b. When an aqueous solution flows through a micro-channel
driven only by a pressure difference, the counterions in the diffuse layer
are carried toward the outlet end, resulting in the formation of
streaming potential along the flow direction. Subsequently, the flow-
induced streaming potential drives the counterions to move against the
liquid flow direction. Meanwhile, the moving counterions in the diffuse
layer will drag the liquid molecules to migrate. The net effect results in
an increase in the fluid viscosity and thus the reduction in the flow rate
through a micro-channel, i.e., so-called the electroviscosity effect
(Wang et al., 2006).

The impact of generated streaming potential on the flow of forma-
tion fluids (i.e., electrolyte solutions) through low permeable rocks
cannot be arbitrarily neglected (Bear, 2013; Donaldson and Alam,
2013). Zhang et al. (2015) studied the electrokinetic flow of a New-
tonian fluid in a capillary tube with periodically varying cross-sections
and concluded that the electroviscous effects cannot account for the
observed nonlinear flow in tight porous media. Besides, we recently
examined the flow characteristics of solutions in hydrophilic nanopores
considering the electroviscous effects and the enhanced viscosity near
the charged wall, yet the nonlinear fluid flow was not found (Cheng
et al.,, 2020). Additionally, the formation liquids generally carry mi-
neral particles and may become non-Newtonian liquids due to clay-
water interactions (Swartzendruber, 1962a; Swartzendruber, 1962b;
Liu et al., 2012). Such fluids have also been considered as Bingham
fluids in numerical studies (Jiang et al., 2012; Zhang et al., 2019).
Published experimental studies also show that clay-water suspensions
can behave as non-Newtonian Bingham fluids with yield stress (Rand
and Melton, 1977; Torrance, 1999; Amoros et al., 2010). Further, it has
been stated that the nonlinear flow is likely to take place in any surface-
active porous medium, and the non-Newtonian behavior can be a



Z. Cheng, et al.

possible cause of the non-Darcy flow (Swartzendruber, 1962a,b), which
has not yet been validated. Based on the above discussion, we here
consider the formation liquids as the Bingham fluids and investigate
whether the nonlinear flow found in published experiments can be in-
terpreted by the combined effects of the electrokinetic flow and the
non-Newtonian rheology. Recently, based on the Debye-Huckel line-
arization theory (Kirby, 2010), a closed-form model of the electro-
kinetic flow of Bingham-plastic fluid (Zhang et al., 2019) has been
proposed to account for the nonlinear flow mechanism in circular
pores; however, it cannot consider the impacts of high zeta potential at
the solid wall due to the linearization simplification.

This study aims to investigate the electroviscous flow in a micro-
sized capillary tube using a continuous Bingham-Papanastasiou (BP)
fluid (Papanastasiou, 1987). This non-Newtonian fluid model is chosen
to avoid the inherent attribute of discontinuity in the ideal Bingham-
plastic model (Mitsoulis, 2007). After detailed descriptions of the model
and model validation, we investigate the impacts of fluid rheological
properties and electrokinetic parameters on the electrokinetic flow
characteristics. The results help shed light on the understanding of low-
velocity nonlinear flow of formation fluids in tight media.

2. Numerical model
2.1. Governing equations
The fluid viscosity # is a constant for Newtonian fluids, but a shear-

dependent variable for non-Newtonian fluids. For the BP fluid, # is
defined by (Papanastasiou, 1987)

T To 5
=—=n + —[1 - -
e [1 — exp(—my)] o

where 7, is the plastic viscosity; m is the stress growth index that
controls the strength of the increasing stress; 7o denotes the yield stress,
and 7 is the shear stress corresponding to a specific shear rate. Ad-
ditionally, the shear rate tensor vy is expressed as (Bird et al., 1987)

7 =28:S )
where S is calculated by
S = [Vu + (Vw)T]/2 3

in which, u is the fluid velocity. Fig. 2 illustrates the rheological
behavior of BP fluids with various m values. The results are presented in
dimensionless shear stress z/z7o with increasing shear rate y. An im-
portant feature of the BP fluids is that they have a finite stress level at
small shear rates, unlike the ideal Bingham model in which a solid-like
structure is formed as r < 7(. Furthermore, the Newtonian fluid is re-
covered when m approaches 0 or 7y = 0. In the limit of m — o0, Eq. (1)
is reduced to the classical Bingham-plastic model (Mitsoulis, 2007).

This study considers the steady-state laminar flow of a binary
electrolyte, i.e., an incompressible non-Newtonian fluid with viscosity
n, flowing through a cylindrical microtube with radius r subjected to a
pressure gradient P,. The flow velocity u can be characterized by the
modified Navier-Stokes (N-S) equation:

du  1du P, E

—_ + —_—
dr?  radr n 9 (@)
where E; and p,. are induced electric field strength and charge density,
respectively.

The electrical potential distribution of the solution in a capillary
tube is governed by the Poisson equation (Hunter, 1981):

¢y, 1dp_p
dr?  rdr Eo&r 5)
where v is the electrostatic potential; ¢¢ is the vacuum permittivity; and

¢, is the relative permittivity of the fluid. The charge density p. can be
determined by
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o =), exn;
21: (6)

where e is the elementary charge; z; and n; denote the valence and the
number concentration of the ith species. When the advection of ions is
neglected, by combining the assumption of electro-neutrality far away
from the walls, n; can be given by

N = Nj,c €XP (—M)

kgT @

where n; ., is the bulk ionic concentration of the ith species; kg is the
Boltzmann constant; and T is the environment temperature. Summar-
izing Egs. (5)-(7) then leads to the Poisson Boltzmann (PB) equation

2.
ey 1dy Msmh(ﬂ)

dr?  rdr €0y ks T (8)

Note that E; in Eq. (4) is determined with the net electrical current
being zero in the steady-state, which means

I=I.+L=0 9

where I, I, and I are the net electrical current, the conduction current,
and the streaming potential, respectively. Hence, E; can be given by
(Rice and Whitehead, 1965)

2w j(;R pu(r)rdr
o /.teﬂ'Ac (1 0)

where R is the capillary tube radius; A, is the cross-sectional area of the
microtube; and A4 is the effective electric conductivity of the liquid
that can be analytically determined by (Ban et al., 2010)

o j(;R Ardr

Ay =
d A, an

where the electric conductivity A can be expressed as (Lu et al., 2004;
Ban et al., 2010)

1= Z ZizezDini

kgT (12)
where D; is the diffusion constant of the ith species. As such, the dis-
tributions of electrical potential and charge density can be calculated
using the PB model, and the velocity profile in a microtube is obtained
through the modified N-S equation Eq. (4).

2.2. The numerical model and model validation

To reduce the computational cost of solving the PB and the modified
N-S equations, a two-dimensional axisymmetric model is used in the
simulations. The model (Fig. 3) shows a capillary tube with a radius R, a
solid wall (BC boundary) with zeta potential ¢, and a pressure differ-
ence between the inlet P;, (AB boundary) and outlet P,,,; (CD boundary)
of the capillary tube. No-slip boundary condition (u = 0) is assumed at
the solid wall (BC boundary). Given that the coupled model in-
corporating the PB and the modified N-S equations are highly

Solid wall ()

L MLl 777777

R P, Flow direction P

out
—_—

DN

Axial symmetry

Fig. 3. The 3D cylindrical model is simplified to the 2D axisymmetric model.
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nonlinear, the COMSOL package (based on the finite element method)
is employed to numerically solve these equations (Multiphysics, 2012).

Since no analytical solution to the electrokinetic transport of the BP
fluid in a capillary tube exists, the validation of the numerical model in
this study is confirmed by simulating the electrokinetic flow of a
Newtonian fluid (a 1:1 electrolyte solution) in a capillary tube and
comparing to its approximate analytical solution.

Regarding Eq. (8), the term sinh(zey/kzT) can be approximately
written as (zey/kg T) when the zeta potential of the charged wall is low
(lzep/ksTl < 1), namely the Debye-Huckel approximation (Kirby,
2010). Hence, the PB equation is linearized as

¢y 1z

_ .2
dr? = rdr p=x

EoErkBT (13)
where x = \/2n,,z%?%/(eoc, kg T) represents the reciprocal of the Debye
length, which is the nominal thickness of the EDL. As such, xR, the ratio
of the microtube radius over the EDL thickness, indicates the relative
intensity of the electrokinetic effects. Combing Eq. (5) and (13), the
EDL electrical potential and the velocity profile within the microtube
can be analytically determined (Rice and Whitehead, 1965),

Io (xr)
P =¢r
Iy(xR) (14)
QZPZ [1 _ IO(KY)] _ 2L(xR)
u() = SRR — 1) o) D,
4n A 1-8|1- 2 (R)  IEOR)
xRIo (kR) 1§ (kR)

(15)

where I, and I, are the zero-order and first-order modified Bessel
function, respectively. Besides, two coefficients are expressed as:
Q = epy/n and B = Q*nx?/As.

The following parameter values are assumed for the comparison of
analytical and numerical results. The electric conductivity A is taken as
a constant 8 X 10~ 8 S/m, and the ionic molar concentration c.. is 10~°
mol/L. Note that the correlation between n.. and c.. is n.. =c.. XNy,
where N, is the Avogadro constant. The density, viscosity, and relative
permittivity of the solution are taken as 1000 kg/m3, 1 mPa-s, and 80,
respectively. The temperature is 298.15K, and the pressure gradient
imposed is 1 MPa/m.

Fig. 4 shows the distribution of electrical potential and the velocity
profile using the simulation and the analytical solution. The numerical
results perfectly agree with that of the Debye-Huckel theory when
¢ = —20mV (Fig. 4a). However, as expected, the numerical PB solution
gradually departs from the Debye-Huckel prediction when ¢ = —60

(a) 1.0
< 09 |2 -
S ¢=20mV sgomyv =100 mV
S
Q
=]
8
z
= 0.8;5
=
[}
X
E
o
Z 0.1k

0.0 - - - s

0 20 -40 -60 -80 -100

Electrical potential ¥ (mV)
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and —100 mV, because the Debye-Huckel approximation is only valid
under low ¢. As for the velocity profiles (Fig. 4b), numerical results are
lower than that from the Hagen-Poiseuille (HP) velocity for all ¢ values,
highlighting the electroviscous effect on retarding the fluid flow in
microtubes. At { = —20 mV, the velocity profile by the PB model is in
good agreement with that of the Debye-Huckel method. However, the
differences between the analytical and the simulation results increase
with increasing ¢ values, and the Debye-Huckel approach under-
estimates the fluid velocity. Thus, the numerical solution of the coupled
PB and modified N-S equations can not only provide validated results
but also capture the electroviscous effect particularly at high zeta po-
tential of the solid wall.

3. Numerical results

The transport characteristics of the BP fluid through a microtube are
investigated considering the surface zeta potential ¢, the ionic molar
concentration c.., the fluid stress growth index m, and the fluid yield
stress 7o. The characteristics of the Newtonian fluid flowing through the
microtube are also presented as a comparison. The following simula-
tions assume a potassium chloride (KCI) solution, which is a common
component of the formation fluid in tight reservoirs. All other para-
meters used in the simulations including temperature, the pressure
gradient, and viscosities are listed in Table 1. Note that the plastic
viscosity also represents the viscosity of the Newtonian liquid.

3.1. Induced electrical potential

The manifested electroviscous effect on fluid flow through a mi-
crotube is caused by the movement of counterions within the EDL
against the pressure gradient. The induced electrokinetic resistance is
largely associated with the strength of the generated streaming poten-
tial. Thus, we here consider the influence of the yield stress 7o on the
induced electrical field strength |El.

A BP fluid can be reduced to the Newtonian fluid when the yield
stress 7o = O (see Eq. (1)). As such, both Newtonian and non-Newtonian
fluids show an identical electrical strength when fluid yield stress
79 = 0 (Fig. 5). The Newtonian fluid always holds a constant electrical
strength |Eg| and is larger than that of the BP fluid, regardless of the
changing yield stress. This is because the BP fluid has a higher viscosity
than the Newtonian fluid, causing a reduction in the flow velocity, the
mobility of the electrical charge, and thus the induced electrical field
strength. In other words, the BP fluid can lower the streaming potential
(Zhang et al., 2019). Additionally, as the fluid yield stress 7, increases,

(b) 105

=
o]
T

0.6

0.4

Normalized distance, /R

02k ¢=-100 mV

OO 1 1 1
0.0 0.5 1.0 1.5 2.0

Dimensionless profile, u/up

Fig. 4. Comparisons of the results from the Debye-Huckel linear method (solid lines) and the PB equation (open markers) when xR = 30. (a) The electrical potential
distribution; (b) The dimensionless velocity distribution, where #;p represents the HP average velocity of the fluid without involving the electroviscous effects.
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Table 1
The main parameters used for simulation.
Parameter description Symbol  Unit Value
Temperature T K 298.15
Relative permittivity & - 80
Molar concentration Co mol/L 1077
Valence of K™ 2 - 1
Valence of CI~ 22 - -1
Diffusion coefficient of K* D, m?/s 1.957 x 10~ ° (Haynes,
2014)
Diffusion coefficient of CI~ D, m?/s 2.032 x 10~° (Haynes,
2014)
Plastic viscosity no mPas 1
Viscosity of the Newtonian o mPas 1
fluid
Pressure gradient - MPa/m 1

the flow velocity also decreases due to increased viscous resistance and
thus the induced electrical field |El as shown in Fig. 5. As shown in
Fig. 5c and 5d, the induced electrical field |Eg| in a microtube with ra-
dius R = 10 um does not show an evident difference as the fluid stress
growth index m varies from 0.1 to 1000 s. This is mainly because the
shear stress of the BP fluid is less dependent on a certain range of shear
rate (see also Fig. 2) so that the difference in viscosity becomes negli-
gible when m > 0.1s.

The induced electrical field |E;| generally decreases and departs from

@ — e
: o, ]
3 L S
10 Newtonian fluid 000k
m=0.1s
s 10 F
2
m=10s
10" £
[ R=3um
=50 mV
10—3 1 L 1
0.0 0.5 1.0 1.5 2.0
7, (Pa)
(c)
Newtonian fluid
— ‘
g
2
E/,
R=10 um
=50 mV
103 1 1 1
0.0 0.5 1.0 1.5 2.0
7 (Pa)
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that of the Newtonian fluid as the m value increases. The decreasing
trend in |E| with increasing m values is also affected by the fluid yield
stress 7o particularly when m > 0.1s. This phenomenon is more pro-
nounced in smaller microtubes, such as in a 3-um radius microtube
shown in Fig. 5a and 5c. When the fluid yield stress is high, say
79 > 1.4Pa, the flow velocity is relatively low, resulting in a weak
electrical field |Egl. While in a R = 10 um microtube, the induced elec-
trical field is still relatively high compared to that in the R = 3um
microtube at a high fluid yield stress 7, = 2 Pa. This is attributed to the
higher fluid velocity within the R = 10 um microtube. Furthermore, it
is also found that although a larger zeta potential corresponds to a
larger net charge density, the induced IEl in this scenario is lower. This
finding is similar to the study of Jamaati et al. (2010), in which, a
decrease in |E| with increasing zeta potential is observed when the zeta
potential is higher than a critical value. This reflects that the electric
field |Eq| is determined by multiple factors according to Eq. (10) and
higher charge density p. may be counteracted by higher electrical
conductivity A of the liquid.

3.2. Velocity profiles

Fig. 6 presents the velocity profiles of non-Newtonian fluids through
microtubes with the consideration of the electrokinetic effect. The ve-
locity results are presented in a dimensionless form, i.e., divided by the
average bulk velocity i, Note also that the results for the cases of

(b)

Newtonian fluid

1 03 < _——P:F&A—'NN)% > o
S m=0.001 s
/\E\ 10' k m=0.1s
Z
E,_ L
e — |
100 m=10s
[ R=3um
{=-200 mV
10° ' ' I |
00 05 1.0 15 2.0
7 (Pa)

(d)

Newtonian fluid

—pg—o—o—o o —o o oo
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B

P —

IE,| (V/m)
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103 1 1 1
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2.0

Fig. 5. Dependence of |E | on the yield stress 7, for various values of m, zeta potential ¢, and capillary radius R. Note that for (c) and (d), results of m = 0.1s and

m = 10s are nearly overlapping with that of m = 1000s.
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Fig. 6. Dimensionless velocity (u/ uHP) profiles across the microtube at various values of m, R, ¢ and 7o, where the velocity distributions of the Newtonian fluids are
plotted for comparison as well.

m = 10s and 1000 s are not shown as they almost overlap with that of
the m = 0.1 s case, as discussed previously in Section 3.1.

The results show that the Newtonian fluid has higher velocities at all
radial positions within the capillary tube than that of the non-
Newtonian fluids, even though the Newtonian fluid has higher elec-
trokinetic resistance (as shown in Fig. 5). This is mainly due to the high
viscosity of the BP fluids that outweighs the electroviscous effects.
Additionally, as the zeta potential of the wall shifts from —50mV to

—200mV, there is a slight decrease in the velocity due to increased
electrokinetic resistance. As such, the shear rate of the fluid decreases
when the yield stress increases, particularly near the central region of
the capillary tube. This leads to flatter velocity profiles of the non-
Newtonian fluids, i.e., no longer parabola profiles (Fig. 6¢). Such ve-
locity profiles can also be found in the published numerical study (Tang
et al.,, 2011). The calculated velocity profiles in the 10-um microtubes
(Fig. 6b, 6d, and 6f) follow a similar pattern as those of the 3-um
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microtubes (Fig. 6a, 6¢, and 6e). However, the latter has more pro-
nounced electroviscous effects and Bingham behaviors of fluids. The
more pronounced electroviscous effect in the 3-um microtubes is at-
tributed to the thicker EDL compared to that in the 10-um microtubes.

Furthermore, the velocity declines more rapidly as the yield stress
increases in the 3-um microtube compared to the 10-pm microtube. For
instance, the maximum dimensionless velocity is only 0.02 when
7o = 1.6 Pa and m = 0.1 s in the 3-pm microtube, indicating enormous
flow resistance resulted from the Bingham rheology. This result further
supports the above observation that very low fluid velocity cannot lead
to significant streaming potential (Fig. 5a and b).

4. Analyses and discussion
4.1. Apparent viscosity

The apparent viscosity of the fluid flow in the microtubes 7,pp is
calculated to quantitatively evaluate the strength of the flow resistance
induced by the electrokinetic effect. The results are presented in di-
mensionless 1,pp/%%, i.€., divided by the viscosity of the non-Newtonian
fluid »*. Note that at a constant pressure gradient, #7,,,/7* essentially
reflects Unon-eve/Ueve, Where Upon eve and Ueye are the averaged flow ve-
locity in a microtube without and with the consideration of the elec-
troviscous forces, respectively. Note that the averaged flow velocity
also inherently captures the flux in the microtube.

Fig. 7a depicts the effects of the capillary radius on #,p,/7* for both
the Newtonian and the BP liquids with different m values. For non-
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Newtonian fluids, #.pp/57* is used for reflecting the effect of streaming
potential on fluid flow; hence, it is always larger than unity. The results
show that #,pp/n* varies non-monotonically with the microtube size.
For instance, with the increase in the tube size, 7,p,,/7* first experiences
a rapid increase, followed by a gradual decrease when m = 0.1s.
Overall, the electrokinetic effect in the non-Newtonian fluid is sensitive
to the value of m, and the resulted viscosity can be higher or lower than
that of the Newtonian fluid. The total flow resistance in a microtube is
mainly caused by the viscous drag and the electroviscous force within
the EDL. Subjected to a certain pressure gradient, the fluid with
m = 0.01s or 0.1s has a relatively low shear rate in a small-sized mi-
crotube (e.g., R < 3 um) that leads to a high viscosity in the microtube.
In these situations, the flow resistance is dominated by the viscous
forces, leading to a lower 7,p,/n* value. With the increase in the mi-
crotube size, the electroviscous contribution to the flow resistance will
be enhanced due to increased flow shear rate, followed by a gradual
decrease due to reduced EDL thickness compared to the tube size, and
eventually approaches to one (as shown in Fig. 7a). Plus, the difference
in #app/n* among different m values diminishes as R > 15um. This
result may be because the viscosity of the non-Newtonian fluid is in-
dependent of the m value under a certain range of shear rates (refer to
Fig. 2). Therefore, it can be concluded that the variation in n,pp/n* with
the values of microtube radius and m is not monotonous, and #app/17*
has a local maximum at a certain capillary radius, which is strongly
related to the rheological properties of the fluids.

Furthermore, the relationship between 7,,,/7* and the yield stress
of the fluid is presented in Fig. 7b. The Newtonian liquid has a constant
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Fig. 7. The variation of dimensionless apparent viscosity as a function of (a) capillary radius R, (b) yield stress 7o, (c) zeta potential ¢, and (d) molar concentration of

the solution c...
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Napp/n* regardless of 7o as expected. When m = 0.001s, the di-
mensionless apparent viscosity 7app/n* of the liquid decreases almost
linearly and would be close to unity with the yield stress, and the dif-
ference in #,,,/7* between the non-Newtonian and the Newtonian
fluids becomes larger as 7y increases. Likewise, reducing the m value
would reduce the difference in #,,,/7* between the two fluids (see the
case of m = 0.0001 s in Fig. 7b). However, the effect of 7o on the 7app/5*
of non-Newtonian fluids is non-monotonic when m > 0.001s, and
there exists a critical 7, that resulting in the largest n,,,/n*. It is also
revealed that the m value has a non-monotonic influence on #.pp/7*.
The napp/n* versus 7o trends are different at different m values. This is
mainly because the increase in n* outweighs the electrokinetic re-
sistance at small m values (i.e., m = 0.0001 and 0.00001 s herein), and
a greater electrokinetic contribution to the increases fluid viscosity at
larger m values (i.e., m = 0.01 and 0.1 s). However, the very low flow
rate will make the electroviscous effect negligible at a larger z,. Spe-
cifically, at m = 0.1s and 7y > 2.7 Pa, the electroviscous effect be-
comes subtle mainly due to the very low shear rate in the flow. The
viscous and electroviscous forces accounting for the proportions of the
total flow resistance changes as 7, increases, and the magnitude of the
electrokinetic effects is notably dependent on the fluid rheology.

Fig. 7c shows the impact of zeta potential ¢ on the electroviscous
flow of Newtonian and non-Newtonian fluids. The apparent viscosity of
the Newtonian fluid #,,,/#7* exhibits a non-monotonic behavior with
increasing ¢. This result is qualitatively consistent with previous studies
(Jamaati et al., 2010; Jing et al., 2017). The most remarkable electro-
viscous effect occurs when m = 0.01 s. Additionally, the dependence of
Napp/n* On the zeta potential for three cases of non-Newtonian fluids is
also non-monotonic. Also, #7,5,/7* Varies non-monotonically with the m
value in some instances (Fig. 7a).

The role of the solution concentration c.. in fluid transport in mi-
crotubes is investigated. As illustrated in Fig. 7d, a higher m value re-
sults in a larger 7app/7*. In addition, the #,pp/#* monotonically de-
creases with increasing ionic molar concentration c.., which reduces
the EDL thickness and thus the electroviscous resistance of fluids. There
are numerical studies (Masliyah and Bhattacharjee, 2006; Wang et al.,
2006) showing the non-monotonic dependence of #,,,/7* on the solu-
tion concentration, while Bharti et al. (2008) and Bharti et al. (2009)
did not observe a local maximum of 7,,,/1*, as presented in this study.
This inconsistency is likely related to the differences in the boundary
conditions (i.e., a constant ¢ versus a constant surface charge density) or
the calculation of the electrical conductivity of the solution. In the work
of Wang et al. (2006), A.s was set as a constant. However, as for the
electroviscous flow, the electric conductivity of an electrolyte is a key
parameter to determine the streaming potential. It is a function of the
ion type, ion concentration, and zeta potential; thus, using a fixed A4 in
the simulation may not be appropriate. Here, following Ban et al.
(2010), Af is determined by using Eq. (12), which captures the influ-
ences of these factors and is also in line with the calculation method of
Aesr adopted in Bharti et al. (2008) and Bharti et al. (2009).

4.2. Nonlinear flow characteristics

Fig. 8 shows the fluid velocity versus pressure gradient relationship
i-P, under various influencing factors. The results exhibit the nonlinear
characteristics of the flow in microtubes that are successfully captured
by considering the BP non-Newtonian fluid and the electrokinetic ef-
fect. Fig. 8a and b show that the @-P, curves nearly coincided, indicating
the marginal effects of the zeta potential { and the ionic molar con-
centration c.., particularly when the pressure gradient is low. The dif-
ference in the @-P, relation becomes more notable at higher pressure
gradients. The total flow resistance is dominated by the viscous force at
low pressure gradients, and by the electroviscous force at high pressure
gradients. This implies that the electrokinetic parameters (¢, c..) have
more evident impacts on the electroviscous flow in microtubes at a
relatively high-pressure gradient. As shown in Fig. 8c and d, the
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rheological parameters (m, 7o) have more pronounced impacts on the
nonlinearity of the fluid flow, i.e., more concaved @-P, curves. At
m = 0.01 and 0.1s, the fluid velocity at a pressure gradient smaller
than ~0.5MPa/m is very low as if there exists a threshold pressure
gradient (Fig. 8c). Such flow rates are too low to be accurately mea-
sured in a conventional laboratory setting. While at m = 0.001 s, the
nonlinear behavior is not remarkable. Furthermore, all the i-P, rela-
tions will collapse into a single trend for various m values at high
pressure gradients since the role of the m value in determining the fluid
rheology becomes insignificant. In this situation, three curves are
nearly parallel to each other. Also, it is again found that for Newtonian
fluids, considering the electroviscous effects alone cannot result in the
nonlinearity in the @-P, relation. Moreover, a larger yield stress 7, of the
fluid leads to a stronger nonlinearity of flow and a lower flow rate
(Fig. 8d). Therefore, the results highlight the dominant role of the
electrokinetic parameters ({, c..) at high pressure gradients and the
fluid rheological parameters (m, 7o) at low pressure gradients on the
flow in microtubes.

4.3. Extension to natural tight formations

Unconventional resources such as shale gas and tight oil are always
stored in ultra-low permeable reservoirs with abundant nano- to micro-
pores. To understand the unique seepage mechanisms in low permeable
reservoirs, laboratory tests generally focus on the single-phase flow
through rock samples, as described in the Introduction. Admittedly,
using the KCI solution representing the formation fluids is a simplifi-
cation in this study, as the formation fluids usually involve oil, water
and/or gases and the compositions of the formation water are complex.
However, given that formation liquids commonly have certain salt
concentrations, the resulted electroviscous effects on fluid flow need to
be seriously considered. Keep in mind that the EDL does not overlap in
all microscale flow simulations in this investigation, and thus, the PB
model is still adequate to characterize the distributions of ions and
electrical potential.

Furthermore, as described in the Introduction, the fluid rheology
may have been altered to be non-Newtonian fluid with yield stress due
to charged particles, and the complex interaction between liquid and
the mineral surface. A recent analytical study investigated the electro-
viscous flow of a Bingham-plastic fluid in microsized circular tubes
(Zhang et al., 2019), in which the fluid flow occurs only after exceeding
the TPG and followed by a linear flow. They also stated that such a
generated nonlinear flow behavior coincided with the experimental
results for deionized water flowing in silica microtubes (Yang et al.,
2011; Zhu et al., 2014). In fact, whether the TPG exists is controversial.
According to the viewpoint in the literature (Wang and Sheng, 2017),
TPG is generally obtained by fitting the measured @-P, curve. And the
hydrocarbon migration during the reservoir forming process cannot
happen if there is a TPG. The utilization of the BP model in our study
generates a continuously nonlinear flow in microtubes without invol-
ving the conception of TPG. Moreover, the results in this article indicate
that the electroviscous flow of the Newtonian fluid in microtubes shows
the linear feature, implying that experiments of deionized water flow in
microtubes are probably not ideal for unraveling the mechanism of
nonlinear flow in porous materials. The possible reason is that the
surface characteristic of microtubes used in testing cannot represent
that of reservoir minerals.

The gained new insights can have potential applications for prac-
tical reservoir engineering. For instance, the fluids used for perme-
ability measurement in rock samples can be collected for further
rheology tests. The viscosity-shear rate results can be fitted by the BP
model to acquire rheological parameters for reservoir simulators. In
terms of the electrokinetic effect, its significance can be evaluated by
the ratio of the EDL thickness over the characteristic length of the
porous rock or soil, which is associated with its permeability. The di-
mensionless apparent viscosity determined in Section 4.1 shows that



Z. Cheng, et al. Journal of Hydrology 590 (2020) 125224

(@) 9 (b)o
—o— =50 mV —o—n_=10"* mol/L
— —o— (=100 mV — —o—n_=10" mol/L
r —— =200 mV < .
g é ——n_=10" mol/L
= 6F T 6F ——n_=107 mol/L
2 z
£ £
o =]
© ©
> >
& 3 &3+
s =
:% ¢.=107 mol/L ;ﬁ
m=0.01s m=0.01s
7,=1.5Pa 7,=1.5 Pa
0 1 1 1 0 b 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pressure gradient (MPa/m) Pressure gradient (MPa/m)
(c) ° (d) °
—o— Newtonian fluid —o— 7,=0.5 Pa
—o—m=0.001s _
2 | ——m=001s 7 | WOk
£ o m=0.1s £ ——7=15Pa
E 6t E 6}
[ |3
=z =z
S 'S
2 2
2 £
9] L o -
& 3 & 3
Bt —
5] o
> >
< c.=107 mol/L < m=0.01's
7,=1.5 Pa 7,=1.5 Pa
0 P Sl 1 1 0 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pressure gradient (MPa/m) Pressure gradient (MPa/m)

Fig. 8. Average velocity versus pressure gradient for a 5-iim microtube under the effects of various influencing factors: (a) zeta potential £, (b) ionic concentration c..,
(c) stress growth index m, and (d) yield stress 7.

(a) 12 (b) 20
°  Xue-wuetal. (2011) *  Xue-wuetal. (2011) 2
— —— Model fitting — | —— Model fitting
E E :
El El 15 F
IS 8 IS
z z
3 K=0.195 mD 'S 10 K=0.524mD
° o)
> >
% 4 %
s g 5L
o (]
> >
< <
0 1 1 1 0 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
Pressure gradient (MPa/m) Pressure gradient (MPa/m)

Fig. 9. Comparison of the results from the experiments and the non-Newtonian model estimation, where two low-permeability samples (a) K = 0.195 mD and (b)
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Table 2
Experimental and fitting parameters.
Liquid type Permeability Porosity Req m 70 o & Co
(mD) (um) (s) (Pa) (mPa-s) (mV) (mol/L)
Formation Water (Xue-wu et al., 2011) 0.195 9.63% 0.128 0.1 10 1 —-50 10°°
Formation Water (Xue-wu et al., 2011) 0.524 13.75% 0.175 0.1 0.01 1 -50 10°°

R.q means the equivalent radius of the capillary bundle.
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the electroviscous effect is not quite notable in micropores, but it could
become potentially more significant electroviscous effect in nanopores.
In this case, a more general Poisson-Nernst-Planck model may be re-
quired to characterize the electrokinetic transport because of the
overlapped EDL (Zhang and Wang, 2015). Additionally, the slip
boundary condition should also be considered (Jing et al., 2017;
Hajmohammadi et al., 2018), which depends on the solid-liquid inter-
action and is out of our subject here.

Using the micro-flux measuring instrument, Xue-wu et al. (2011)
acquired the apparent permeability of sandstone cores under different
pressure gradients and observed the low-velocity non-Darcy behavior.
Based on the assumption that the core can be simplified by the capillary
bundle model (Bear, 2013), we replot the velocity-gradient curves of
two samples, shown in Fig. 9. The curves are fitted using the non-
Newtonian model adopted in this work. All relevant experimental and
fitting parameters are listed in Table 2. The fitting results are in good
accord with the experimental data, indicating the nonlinear flow can be
generated through the combination of non-Newtonian rheology and
electroviscous effect, which may be a possible mechanism responsible
for the low-velocity non-Darcy flow of fluids in low permeable forma-
tions.

In sum, the insights gained from this paper can enhance current
reservoir simulators and provide theoretical foundations to broader
fields, such as the design of microfluidic devices, soil, hydrology en-
gineering, and geophysical applications.

5. Conclusions

In this study, the electrokinetic transport of BP non-Newtonian
fluids through circular microtubes was systematically studied using the
coupled PB and N-S equations. The effects of various electrokinetic and
rheological properties on the induced electrical field strength, velocity
profile, and transport capacity of the non-Newtonian fluid flow in mi-
crotubes were examined. Furthermore, the characteristics of the non-
linear flow of fluids in microchanels were analyzed as well. The main
conclusions are drawn as follows:

(1) The induced electrical strength |Eq| is collectively determined by
various parameters, such as the fluid velocity, the electric con-
ductivity, and charge density within EDL. Under the same condi-
tion, |E4l for the non-Newtonian fluid is lower since it has a higher
viscosity than the Newtonian liquid. In addition, |E¢l will mono-
tonously decrease as 7, increases, and can almost be ignored espe-
cially for the microtube with a small radius. Besides, due to the fluid
rheology of the BP model, |E; is not sensitive to the variation of m
when m > 0.1s, while decreasing m would enable |E4| to be closer
to that for the Newtonian fluid when m < 0. 1s. As such, at a fixed
pressure gradient, a larger capillary will result in a higher |El.
The velocity profiles of non-Newtonian fluids will become lower
and flatter when 7, or m increases and a region having a higher
viscosity would occur near the microtube center. This phenomenon
is more pronounced for the small capillary. In addition, the influ-
ences of the capillary size R, zeta potential ¢, stress growth index m,
and yield stress 7o on 77,5p/7* for both of the Newtonian and BP
fluids are not monotonous, and there is a critical value that leads to
the largest #7,5,/n* for each case; while #7,,,/7* gradually decreases
with the increasing ion concentration c.. due to the thinner EDL.
(3) With consideration of the non-Newtonian fluid rheology and elec-
troviscous effects, the low-velocity nonlinear flow in microtubes is
successfully captured. The electrokinetic parameters (£, c..) only
affect the flow characteristic of fluids at the high-pressure gradient
but have negligible effects on the fluid flow when the pressure
gradient is relatively low. In contrast, the rheological parameters
(m, 7o) highly control the magnitude of the flow nonlinearity, in
particular at the low-pressure gradient. Additionally, only con-
sidering the electroviscous effects of the Newtonian fluid cannot
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produce the nonlinear regime.
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