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The characteristic scale of pore flow in tight reservoirs is generally in the range of 0.1 μm to 1 μm, which shows the obvious micro-
and nanoscale effect. The traditional oil and gas seepage theory cannot accurately describe the flow law of liquid in the micro- and
nanopores. The determination of seepage characteristics is crucial to the development, layout, and prediction of tight oil.
Therefore, a non-Newtonian fluid model is established to discuss the flow characteristics of confined liquid in the
heterogeneous pores of microtubules and reveal the nonlinear seepage law of water in micro- and nanochannels and tight
reservoirs. Based on the characteristics of non-Newtonian fluid of confined fluid in micro- and nanospace, the flow model of
non-Newtonian fluid under the action of shear stress was deduced. The flow velocity variation of liquid in micro- and
nanochannel and dense core was analyzed, and the flow rate of water was less than that predicted by macro theory. According
to the flow experiment of water in micro- and nanochannels, the flow model of power-law non-Newtonian fluid was verified.
At the same time, through the flow experiment of water in the dense rock core, the non-Newtonian model was used for
nonlinear fitting, and the non-Newtonian power-law parameters and average pore radius were obtained, which verified the
effectiveness of the non-Newtonian flow model.

1. Introduction

Driven by the micromechanical systems (MEMS) and
microfluidic technology, the microchannel has become a
common microdevice, which is widely used in fluid mechan-
ics and microfluidic heat transfer. Researchers have con-
ducted in-depth research on the applicability of the
continuous media hypothesis and micro- and nanoscale
flow[1]. Therefore, it is necessary to further understand the
transmission phenomenon and mechanism of liquid in
micro- and nanochannels, explore a new theoretical model
to understand the flow state of fluid in microchannels, and
study the occurrence state of fluid in micropores of tight res-
ervoirs combined with Navier-Stokes (N-S) equation. The
seepage law of water in microscale pores is analyzed to

improve the understanding of the flow and transmission
characteristics of fluid in the micro- and nanochannels [2].
At present, the scale larger than 1mm is macroscale, and
the scale of 1 nm to 1mm is micro- and nanoscale. The study
of fluid flow in micro- and nanoscale began in the 1980s. Ho
and Tai [3] and Gal-el-Hak [4] were used as the representa-
tives to introduce the observed microscale effects in detail
through experimental studies.

1.1. Research Status of Liquid Flow in Micro-
and Nanochannels

1.1.1. Liquid Flow in Micro- and Nanochannels. The classical
fluid mechanics theory is based on the continuum hypothe-
sis. When the characteristic scale decreases from micron to
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nanometer, the applicability of the continuum hypothesis
becomes more obvious [5]. There are many experiments
on the flow law of liquids conforming to the N-S equation
in the microscale channel. The fluids used are silicone oil,
deionized water, distilled water, and nonpolar organic liq-
uids. The flow experiments are conducted in different micro-
channel scales and cross-sections. The molecular structure of
the liquid will affect the flow process, and the Reynolds
number can be used as the basis for determining the nonlin-
ear flow. Therefore, it is concluded that the flow law con-
forms to the macroscopic fluid mechanics theory. Table 1
summarizes the experiments conforming to the N-S equa-
tion. The studies on the micro- and nanoscale single-phase
liquid flow includes the analysis of the macrofluid law, the
comparison of the experimental measurement values, and
the traditional theoretical value. The micro- and nanochan-
nels with different materials and diameters are used for
research. The results show that there is no microscale effect
when the fluid passes through the microchannel with a
diameter greater than 10μm, which is consistent with the
classical fluid mechanics theory. The critical Reynolds num-
ber (Re) of laminar flow to turbulent flow is consistent with
the theoretical value.

Some studies have also shown that due to the small pore
size of porous media, there is a deviation of liquid flow from
classical fluid mechanics in micro- and nanoscale channels,
which is attributed to the microscale effect [17, 18], as shown
in Table 2. The main reason is that the channel below 10μm
is affected by the electroosmotic coupling, and the fluid has
the slip phenomenon and compression effect in the micro-
and nanochannel flow. The micro- and nanoscale flow has
the characteristics that are different from those in the tradi-
tional flow [19, 20]. The factors that are originally ignored in
the macroflow become important, which leads to the devia-
tion of the experimental results from the traditional theoret-
ical value: (1) The microchannel materials used in the
experiment are different, and the measured results are also
different. When the microchannel used in the experiment
is smooth and the surface roughness is small, the measured
value is basically consistent with the traditional theoretical
value. When the roughness of the microchannel increases,
the friction force inside the microchannel is strengthened,
and the measured friction coefficient is higher than the the-
oretical value. (2) Different pipe diameters of fluid flow will
affect the characteristics of fluid flow at low speed in micro-
tubules. At the lower Re, the experimental value is in good
agreement with the traditional theoretical value. When the
Re increases and the pipe diameter decreases, the liquid
begins to show the nonlinear characteristics. The experimen-
tal value is gradually greater than the theoretical value, and
the degree of deviation from the classical theoretical value
increases with the decrease of the inner diameter of the
microtubule. When the pipe diameter is small enough, the
measured value of flow resistance is less than the traditional
theoretical value. (3) Different fluids were selected in the
experiment, and the experimental results were also different.
The flow characteristics and viscosity of different fluids are
different, resulting in the change of Re from laminar flow
to turbulent flow, which makes the measured and theoretical

values deviate. (4) The cross-sections of the microchannel
selected in the experiment are circular, trapezoidal, rectan-
gular, and square. The effects of the inlet section of different
cross-sections are different, which affects the effect of the full
flow of the fluid in the microchannel and thus causes the
errors in the measured fluid resistance.

At present, the inner diameter of the microchannel mea-
sured in the microscale experiment is in the order of 100nm
to 100μm, and the existing macroscopic technical means
cannot be used. Secondly, the microscale flow study is
increasingly concerned about the physical phenomena in
the “limit” state. Therefore, the higher requirements are
put forward to create physical models and experimental
observation techniques that meet the requirements, which
is the focus and direction of future research.

1.1.2. Study on the Seepage Characteristics of Water in the
Micro- and Nanochannels. Kandlikar [29] showed that as
the channel size decreased to the microscale, the flow of
water in the microchannel was limited and exhibited the
obvious nonlinear behavior. Fang [30] introduced the
research progress of nanowater channel. By reducing the
radius of the pipe through the atoms on the inner pressure
carbon pipe, the hydrogen bond between water molecules
and water chains was broken, and the flow in the carbon
pipe was greatly reduced, which was no longer in line with
the characteristics of Newtonian fluid. When the character-
istic scale of the channel drops to the nanometer, the effect
of hydrodynamic boundary conditions on the velocity distri-
bution of liquid is dominant, and the velocity distribution is
nonlinear near the solid surface, which is caused by the lim-
itation of liquid flow in the micro- and nanospace [31]. Yang
and Fang [32] studied the power-law dependence of the slip
length of the hydrophilic surface in the microchannel on the
shear rate through molecular dynamics simulation. Shirai
and Yoshida [33] used the nano-X-ray diffraction device to
study the water in the nanochannel. Because the liquid is
limited in a narrow space, the hydrogen bond is stronger,
and the density of water is larger, so that the viscosity
increases, the proton transfer becomes faster, and the move-
ment of water molecules is limited. Finally, the proton func-
tional groups affect the change of liquid properties in the
nanochannel, which cannot present the characteristics of
Newtonian fluid. Cheng et al. [34] considered the influence
of non-Newtonian rheological effect and solved the N-S
equation to simulate the fluid flow in the microchannel to
determine the non-Darcy flow in the microchannel under
low pressure gradient.

When Ling et al. [35] studied the flow of deionized water
in the micro- and nanochannels, the flow rates of water in
hydrophilic surface pipelines and hydrophobic surface pipe-
lines were measured, respectively. Due to the surface slip in
the hydrophobic pipeline, the flow rate increased signifi-
cantly, and there was a nonlinear relationship between pres-
sure and flow rate. The roughness of the surface of the
microchannel in the hydrophilic surface pipeline had little
effect, and the pressure-flow characteristics conformed to
the N-S equation. Under the influence of pipe roughness at
the micro- and nanoscale, Yu et al. [36] carried out the
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experiments in a circular superhydrophobic micropipe in
the laminar region. By measuring the pressure drop and vol-
ume flow rate of water, it was found that water showed slip
characteristics in the flow process. Due to the influence of
large surface roughness, the water pressure in the micropipe
increased with the increase of volume flow rate. Qu and
Song [37] used the deionized water; the experiments were
conducted in the microchannels with the inner diameters
of 50μm, 75μm, and 100μm, respectively. With the
decrease of the inner diameter of the microchannel, the
movement of the fluid was limited under the same pressure,
and the boundary slip behavior between the fluid and the wall
was observed, which indicates that the slip boundary will have
an important influence on the liquid flow in the microchan-
nels and nanochannels. Jiang et al. [38] and Song et al. [39]
studied the flow experiments of the deionized water at micro-
and nanoscales, which showed that the superhydrophobic sur-
face was more prone to slip at micro- and nanoscales. Due to
the influence of roughness and surface energy, the liquid flow
would not conform to the assumption of continuous medium,
showing nonlinear characteristics.

These literatures studied the water flow characteristics in
the micro- and nanochannels, such as the spatial distribu-
tion of liquid, velocity distribution, and slip length and ana-
lyzed the generation of nonline in the microchannels.

1.2. Study on Nonlinear Seepage Characteristics of Liquid in
Tight Reservoir. With the increasing development of the
global economy, oil consumption has increased year by year,
and the development of conventional oil and gas fields is dif-
ficult to meet the demand. Tight reservoirs have become a
very important goal of the modern oil industry [40–42]. It
is generally believed that continuous reservoirs without
large-scale and long-distance transportation in tight reser-
voirs are tight reservoirs, such as sandstone and carbonate,
with porosity less than 10% and permeability less than
0.1mD [43]. According to the U.S Department of Energy
Information, the recoverable resources of continental tight
oil technology in China are 44:8 × 108 t, and the production
capacity of continental tight oil in China reached 155:3 × 104
t in 2016 [44–47]. In recent years, the significant progresses
have been made in the exploration and development of con-
tinental tight oil. By the end of 2018, the production capacity
of continental tight oil in China has been 315:5 × 104 t, with
an annual output of about 105 × 104 t in 2018. It is expected
that the production capacity of tight oil in 2035 will reach
1500 × 104 t, and the exploitation potential is huge [48, 49],
which indicates that tight oil is essential to increase oil
reserves and production in China in the future.

In recent years, a large number of studies have been car-
ried out on the fluid characteristics in tight reservoirs. Most

Table 1: Flow experiment in microcircular channel according to the N-S equation.

Fluid Microtubule scale Cross section Re Document

Silicone oil 11.8-50 μm Circular <10 Makihara et al. [6]

Deionized water 8-40μm Circular <64 Jiang et al. [7]

Deionized water 25-35μm Circular 130-330 Aniskin et al. [8]

Distilled water 27-63μm Trapezoid <600 Flockhart and Dhariwal [9]

Nonpolar organic liquid 25μm Circular <8 Li et al. [10]

Distilled water 12-150μm Circular 8-2300 Judy et al. [11]

Methanol, isopropanol
79.9-166.3 μm

Square/trapezoid/circle About 64 Li [12]
100.25-205.3μm

Deionized water 50-100μm Circular 90-800 Salman et al. [13]

Deionized water 16-30μm Circular <4 Xu et al. [14]

Deionized water 172-520μm Circular 800-1000 Bucci et al. [15]

Deionized water 30-326μm Circular >300 Celeta et al. [16]

Table 2: Flow experiment deviating from the N-S equation in microcircular channels.

Fluid Microtubule scale Cross section Re Experimental result Document

Water isopropanol 20-75 μm Circular 20-2000 Flat Judy et al. [21]

Water 128.76-179.8μm Rectangle 1700-2000 On the high side Li et al. [22]

Deionized water 300μm Trapezoid 1-30 Flat Jiang et al. [23]

Deionized water 128.76-179.8μm Circular 500-2000 On the high side Li [12]

Deionized water 133-343 μm Rectangle 50-4000 Flat Peng et al. [24]

Deionized water 2-5 μm Circular <4 On the high side Xu et al. [14]

Deionized water 2-10 μm Circular 20-4000 Flat Jiang et al. [25]

Aviation kerosene crude oil 2-5 μm Circular 10-2000 Flat Wang et al. [26]

Deionized water <10μm Circular 50-4000 Flat Song and Yu [27]

Different ionic solution <44.5 μm Circular 800-4200 Flat Chen [28]
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of the seepage mechanisms and seepage models of low-
permeability and ultra-low-permeability reservoirs are used
in the experimental study of tight reservoirs. However, the
reasons for the non-Darcy characteristics generated by the
seepage of porous media are still unclear. The main reason
is that the experimental study of the seepage characteristics
of low-permeability porous media in tight reservoirs is
mostly based on a macroperspective, and the pores in
porous media are disorderly, and it is difficult to quantita-
tively characters [50, 51]. As the effects of viscosity, surface
force, and interface slip at the micro- and nanoscales become
obvious, the fluid flow has different fluid characteristics com-
pared with the macroscopic aspect. Therefore, it is essential to
study the fluid flow characteristics at the micro- and nano-
scale. Since the continuum hypothesis model cannot accu-
rately analyze the fluid flow characteristics at the micro- and
nanoscale, the molecular dynamics method simulates the
molecular motion system with the help of classical mechanics
and calculates the relevant physical quantities through integral
calculation to describe the fluid motion law at the micro- and
nanoscale. The molecular dynamics simulation is used to pre-
dict the changes of water viscosity and slip length with the
diameter of carbon nanochannels [52, 53].

1.3. Relationship between Fluid in Porous Media and
Microtubule Flow Model. In the tight reservoirs, the estab-
lishment of capillary bundle model based on pore character-
istics is one of the commonly used physical models to
characterize the porous media. The classical capillary bundle
seepage model is composed of a cluster of capillary channels
with equal length and different diameters, which flows along
the direction of fluid [54–56]. Dullien [57] formally put for-
ward the concept of capillary bundle model and pointed out
that the pore network of actual porous media is regarded as a
cluster of straight capillary bundle models with equal length
and unequal diameter. The model equates the equation of
flow calculated by pipeline fluid mechanics and the calcula-
tion of seepage mechanical flow, which is of great signifi-
cance to the calculation of pore and seepage parameters of
rock pore structure. Therefore, the model is called “classical
capillary bundle seepage model,” as shown in Figure 1.

In the seepage mechanics, many liquid nonlinear flow
experiments are verified by capillary bundle model. For
example, Purcell [58] converted the rock into a model com-
posed of N cylindrical capillary bundles of equal length and
different diameter and deduced the calculation equation of
absolute permeability of rock by combining the Darcy equa-
tion and the Poiseuille equation. Liu et al. [59] assumed that

the core was composed of countless capillary parallel with dif-
ferent pore throats. The capillary model was used to calculate
the starting pressure gradient, and the nonlinear relationship
between the starting pressure gradient, the starting permeabil-
ity, and the flow rate was verified by the experiments.

In this study, a power-law nonlinear flow model is estab-
lished for the seepage phenomenon of confined liquid in the
micro- and nanoporous media. The capillary beam is used to
connect the fluid flow in the microchannel and the pore of
dense core, and the influence of microscale effect on the fluid
flow is analyzed. The correctness of the power-law nonlinear
flow model is verified, which proves that the model can
explain the phenomenon of nonlinear flow theoretically. In
the experiment, the pore range of liquid flow is between
50nm and 5μm, and the seepage experiment of water in
the pores of micro- and nanochannels and tight reservoirs
is conducted. The relationship between the shear rate of
non-Newtonian power-law fluid, the change of pressure
field, and the parameter n of nonlinear model is analyzed
and verified. The error between the pore diameter of tight
rock core and the measured value is less than 1% through
experimental fitting, which proves that the fluid model is
effective and can be used for the theoretical study of the flow
law of single-phase liquid at the microscale.

2. Non-Newtonian Fluid Model of Liquid
Flow at Micro- and Nanoscale

Based on the characteristics of non-Newtonian fluid of con-
fined liquid in the micro- and nanospace, the flow phenom-
enon of non-Newtonian fluid in an irregular microcircular
channel is studied. The characteristics of velocity field distri-
bution and shear strain rate of non-Newtonian fluid in the
channel were analyzed and then verified by the flow experi-
ment of water in a micro- and nanochannel.

The stress-strain relationship of power-law non-
Newtonian fluid can be written as

τ =Hγn, ð1Þ

where τ is the stress on the fluid, Pa; γ is the strain of the
fluid, s-1; H is the consistency coefficient, mpa.s; and n is
the power-law parameters.

For the fluid microcircular section dL, the shear stress
direction is to the left and opposite to the flow velocity v,
and the stress and strain equations [60] are written, respec-
tively, as

τ = −
r
2
dp
dL ,

ð2Þ

γ = −
dv
dr ,

ð3Þ

where r is the pore radius, μm.

Figure 1: Capillary bundle model [54].
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Substituting Equation (2) and Equation (3) into Equa-
tion (1), we can obtain

−
r
2
dp
dL =H −

dv
dL

� �n

: ð4Þ

With the boundary condition of v = 0 at r = r0, it is
obtained that

v = −
1
2H

dp
dL

� �1/n
⋅

n
n + 1

" #
r0

n+1/n − rn+1/n
� �

: ð5Þ
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Figure 2: Profile of pipe diameter and microtubule velocity in microtubule.
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The flow velocity profile of non-Newtonian fluid can be
drawn by the above the equation. Assuming r0 = 0:5μm and
μ = 5mPa.s, under the condition of ∇p = 0:01MPa/m and
0.1MPa/m and different micro- and nanoscale pipe diame-
ters, we draw the relationship between pipe diameter and
microtubule flow rate, as shown in Figure 2. For the different
liquids, when the other conditions are the same, the flow rate
of non-Newtonian fluid with pressure gradient below

0.03MPa/m and power-law coefficient less than 1 can be cal-
culated, as shown in Figure 2(a). When the pipe diameter
decreases from micron scale to nanometer scale, increasing
the driving pressure gradient can reduce the velocity gap,
and the velocity distribution is close to the Newton fluid,
as shown in Figure 2(b).

When the pipe diameter is reduced to the nanoscale and
the driving pressure gradient is increased, the velocity gap
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Figure 3: Relationship between liquid pressure gradient and flow velocity in micro-nanocircular channels.
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can be reduced and the velocity distribution is closer to
Newtonian fluid, as shown in Figure 2(b).

The total flow in the microchannel is obtained by inte-
gration.

Qp =
ðr0
0
v ⋅ 2πr ⋅ dr = −

π

2H
dp
dL

� �1/n n
1 + 3n

� �
r0

3n+1/n: ð6Þ

Therefore, the average velocity in the pipeline is written
as

�v =
Qp

πr02
= n

1 + 3n
� �

r0
n+1/n −

1
2H

dp
dL

� �1/n
: ð7Þ

Through Equation (7), the relationship between the liq-
uid pressure gradient and flow velocity in a circular channel
at microscale can be obtained, as shown in Figure 3.

As can be seen from Figure 3, the relationship between
fluid pressure gradient and flow velocity in nanochannels
is discussed in two cases. When n = 1, it presents Newtonian
fluid characteristics. According to the average velocity equa-
tion, there is a linear relationship between the pressure gra-
dient and the velocity. When n < 1 or n > 1, it shows
nonlinear characteristics according to the velocity equation
of the fluid in the pipeline. The curve in Figure 3(a) is con-
cave, which indicates that the difference between the velocity
of confined fluid and that of Newtonian fluid is obvious
under the small driving force (shear rate). When the driving
force increases, the fluid velocity in the channel tends to be
linear with the increase of driving force. The curve in
Figure 3(b) is convex, indicating that under small driving
force (shear force), the difference between the flow velocity
of the fluid and that of the Newtonian fluid is small. When
the driving force increases and the model parameter n
increases to 1.2, the influence of the confined fluid increases,
and the flow velocity in the channel deviates from the New-
tonian fluid significantly. The flow velocity of the fluid in
Figures 3(a) and 3(b) is smaller than that of the Newtonian
fluid, which implies that the diameter, driving force, and

pressure gradient are the main factors that determine the
flow velocity. However, the experimental values in the
micro- and nanochannel are all smaller than the theoretical
values. That is, when the displacement pressure gradient in
Figure 3(a) is reduced to 0.005MPa/m, and the pressure gra-
dient in Figure 3(b) is reduced to 0.5MPa/m, the bending
degree of the liquid flow velocity curve increases, and the
nonlinear characteristics are obvious.

A large number of experimental studies show that the
microscopic parameters such as reservoir physical proper-
ties, fluid properties, and the interaction of solid-liquid
interface have varying degrees of influence on the nonlinear
seepage of the tight reservoir, which has a certain guiding
role in exploring the development of tight reservoir. The
storage of crude oil in the tight reservoir is mainly concen-
trated in the pores of 0.1~1μm, and the physical properties
of the liquid, including crude oil, are different from those
under the macroconditions [61, 62]: The flow of liquid pre-
sents the characteristics of non-Newtonian fluid, and the
shear stress of non-Newtonian fluid has a nonlinear rela-
tionship with the shear rate.

For the porous media, consider that there are a large
number of capillaries in the porous medium, and the diam-
eters of the channels are not uniform. Therefore, suppose
that the length of the medium is L, and the number of cap-
illaries with radius on the cross-sectional area A is Niði = 1
, 2,⋯,NÞ. According to Equations (6) and (7), the total flow
Q through the cross-sectional area A for the capillary bank
case should be

Q = 〠
N

i=1
Niri

3n+1/n −
1
2H

dp
dL

� �1/n nπ
1 + 3n

� �" #
: ð8Þ

The porosity is defined as

ϕ = ∑N
i=1Niπri

2

A
: ð9Þ

So, the seepage velocity (v =Q/A) can be obtained.

v = −
1
2H

dp
dL

� �1/n nϕ
1 + 3n

� �
∑N

i=1Niri
3n+1/n

∑N
i=1Niri2

: ð10Þ

Assuming the capillary bundle model and assuming that
the average radius of capillary bundle is �r0, the seepage
velocity equation in a low-permeability tight reservoir can
be obtained.

v = n
3n + 1 ϕ�r0

n+1/n −
1
2H

dp
dL

� �1/n
: ð11Þ
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Figure 4: Micro- and nanochannel experiment system chart [63].
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Equation (11) is converted to the form of Darcy’s Law.

v = −
k
μe

dp
dL , ð12Þ

where the permeability of the core is defined as

k = ϕ�r0
2

8 , ð13Þ

and the apparent viscosity μe is defined as

μe =
1 + 3n
8n

� �
�r0

n−1/n 1
2H

� �−1/n
−
dp
dL

� �n−1/n
: ð14Þ

Equation (12) shows that in the power-law non-
Newtonian model, the apparent viscosity of the fluid is
related to the intrinsic viscosity μ of the fluid, the power-
law n value, the diameter of the micro-nanochannel, and
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Figure 5: Experimental curves of water flow in micro- nanochannels with different diameters.
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the pressure gradient during the displacement. Equation
(14) shows that the effective permeability is related to the
properties of the porous medium and the capillary radius
and also to the power-law parameter n.

3. Experimental Study of Water Phase in Micro-
and Nanochannel

Quartz capillary channels with pore sizes of 6.42μm and
14.51μm and channels in the alumina membrane with
pore sizes of 124.0 nm, 89.2 nm, 67.0 nm, and 26.1 nm
were selected in the experiment. The alumina membrane
was purchased from Shenzhen Tuopu Fine Film Technology

Company. The experimental research is conducted under the
pressure difference of 0.01-0.10MPa. The flow characteristics
of deionized water are analyzed by the measurement, calcula-
tion, and fitting. The specific experimental process is shown
in Figure 4, and the experimental equipment is as follows:
deionized water, quartz capillaries, photoelectric displace-
ment detector, temperature-pressure display instrument,
pressure controller, nitrogen bottle, etc. The theoretical cal-
culation method is shown in Equation (7).

3.1. Experimental Method. Due to the precision require-
ments of the experiment, the whole experimental process
was carried out in the VS-840U purification workbench

101 102 103 104 105

0.7

0.8

0.9

1.0

n

d(nm)

n value

Fitting curve 

Figure 6: Nonlinear relationship between non-Newtonian parameter n value and micro-nanochannel diameter.

Table 3: Basic parameters of the experimental cores (sandstone core).

Serial number Core Number Length (mm) Diameter (mm) Porosity (%) Permeability (mD)

1 154-1-5 50.42 24.95 17.54 0.77

2 154-7-20 51.45 24.86 13.59 0.17

3 154-8-38 51.85 24.88 18.53 0.84

4 154-8-40 51.35 24.92 15.25 0.15

Average 51.27 24.90 16.23 0.48

Core

N
itrogen source

Injection pump

Annular pressure pump

Simulated formation water

Microelectronic flowmeterDeionized water

Figure 7: Flow chart of single-phase water drive experiment in tight core [50].
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Figure 8: Continued.
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(cleanliness level 10), and the specific operation process was
as follows: (1) deionized water filtered by nanomembrane
and sterilized by ultraviolet light is added to the liquid tank;
(2) the instruments in each part of the experiment are sealed
with high-pressure resistant plastic pipes, and then, each
pipeline is connected with the power supply; (3) fix and seal

rubber ring of the nanofilm; (4) the nitrogen with purity of
99.99% is used to deliver pressure to the whole experimental
device, and the temperature and pressure are measured by
the temperature and pressure measuring instrument, and
the liquid flow is measured by the liquid flowmeter; (5) con-
tinuously adjust the displacement pressure by controlling
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Figure 8: Nonlinear fitting of pressure gradient and water velocity in cores.
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the nitrogen source, measure the flow rate of deionized
water, and conduct multiple experiments to obtain the aver-
age value to reduce the error; and (6) after the measurement,
remove the alumina film and check whether it is damaged. If
the film is damaged, the experimental data is invalid and
needs to be retested.

3.2. Experimental Results and Analysis. According to the
above experimental process and the calculation equation of
the microcircular channel, the non-Newtonian velocity
(Equation (7)) is used for fitting, and the results are shown
in Figure 5. The experimental results of the microtubule
velocity are in good agreement with the fitting curve of New-
ton model, and the relative error is small, which proves that
the non-Newtonian fluid calculation model established in
this study is suitable.

It can be seen from Figure 5 that there is the displace-
ment pressure in the micro- and nanochannel, and the water
flow is significantly less than the predicted flow rate of New-
tonian fluid pipe flow under the macroscopic conditions.
The water flow rate in the micro- and nanochannel increases
slowly in the early stage, and the pressure increases from
2MPa to 5MPa. The flow rate has a large increase, and the
overall trend is concave, which shows the motion character-
istics of non-Newtonian fluid. When the inner diameter of
the channel increases continuously, the non-Newtonian
power-law coefficient n increases from 0.76 to 0.80, and with
the increase of the inner diameter of the channel to the order
of 105nm, the exponent n in the model gradually approaches
1. No matter how the aperture increases, the experimental
results are less than the flow velocity calculation results
obtained by the Newtonian fluid theory.

This is a seepage experiment conducted in a microscale
circular channel. A layer of alumina film is laid in the circu-
lar channel, so that the surface of the pipeline is hydrophobic
and the friction force on the surface of the pipeline is
reduced. There is a low-density liquid layer on the hydro-
phobic surface, resulting in the slip phenomenon. Finally,
the flow law does not conform to the Darcy flow and pre-
sents the nonlinear flow characteristics.

According to the nonlinear relationship between the
diameter of micro- and nanochannels and the n value of
non-Newtonian power-law coefficient, the fitting equation
is obtained as follows:

n = 1 − 0:217 ∗ e −3:6∗10−5∗dð Þ: ð15Þ

According to the fitting curve drawn by Equation (15),
the value of n also increases with the increase of the inner
diameter d of the microchannel and finally approaches 1,
as shown in Figure 6.

4. Study on the Characteristics of Water Phase
Seepage in Tight Cores

Through four typical cores in a tight reservoir of Sheng Li
Oilfield, simulate the flow of formation water in the core,
measure the flow rate of each core under different pressures,

and select the equation model to fit the experimental data.
The basic parameters of the cores are shown in Table 3.

4.1. Experimental Scheme and Steps. In order to prevent the
clay expansion in the core and cause the physical change of
the core, the simulated formation water is used to flow in the
core. The experimental water standard is the simulated for-
mation water with salinity of 30 g/L and viscosity of
1.0mPa.s. According to the development of tight reservoirs,
the main components are CaCl2 (20 g/L) and NaHCO3
(10 g/L).

The experimental process is shown in Figure 7. The
experimental steps are as follows: (1) using BH-3 type core
evacuation pressure saturation experimental device, after
the core is evacuated for 5 hours, the pressure is 30MPa,
and the simulated formation water is saturated for 48 hours;
(2) connect the pipeline of the experimental device and put
the core into the core holder; (3) open the nitrogen bottle,
turn on the pressure change pump and injection pump,
and inject the simulated formation water at a constant pres-
sure (1MPa-10MPa) at the inlet end. Under each displace-
ment pressure, the confining pressure applied by the core
holder is 5MPa higher than that of the core holder; (4) mea-
sure the flow at the outlet end with a microtubule flowmeter,
and record the flow value under each displacement pressure
after the flow is stable; (5) replace the core and repeat the
above steps; and (6) put the rock core into the drying oven,
dry it continuously at 25°C~45°C for 48 hours, and cool it to
room temperature for later use.

4.2. Experimental Results and Analysis. Through the non-
Newtonian model (Equation (12)), the water flow velocity
and pressure gradient in four cores are nonlinear fitted to
obtain the n value and �r0 value. As shown in Figure 8 (the
water viscosity in the experiment is 1.0mPa.s), the flow rate
curve with pressure gradient shows a concave trend as a

Table 4: Calculation and fitting results of experimental core pore
diameter.

Core number
Aperture calculation

�r0(μm)
Fitting aperture

�r0 (μm)

154-8-38 0.60 0.60

154-1-5 0.59 0.588

154-7-20 0.33 0.327

154-8-40 0.27 0.263

Average 0.45 0.44

Table 5: Fitting results of experimental core diameter (sandstone
core).

Core number k (mD) �r0 (μm) n

154-8-38 0.84 0.60 0.80

154-1-5 0.77 0.59 0.70

154-7-20 0.17 0.33 0.73

154-8-40 0.15 0.27 0.90

Average 0.48 0.45 0.78
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whole, which shows the flow characteristics of non-
Newtonian fluid. The nonlinear fitting results can be divided
into two stages: the nonlinear stage and the linear stage.
When the displacement pressure is small, the flow velocity
in the nonlinear section increases with the increase of the
pressure gradient, and the slope of the curve gradually
increases until it reaches linearity. The linear stage indicates
that when water flows in the core, it is approximately Darcy
seepage, and the velocity increases linearly with the increase
of pressure gradient.

The error analysis of the pore size calculated by the the-
ory and the pore size fitted by the experiment is shown in the
following table. The error of the average pore size is less than
1%, indicating that the nonlinear phenomenon caused by
the liquid flow is not caused by the measurement error,
while it resulted from other factors such as the slip phenom-
enon at the micro- and nanoscale, as shown in Table 4. From
the analysis of the nonlinear seepage mechanism of dense
oil, the curve shows four main reasons for the nonlinear
characteristics: (a) The water velocity and pressure gradient
curve in porous media deviate from the Darcy law, which
is because the influence of clay minerals makes the nature
of the fluid become non-Newtonian. (b) Physical conditions
such as fine pore throat and large specific surface area of
porous media in tight cores lead to microscale flow effect
of fluid flow in cores. (c) The phase behavior in nano-
microporous media of tight oil reservoirs is different from
that in conventional reservoirs. In nanopore space, the fluid
phase behavior will change to some extent, thus changing
the fluid characteristics. (d) The simulated formation water
is mainly used in the experiment, which belongs to the polar
fluid. Driven by the external pressure, the flow resistance
increases and the electroviscous effect is produced.

Based on the above reasons, the possibility of nonlinear
phenomenon caused by the measurement error is very small
and can be almost ignored. It is mainly due to the influence
of micro- and nanoscale effect. With the decrease of scale,
the interaction between liquid-solid surfaces is more obvious
and the stress sensitivity is enhanced, and the physical prop-
erties of reservoirs are changed. Therefore, the fluid shows
the nonlinear seepage characteristics in the dense porous
media.

4.3. Relationship between Core Permeability, Average Pore
Radius, and Non-Newtonian Power-Law Coefficient n. Non-
linear fitting is carried out for the water velocity and pres-
sure gradient in the cores to obtain the value of n and the
average radius of the pores. The specific fitting values are
shown in Table 5.

Average pore diameter of the experimental core is
obtained from Table 5, establishing �r0 and core permeability,
as shown in Figure 9. It can be seen from Figure 9 that the
larger the average pore radius of the tight core, the higher
the permeability is. When water percolates in the dense core,
it shows that the non-Newtonian power-law value n is not
equal to 1, and its average value is 0.78. Because the perme-
ability of the tight core in this experiment is similar, it is
impossible to analyze the relationship between the non-
Newtonian power-law coefficient n value of water flowing
in the tight core and the permeability.

5. Conclusion

Based on the assumption of non-Newtonian fluid model of
confined fluid in micro- and nanoscale, this study deduces
the nonlinear seepage model of liquid, which provides a
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Figure 9: Relationship between average radius and permeability.
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new theoretical model for the study of the flow characteris-
tics of liquid in micro-nanochannel and tight reservoirs.

(1) The diameter of channel, pressure gradient, and
driving force are the main factors determining the
characteristics of flow velocity curve. The displace-
ment pressure gradient is less than 0.5MPa, and
the micro- and nanodiameter is in the nanometer
scale, and the nonlinear characteristics of water flow
in nanochannels are obvious;

(2) When deionized water flows in tight cores, the flow
law conforms to the power-law nonlinear flow
model. With the increase of the diameter, the non-
Newtonian power-law parameter n is closer to 1 of
Newtonian fluid.
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