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Surface active components, salt component, and polar molecules in the fluid may adsorb on the solid surface and form the
boundary layer during low-speed flow in a porous medium, which will influence the flowing law in the porous medium.
Previous studies on flowing in low-permeability reservoirs mainly focus on the effects of the threshold pressure gradient. But
few of them have considered the time-varying effect of the boundary layer thickness in solving the numerical simulation. The
correlation among the boundary layer thickness and pressure gradient was established by regressing the experimental data of
boundary thickness versus pressure. On this basis, the mathematical model of oil-water two-phase flow which involves influence
of the boundary layer was constructed, and the comparative analysis of the development effect is performed. Results
demonstrated that the boundary layer thickness is sensitive to the throat radius and pressure gradient, and the boundary layer
thickness decreases dynamically with the increase of pressure gradient. The displacement velocity and accumulative oil
production with boundary layer effect decrease when comparing with that without the boundary layer effect. Meanwhile, the
boundary layer accelerates the breakthrough of water. With the reduction of production pressure difference, the difference
between accumulative oil production with and without the boundary layer effect increases, which indicate that the dynamic

effect of the boundary layer is intensified.

1. Introduction

Due to the interface interaction between solid and liquid,
there is a fluid layer on the surface of the porous media which
fluid properties change with the flow and the fluid in it is
called the boundary layer fluid. The formation of the bound-
ary layer on the solid phase surface is related with the inter-
action force between the solid surface and molecules. This
is attributed to two reasons: the induction effect of the solid
phase field close to the adsorption layer and the effects of
the molecular field in the adsorption layer [1, 2]. Rock parti-
cles have a stronger attraction to fluid molecules closer to the
pore channel surface and fluid molecules on the solid surface
arrange more tightly. Since the boundary layer fluid is the
closest to the solid phase surface, the interaction between

rock molecular and fluid molecules reaches the maximum
and the fluid molecules are in an ordered arrangement,
showing the characteristics of solids [3] (Figure 1).
Recently, researches on the boundary layer have
attracted wide attentions. Huang et al. [4] studied the
selectivity of fluid through low-permeability porous media,
elaborated the properties of fluid, and proposed the new
nonlinear flowing equation. Yang et al. [5] carried out a
microtubule experiment by using the independently devel-
oped equipment and studied the flowing laws under the
microscale. Flows in the microtube were calculated by
the dissipative particle dynamics method, and the micro-
scale flow effect was simulated at present [6-9]. At the
microlevel, particle dynamics is used to simulate and char-
acterize the influence of the boundary layer on flowing
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FIGURE 1: Boundary layer structure.

characteristics, which has become the hotspot to study the
flowing law of the reservoir [10, 11]. Wang and Sheng [12,
13] analyzed the flow mechanism, considered the bound-
ary effect, and illustrated that the low-speed non-Darcy
flow pattern was composed of a nonlinear flow part and
linear flow part. Zhongwei et al. [14, 15] used the thresh-
old pressure gradient and permeability modulus to charac-
terize the low-speed non-Darcy flow and stress sensitivity,
respectively, considering the boundary effect, and estab-
lished a multilinear dynamic pressure model of multistage
fractured horizontal wells considering low-speed non-
Darcy flow and stress sensitivity. Tian et al. [16] modified
the Purcell solution based on the collected experimental
results and proposed an improved solution considering
the influence of boundary layer, Jamin, and wettability.

There are few numerical simulation methods that
directly consider the dynamic change of the boundary
layer. By combining the study experiment on the micro-
scale flow in this paper, the influencing factors of the
boundary layer were analyzed and the quantitative charac-
terization method of dynamic changes of the boundary
layer was established. And contrast analyses of the devel-
opment effects with considering the boundary layer were
carried out.

2. Characterization Methods of Dynamic
Features of the Boundary Layer Thickness

The pore space in the rocks was viewed as unidiameter cap-
illary tubes. Flowing characteristics of fluids in the reservoir
were studied by using the capillary tube model [17, 18]. The
effective capillary tube radius under the same conditions
was calculated by the Poiseuille formula, thus calculating
the thickness of the boundary layer.

For one capillary tube, the actual radius and length were
r, and L. In the existence of pressure difference (Ap), the fluid
only flows in the effective radius range and the flow passing
through the capillary tube is Q. It can be taken from the Poi-
seuille formula that

_ mrfAp
©8uL

Q (1)
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It can be known from Equation (1) that the effective
radius is

_ +/8uLQ
rE - ﬂAp . (2)

The boundary layer thickness is equal to the difference
between the actual radius and effective radius of the capillary
tube:

S=ry—r1p (3)

After the dimensionless processing, the dimensionless
thickness of the boundary layer could be gained:
0
8" =—. (4)
"o

It can be known from Equations (2)-(4) that the bound-
ary layer thickness is related to the capillary tube radius, pres-
sure gradient, and fluid viscosity. The boundary layer has the
characteristics of dynamic changes, which are attributed to
the fluctuation of the pressure gradient in the development
process. Yang et al. [5] disclosed the relationship between
the dimensionless boundary layer thickness and pressure
gradient under different capillary tube radii through the
microscale capillary flow experiment (Figure 2).

In Figure 2, the dimensionless boundary layer thickness
of the fluid is negatively correlated with the pressure gradient.
With the reduction of capillary radius, the dimensionless
boundary layer thickness increases.

The pressure gradient and dimensionless boundary layer
thickness were drawn in the semilogarithm coordinates
(Figure 3). The curve can be divided into two sections. The
fast descending section is the movable part in the boundary
layer, and the section which is approximately horizontal
can be viewed as the solidification layer in the boundary
layer. When calculating the dynamic change of boundary
layer thickness, the horizontal line segment is usually not
considered, so the dimensionless thickness of boundary layer
has a linear relationship with the logarithm of pressure gradi-
ent [19-21]. It is found that the dimensionless thickness of
the boundary layer has an exponential relationship with the
capillary radius and a linear relationship with the fluid vis-
cosity [16]. Therefore, the dimensionless thickness of the
boundary layer can be expressed by Equation (5) [16].

6" =a-e"(Vp)-p. (5)

In Equation (5), a,b,andc are the fitting coeflicients.
Using the data of the fast descending section in Figure 3, mul-
tiple regression fitting is carried out. In the experimental data
shown in Figure 3, the fluid viscosity is a constant value of
1 MPa-s. The fitting results are shown in Table 1 and Figure 4.
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FIGURE 2: The relationship between dimensionless boundary layer
thickness and pressure gradient under different capillary tube
radii [5].
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FIGURE 3: The relationship between the pressure gradient and
dimensionless boundary layer thickness in the semilogarithmic
coordinates.

3. Reservoir Numerical Simulation with
considering Dynamic Characteristics of the
Boundary Layer

3.1. Relationship between the Boundary Layer Thickness and
Permeability. Under the condition that the real rock and
the imaginary rock have the same external dimension, the
same fluid property, the same acting pressure difference,
and the rock surface is oil wet, according to the same flow
rate, the combination of the Poiseuille formula and Darcy
formula can be obtained:

Q=N nrgt Ap _ KAsp

8ulLt uL
nrgt
8t

K=n

TaBLe 1: Fitting coefficient
characterization formula.

of boundary layer thickness

Fitting coefficient Fitting value Goodness of fit, R

a 0.3371
b -0.2371 0.975
c -0.2938
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FIGURE 4: Fitting curve of boundary layer thickness under different
capillary radii.

When the actual radius of the capillary tube is r, and the
boundary layer thickness is §, the permeability is

=2 (7)

where Q is the flow volume of fluid (m?/s), K, is the perme-
ability without considering the boundary layer (um®), K is
the permeability with considering the boundary layer
(um?), n is the number of capillary tubes on the unit area
(n=NJA), T is the tortuosity, § is the boundary layer thick-
ness (um), i is the effective radius of capillary tube (um),
and r, is the actual radius of capillary tube (um).

3.2. Percolation Model with considering the Dynamic
Characteristics of the Boundary Layer. The equations of con-
tinuity of oil and water phases under the one-dimensional
unidirectional flow are

ov 0S
_w = —w 8
Ox + o QO(X, t) ot > ( )
v, a8
B 0 0 9
a + qvo (P(x’ t) at : ( )
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Calculate the boundary layer thickness by
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Calculate the permeability considering
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FiGure 5: Flow chart of percolation model considering dynamic
characteristics of the boundary layer.

The kinematic equation is

KO(rO B 8)4Krw al

v 1ot ox’

0 [’lw (10)
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The auxiliary equation is S, + S, = 1.

In initial conditions, the initial pressure is the initial pres-
sure of the reservoir, and the initial water saturation is the
irreducible water saturation. The formula is as follows:

P|t:O=Pi;Sw|t:0=ch' (11)

In boundary conditions, the flow rate of the water phase
at the inlet end is the water injection volume, and the flow
rate of the liquid phase at the outlet end is the water injection
volume. The formula is as follows:

qvw|x:0 = qv > qv'x:L = _qv' (12)

In the above equations, p, S, i, ¢, K, K,,and ¢ are pres-
sure, saturation, viscosity, volume flow rate, absolute perme-
ability, relative permeability, and porosity, respectively. The
subscripts o, w represent oil phase and water phase.
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FIGURE 6: Relation curves between the dimensionless boundary
layer thickness and position at different times.

The kinematic equation is brought into the equation of
continuity and the water saturation is eliminated:

oP
=0, 1
A 5 T 0 (13)
where
K,(r, - 8)*K K,(r, - 0)*K
AZAW+AD= ()(7’04 6) rw ()(”04 8) ro. (14)
rOA"lw rOtua

Equation (13) was discretized, and the pressure was
solved by the chasing method [22]. The equation which
only involves the water saturation could be gained by
bringing the calculated pressure into the equation of con-
tinuity of water phase, and then, the water saturation is
solved. The solution procedure is as follows: (1) According
to the initial permeability and fluid viscosity, the distribu-
tion of pressure and saturability at i was disclosed by
IMPES method [23, 24].(2) Calculate the boundary layer
thickness from Equations (3) and (4). (3) The permeability
considering boundary layer effect is calculated by Equa-
tions (7) and (8), and the diversion coefficient is updated.
The formation flow parameters after permeability update
are calculated [25]. (4) Judge whether it is less than the
simulation time. If yes, it returns to the parameters at
the time of calculation in step (1). Otherwise, the cycle
ends. The program calculation flow is shown in Figure 5.

4. Model Solving and Result Analysis

The percolation model was solved with considering the
effects of the boundary layer on reservoir permeability. The
distance between the injection well and production well was
set 200 m. Effective thickness was set 10m. And the initial
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permeability of the reservoir was set 10 x 107> um?. The rest
of parameters include porosity (0.26), water viscosity
(0.5 MPa:s), oil viscosity (8 MPa-s), oil (850 kg/ms), water
density (1000 kg/m”), and radius of pore channel in rocks
(2.5 um). Production under fixed pressure difference was
adopted, and the pressure difference was 10 MPa. The time
of simulation production was 1500 days. The variation law
of the boundary layer thickness at different times was drawn.
The change of oil production and water content with and
without considering the boundary layer thickness were
compared.

It can be seen from Figure 6 that the boundary layer
thickness decreases gradually from the injection well to the
production well. The flowing resistance is positively related
with the distance between the injection well and the produc-
tion well caused by the higher oil viscosity than water viscos-
ity. Therefore, the pressure difference from the injection well

to the production well increases gradually, thus resulting in
the gradual reduction of the boundary layer thickness.

The boundary layer thickness becomes increasingly sta-
ble as time goes on at the same pressure difference. This is
because sweep length of the water phase increase gradually
until water breakthrough as development continues. Accord-
ingly, the change of flowing resistance between injection and
production wells gradually slows down, and the change of
pressure tends to be stable, thus decreasing changes of the
boundary layer thickness gradually.

Comparisons of water content and accumulative oil pro-
duction with and without the boundary layer effect are
shown in Figures 7 and 8. When the boundary layer effect
is considered, the displacement speed becomes slower lead-
ing to the obvious delay of water breakthrough comparing
with that without boundary layer effect at the same pressure
difference. This is because the boundary layer decreases the
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FiGure 10: Variation curve of water content under different
pressure gradients with considering the boundary layer.

absolute permeability of the reservoir and increases the flow-
ing resistance. In addition, when considering the effect of
boundary layer, the daily liquid production and oil produc-
tion decrease obviously owing to the decrease of permeabil-
ity. It can be seen from Figure 8 that the boundary layer
effect leads to a significant decrease in cumulative oil produc-
tion. Because of the prominent boundary layer effect in low-
permeability reservoir, it is more close to the actual develop-
ment situation to consider the influence of boundary layer in
the study of flow law and the prediction of development
effect.

In order to discuss the influence of the boundary layer on
the development effect under different pressure gradients, the
models with pressure difference of 5 MPa, 10 MPa, 15 MPa,
and 20 MPa were calculated, respectively.
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Figure 9 shows the relationship curve between the thick-
ness of the boundary layer and the position under different
pressure gradients. It can be seen that the boundary layer
thickness gradually decreases with the increase of pressure
difference at the same position and the rate of decrease
becomes slower. This is because that the increase of pressure
difference leads to the increase of displacement pressure gra-
dient and the decrease of boundary layer thickness in the case
of the same injection production well spacing.

The variation curves of water content and the accumula-
tive oil production under different pressure differences are
shown in Figures 10 and 11. Due to the influence of pressure
gradient on the boundary layer thickness, the permeability of
reservoir is smaller where the pressure gradient is smaller.
Therefore, the displacement velocity becomes slower and
the accumulative oil production decreases with the reduction
of pressure difference. In addition, with the decrease of pres-
sure difference, the effect of the boundary layer is more and
more significant, and the influence of boundary layer on
water content and cumulative oil production increases
gradually.
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The difference of accumulative oil production with and
without considering the boundary layer is shown in
Figure 12. The difference of cumulative oil production
increases almost linearly before water breakthrough, and
the difference of cumulative oil production increases more
slowly when the injection production pressure difference is
small. This is because the change of water cut and pressure
gradient in the reservoir is very little in the later stage of
development, which leads to the small change of boundary
layer thickness. In the late stage of development, the differ-
ence of cumulative oil production increases with the decrease
of injection production pressure difference. Therefore, the
boundary layer has an adverse impact on the development
effect, and the adverse impact increases with the decrease of
pressure difference.

5. Conclusions

(1) There are prominent boundary layer effects during
the exploitation of low-permeability oil reservoirs.
The boundary layer thickness is related with the
radius of the pore throat, pressure gradient, and fluid
viscosity

(2) Due to the change of pressure gradient, the boundary
layer is characterized by dynamic change, and the
thickness of boundary layer decreases with the
increase of pressure gradient. The existence of
boundary layer results in the decrease of reservoir
permeability and the poor development effect

(3) The oil-water percolation model with considering the
boundary layer thickness demonstrates that the dis-
placement is slow when the boundary layer is consid-
ered, accompanied with delayed water breakthrough
and reduced accumulative oil production. Along with
the continuous water flooding development, the
change of boundary layer thickness gradually slows
down

(4) With the reduction of pressure difference, the influ-
ence of the boundary layer on water content and
cumulative oil production increases gradually. Mean-
while, the boundary layer has an adverse impact on
the development effect, and the adverse impact
increases with the decrease of pressure difference
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