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ABSTRACT: To study the development of imbibition such as the imbibition front and phase distribution in shale,
the Lattice Boltzmann Method (LBM) is used to study the imbibition processes in the pore-throat network of shale.
Through dimensional analysis, four dimensionless parameters affecting the imbibition process were determined. A
color gradient model of LBMwas used in computation based on a real core pore size distribution.The numerical results
show that the four factors have great effects on imbibition.The impact of each factor is not monotonous.The imbibition
process is the comprehensive effect of all aspects.The imbibition front becomes more andmore non-uniformwith time
in a heterogeneous pore-throat network. Some non-wetting phases (oil here) cannot be displaced out.The displacement
efficiency and velocity do not change monotonously with any factor. The development of the average imbibition length
with time is not smooth and not linear in a heterogeneous pore-throat network. Two fitting relations between the four
dimensionless parameters and the imbibition velocity and efficiency are obtained, respectively.
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1 Introduction
Imbibition is one of the most important mechanisms for the displacement of oil by water in a tight

reservoir such as shale in closed time [1,2]. Imbibitionmay occur as either co-current or counter-current form
in the tight reservoir, depending on the boundary conditions and water injection rate. Many experiments
on imbibition in tight reservoir cores have been done to investigate the macro process, such as the relation
between imbibition length and time. However, it is difficult to observe the movement of fluids among pores
and manipulate the porosity, pore scale, and connectivity independently during experiments. An alternative
approach is to use advanced simulation tools such as the Lattice Boltzmann Method (LBM), which can
provide economic and efficient pathways to investigate the effects of physical and mechanical properties and
complex geometry on imbibition [3].

LBM has been used extensively in computational fluid dynamics [4–7].The lattice Boltzmann equation
is a discrete form of the Boltzmann equation and is regarded as a mesoscopic simulation method based on
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the theory of gas kinetics which can capture the physical phenomena on the mesoscopic scale and translate
them into the parameters in macroscopic scale.

LBM has been used in the analysis of ultra-low permeable reservoirs in recent years. The effects of
micro characteristic size, boundary layer, and initial water saturation on the imbibition are analyzed [8–11].
Bakhshian et al. [12] studied the effects of the movement of the interface and the effect of roughness on
imbibition in a complex pore-fracture structure by using LBM. It is shown that the disorder of the capillary
leads to the instability of the interface, which causes the faster development of the front than that predicted
by the theoretic model. Hatiboglu et al. [13] simulated the co-current and counter-current imbibition in
porous fractural rock by using LBM.The effects of pore size, heterogeneity, and geometric characteristics of
the matrix on imbibition were carefully studied.

Most of the former work is based on the assumption in the Lucas-Washburn (L-W) equation where the
porousmedium is idealized by a bundle of single, straight-line capillaries [14,15], which neither considers the
tubewall affects such as roughness, slip nor considers the pressure sensitivity, interaction between pores, two-
phase fluid on the same cross-section. Therefore, although these works have made various improvements
based on the L-W equation, their application scope in imbibition analysis of tight reservoirs is still limited.
In general, these works cannot describe the interaction and heterogeneity between pores and fractures in
tight reservoirs.

In this paper, the effects of the main factors on imbibition are analyzed based on the color gradient
model of LBM. In the simulation, the distribution of pore size of a core measured by mercury intrusion
pores methods is used to build the numerical model. Dimensional analysis was first carried out to obtain
the main dimensionless factors. Then LBM is used to simulate the effects of the main dimensionless factors
on the imbibition development such as imbibition front, phase distribution, and average imbibition length.
The relations between the displacement velocity, displacement efficiency, and the main factors are presented
based on the numerical data at last.

2 Color Gradient LBM and Numerical Model

2.1 Simple Introduction of Color Gradient LBM
A two-color nonlinear Boltzmann cell automaton is presented by D’Ortona et al. [16] to study the

hydrodynamic problem. This model is improved by Rothman et al. [17], and Gunstensen et al. [18], Latva-
Kokko et al. [19]. Later, Leclaire et al. [20] presented a kind of color LBM based on the work of D’Ortona
et al. [16] to analyze the immiscible two-phase flow.

In this study, the model provided and improved by Leclaire et al. is chosen to simulate oil displace-
ment by water imbibition [21,22]. The D2Q9 model (a two-dimensional model incorporates nine velocity
directions.) is adopted in simulation [23] (Fig. 1).

Figure 1: Model of D2Q9 (This is a two-dimensional model that incorporates nine velocity directions. 0~8 indicate the
velocity directions)
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For a two-phase fluid system, let r indicate the red phase, and b indicate the blue phase.The distribution
function is as follows [24]:

fki (x + ci, t + 1) = fki (x, t) +Ωki (x, t) (1)

in which i represents either r or b, fki (x + ci, t + 1) is the distribution function at time t + 1 and position x
+ ci, fki (x, t) is the distribution function at time t and position x, collision operator Ωki is adopted as the
following form: ◻

Ωki (x, t) = Ω3
ki (x, t) [Ω1

ki (x, t) +Ω2
ki (x, t)]◻ (2)

in which Ω1
ki indicates the single-phase operator, i.e., the movement of particles in a single phase induced

by the collision among particles. Ω2
ki is the perturbation operator, i.e., the interaction among the particles at

the interface induced by the interfacial tension. Ω3
ki is the re-coloring operator to makes the particles at the

interface separate and sends them back to their region.
(1) The collision operator Ω1

ki

The collision operation of single phase Ω1
ki is the same as that in the BGKmodel which can be expressed

as:

Ω1
ki (x, t) = fki (x, t) − ωk (fki (x, t) − f eki (x, t)) (3)

in which ωk is the relaxation factor, f eki is the distribution function at the equilibrium state and is expressed
as:

f eki = ρk (ϕk
i + ωi [3ci ⋅ u +

9
2
(ci ⋅ u)2 −

3
2
u2]) (4)

in which u is the total local velocity of the two phases, ωi is the weight coefficients, ϕk
i and ci are

both coefficients.
The density of each phase ρk, k = r, b, total density ρ, and total velocity u are expressed as follows:

ρk = ∑
i
fki (5)

ρ = ρr + ρb (6)

u = 1
ρ ∑

i
∑
k
fkici (7)

The distribution function at the equilibrium state must assure the conservation of macro mass and
momentum, by which the weight coefficients ωi can be determined. The values of ωi in the standard D2Q9
model are determined as follows:

ωi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4
9
i = 1

1
9
i = 2, 3, 4, 5

1
36

i = 6, 7, 8, 9

(8)
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The values of coefficient ci are determined by:

ci =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

(0.0) i = 0
c (cos [(i − 1) π

2 ] , sin [(i − 1) π
2 ]) i = 1, 2, 3, 4√

2c (cos [(2i − 1) π
4 ] , sin [(2i − 1) π

4 ]) i = 5, 6, 7, 8
(9)

The coefficient ϕk
i is the function of free parameter αk(k = r, b):

ϕk
i =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

αki = 1

1 − αk

5
i = 2, 3, 4, 5

1 − αk

20
i = 6, 7, 8, 9

(10)

To obtain a stable interface, the density ratio of the two-phase γ should satisfy the following conditions:

γ = ρr

ρb
= 1 − αb

αr
(11)

The pressure of each phase is obtained by the following equation:

pk =
3ρk (1 − αk)

5
= ρk (cks )

2
(12)

in which both αb and αr are free parameters, cks is the lattice node sound velocity of the phase k. To avoid
the negative pressure, αk ≤ 1 should be ensured. If ρr ≥ ρb, then the following condition should be satisfied
0 ≤ αb ≤ αb ≤ 1.

ωi is related to the kinematic viscosity νk: ωi = 1
3νk+0.5

. If the viscosities of the two phases are different,
ωi at the interface is often determined by interpolation. Therefore, the color field is introduced:

ψ = ρr − ρb

ρr + ρb
(13)

in which ψ is a function ranging from −1 to 1. ψ = 1,−1 indicates that the point is occupied by red fluid and
blue fluid, respectively. If the value of ψ is in the range (−1, 1), the point is just located at the interface.

The relaxation coefficient ωi is expressed as follows:

ωi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωrψ > δ
fr (ψ) α ≥ ψ > 0
fr (ψ) 0 ≥ ψ ≥ −δ
ωbψ < −δ

(14)

in which δ is a free parameter, where

fr (ψ) = x + ηψ + kψ2 (15)
fb (ψ) = x + λψ + νψ2 (16)
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and x, η, k, λ, ν and ξ are constants chosen so that ⟨ω⟩ and its derivative are continuous. Let ⟨ω⟩ =
2ωrωb/(ωr+ωb) be the averaged relaxation parameter across the interface and assume fr (δ) = ωr , fb (−δ) =
ωb, ∂ω/∂ψ = 0, when ψ = ± δ, and fr (0) = fb (0) = ⟨ω⟩. Simple algebra reveals that

x = ⟨ω⟩ , η = 2 (ωr − x)
δ

, k = −η
2δ

, λ = 2 (x − ωb)
δ

, ν = − λ
2δ

(17)

When the viscosities of the two phases are different, the value of δ affects the thickness of the interface.
The larger the value of δ is, the larger the thickness of the interface is.

(2) The perturbation operator Ω2
ki

In the color gradient model, the perturbation operator is used to apply the interfacial tension. The
variation degree of color is described by the color gradient F(x) vertical to the interface. F(x) is adopted as
follows in this paper:

F (x) = ∑
i
ci (ρr (x + ci) − ρb (x + ci)) (18)

The perturbation operator is expressed as follows by using F(x):

Ω2
ki (x, t) =

Ak

2
∣F(x)∣ [Wi

(F(x) ⋅ ci)2

∣F(x)∣2
− Bi] (19)

in which Ak is the interfacial tension, Bi is:

Bi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

− 4
27

i = 1

2
27

i = 2, 3, 4, 5

5
108

i = 6, 7, 8, 9

(20)

Though the perturbation operator Ω2
ki can characterize the interfacial tension, it cannot ensure that the

two phases do not invade each other. Therefore, the re-coloring operator Ω3
ki is introduced to let the two

phases separate.
(3) The re-coloring operator Ω3

ki

The function of the re-coloring operator is to send the particles of the two phases in the interface back to
their region. Gunstensen et al. [18] and Lin et al. [15] determined the distribution function after the evolution
of the re-coloring operator as follows:

W (f
′′

ri + f
′′

bi) =max [∑
i
(f
′′

ri − f
′′

bi) ci] (21)

meanwhile, the following conditions should be satisfied:

ρ
′′

r = ∑
i
f
′′

ri = ρr (22)

f
′′

ri + f
′′

bi = fi (23)

in which ρ′′r is the density after the re-coloring operation, f ′′ri , f ′′bi are the distribution functions after the re-
coloring operation, ρr and fi are the values before the collision operator. The effects seeking the maximum
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is to let the direction of color flux H = ρrur − ρbub be the same as the gradient of color F(x) and, so to keep
the conservation of the mass of each phase at every lattice node and every direction.

◻The computing process of Gunstensen’s model [18] is very complex. Therefore, some researchers
presented simplified methods, such as Leclaire et al. [21] gave the following improved operator:

Ω3
ri (fri) =

ρr

ρ
fi + β ρrρb

ρ2 cos (φi)∑
k
f eki (ρk, 0, αk) (24)

Ω3
bi (fbi) =

ρr

ρ
fi − β ρrρb

ρ2 cos (φi)∑
k
f eki (ρk, 0, αk) (25)

in which β is a free parameter, φi is the angle between the color gradient F(x) and the sound velocity of
lattice node ci. The distribution function f eki is computed by using the parameters of each phase α, k, and
the velocity u = 0. At i = 0, let cos(φi) equal 0. For F(x) = 0, the operator is only computed by the first term.
To ensure the value of the distribution function always be positive, the value of β is limited in the range of
(0, 1). The smaller the value of β is, the thicker the interface is, and vice versa. It is adopted as 0.999 in the
following computation.

2.2 Description of the Numerical Model
(a) Dimensional analysis
The problem considered in this paper is the oil displacement by water due to imbibition. Though the

core used for measuring the distribution of pore size is cylindrical, the numerical model is simplified to a
planar problem due to the limitation of computer power and considering the symmetry of the sample. The
length-to-width ratio of the numerical model is 1:2, the same as that of the length-to-diameter of the core. In
the analysis, the parameters of water and oil, pores, capillary and connectivity are considered.They are listed
in the following:

The density of oil ρo, viscosity of oil μo, density of water ρw, viscosity of water μw, surface tension σ ,
contact angle θ, permeability k, porosity ϕ, distribution characteristics such average pore diameter R and
standard error for normal distribution, connectivity probability P, earth gravity acceleration g.

At the early and middle stages of imbibition, especially in the case of horizontal imbibition, the earth’s
gravity can be neglected. The relation between the radius of pores and the permeability and porosity can be
expressed as R2 = 8k

ϕ . Use ρw, μw, R to normalize the other parameters, the displacement efficiency η and
displacement velocity (imbibition velocity) ḣ can be expressed as follows by taking ρo

ρw
as a constant:

η

ḣ
u∗

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
= f ( μo

μw
, μwu∗

σ cos θ
, θ, k

R2 , α, P) (26)

in which u∗ ∼ μw
ρwR ∼ ḣ is the character velocity, μo

μw
is the viscosity ratio, μwu∗

σ cos θ is the Ca number, θ is the
contact angle or wetting angle, k

R2 is the dimensionless permeability, α is the standard error of pore radii, P
is the connectivity probability. For a given shale sample, k

R2 , and α are constants. Then only μo
μw
, μwu∗
σ cos θ , θ, P

should be considered in the simulation
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Previous studies show that the character time tD and character length Lc can be expressed as follows for
imbibition in relatively well-distributed and strong wetting rock [25,26]:

tD = t
√

k
ϕ

σ
√μoμw

1
L2
C

(27)

Similarly, the above Eq. (26) is rewritten as:

η

ḣ
u∗

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
= f ( k

R2
σ cos θ

u∗√μwμo
, P) (28)

(b) The design of the numerical conditions
Based on the above dimensional analysis, the effects of four dimensionless parameters, Ca number

( μwu∗
σ ), θ, μw

μo
, andP, on the spontaneous imbibition are investigated numerically. Simulation is processed

first for a base condition and then for four changed values of each parameter, respectively. In each case, the
changed values of one parameter are 80%, 90%, 110%, and 120% of the base value while the other parameters
are kept as the base value.

(c) The numerical model and base values of parameters
The distribution of the pore radius used in the simulation is referenced in the measured data of a shale

core [27]. The maximum pore radius is 2 μm. The minimum pore radius is 0.125 μm. The pore radii of the
core are satisfied with normal distribution.The average pore radius is 9.38 × 10−2 μm, and the standard error
is 2.28 × 10−2 μm (Fig. 2). For the huge time consumption and the need for storage space during computation
by LBM, the calculation area is small. We can think that the pore distribution is symmetric along the long
axis in such a size. So we can use a 2D model (a slice of 3D) to simulate. To simulate a larger scale sample,
it’d be better to use the upscaling methods or use the actual 3D pore distribution.

Figure 2: Distribution of pore radius of a shale core by using the nitrogen adsorption method

As for the numerical model, the length of the model is 7.44 μm and the height is 3.435 μm. The length
of each throat is 0.315 μm. The upper side and the lower side are impermeable. The right and the left sides
are both free and with equal pressure. The right side is surrounded by oil and the left side is surrounded by
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water. The pores are filled with oil at first. Water is imbibed from the left side while the oil is displaced out
from the right side.

The values of parameters for the base model are as follows: the density of water is 1000 kg/m3, the
dynamic viscosity of water is 1 mPa⋅s, the density of oil is 850 kg/m3, the dynamic viscosity of the oil is 5
mPa⋅s, the contact angle is 36○, the surface tension coefficient is 5.4 × 10−4N/m. Therefore, the base values
of parameters are as follows: Ca = μwu∗

σ = 2.8 × 10−2, θ = 36
○

, μw
μo

= 0.2 andP = 100%.

3 Numerical Results and Discussion

3.1 Certification of the Numerical Model and Program
The above equations are programmed in Fortran. To certify the program, the algorithm, and the choice

of parameters, the numerical data are compared with experimental results.
Shown in Fig. 3 is the comparison of the numerical results and imbibition experiments using the sample

described in Section 2.2 [27]. The dots in the figure are the experimental data and the solid line is the
numerical data. It can be seen that the numerical data agrees well with the experimental data.The correlation
coefficient is 96%. It is shown that the algorithm and program used in this paper can correctly simulate the
flow of two-phase fluids.

0.000

0.002

0.004

0.006

0.0 0.2 0.4 0.6 0.8 1.0
tD

L
L C

Figure 3: Comparison between simulation results and experimental results of benchmark examples (The dots are the
experimental data, and the solid line is the numerical data)

3.2 Distribution of Two-Phase during Imbibition
From the evolution of the distribution of two phases in the pore network, we can see the displacement

process, distribution of retained oil, and the displacement interface. Fig. 4 shows the distribution of two
phases at four moments. The displace front (interface of oil and water) is not uniform and the heterogeneity
enlarges with time. Imbibition develops faster at the upper part than at the lower part. The reason is the
heterogeneous distribution of pores. Generally, imbibition develops fast in pores with large size. So along a
horizontal line, the imbibition velocities at different positions are varied.The heterogeneity of the imbibition
interface cannot be observed in experiments without microobservation. The heterogeneity of the displace
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interface causes some local pores to be surrounded by water and the oil in these pores is retained. The
numerical results show that the assumption of the uniform displacement front during imbibition, used in
typical analysis, is not correct for a heterogeneous tight rock.

(a) tD = 348 .3                (b) tD = 696.6 

(c) tD = 1044.9            (d) tD = 1462.9 

Figure 4: Distribution of two phases with character time tD (The red denotes oil, blue denotes water. Green denotes
the shale skeleton. The base values are used in the computation. (a)~(d) show the inhomogeneous development of the
imbibition front)

After the water first arrived at the right side, the displace efficiency was 85.25%. This means some oil
cannot be displaced in such a heterogeneous network. The displacement efficiency is computed by the way:
mass of oil before imbibition-mass of oil after imbibition) mass of oil before imbibition.

In a non-uniformly distributed pore media, the displacement is most unstable due to the capillary
fluctuations at the front. The displacement develops into viscous fingering or capillary fingering [28,29].
Therefore, the displacement front almost becomes more and more non-uniform. The displacement front or
imbibition front is formed by the positions of all foremost interfaces between oil and water at any given
time. To analyze the evolution of the non-uniform degree of the front with time, the standard error of the
front positions at different times was computed. Fig. 5 shows that the standard error of the front position
increases with time. The scale is 0.83. The wave of interface becomes stronger and stronger with time. The
development of imbibition becomes more and more non-uniform. The imbibition in large pores develops
faster than in small pores. So, in a rock with distributed random pore size, the evolution of the imbibition
is random and the interface becomes more and more irregular, sometimes, fingering occurs, which causes
a great decrease in displacement efficiency. By statistically simulating the interface positions of individual
pores at various time points during the imbibition process, the standard error of the interface positions at
different time points can be obtained. By fitting the standard error of the interface positions to time, their
relationship can be derived, as shown in Eq. (29).

Er = 5t0.83D (29)
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0.1 1

1

10

E
r

tD

Figure 5: The standard error Er of the interface positions (The interface position means here the distance from the left
side to the foremost interface between oil and water at a horizontal line)

3.3 Effects of Factors on the Distribution of Fluid
(a) Effects of Ca number
At different values of Ca, the distribution of retained oil, displacement efficiency and displacement

velocity are different from each other though the imbibition processes are similar. At 90% of the base value,
the development of imbibition at the upper part becomes faster and faster. The retained oil is mainly located
at the lower part (Fig. 6a). At 110% of the base value, most of the oil is displaced out. Only a little oil is retained
at the bottom right. The displacement efficiency is high (Fig. 6b). At 120% of the base value (Fig. 6c), the
displacement efficiency is larger than that at 90% of the base value but less than that at 110% of the base value.
With the decrease of Ca number, the surface tension increase or viscosity decrease, imbibition increases. If
the pore size near the upper boundary is relatively large, the imbibition in this area will faster.

The relation between the displacement efficiency and oil/water viscosity and surface tension is not
monotonous.The displacement efficiency increases first and then decreases with the rising of surface tension.
In small pores, the surface tension is beneficial for oil displacement by water imbibition. But it is on the
contrary in large pores. The displacement efficiency in middle pores is not linear with the surface tension.
The results showed also that the effects of Ca number on the displacement efficiency are complicated. The
increase of Ca number (e.f., the decrease of surface tension) can on one hand improve the flow of oil drops,
but on the other hand can cause the decrease of imbibition force, e.f., drive force of displacement.

(b) Effects of contact angle
When the contact angle is 80% of the base value, the imbibition develops faster near the upper and lower

boundary, while the imbibition develops slower, and some oil is retained in the middle part (Fig. 7a). When
the contact angle is 90% of the base value, the imbibition develops faster at the upper part than that at the
lower part. Much oil is retained at the lower part at last. During the early stage of imbibition, the interface
is relatively uniform while it becomes faster and faster at the upper part with time (Fig. 7b). Similar to the
early stage of 80% of the base value of contact angle, the imbibition develops faster near the upper and lower
boundaries when the contact angle is 110% of the base value. But the difference is the oil in the middle are
displaced out and so the retained oil is little in this case (Fig. 7c). When the contact angle is 120% of base
value, the imbibition at the upper part becomes faster and faster, which causes much oil to be retained at
the lower part (Fig. 7d). It can be found that the effects of contact angle is not monotonous. Its effects are
combined stronglywith the distribution of pore size, viscosity, and surface tension. For example, the variation
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of contact angle changes the capillary and the imbibition velocity. Accordingly, the relative permeability
will be changed in some pores. Then the mobility ratio (M = Krw

μw
/Kro

μo
) may be larger than 1.0, which means

the instability of interface (see the discussion in section). The stop and development of instability cause the
imbibition very complicated.

(a) At 80% base value tD = 3504.9  (b) At 90% base value and tD = 1468.6

(c) At 110% base value and tD = 1660.5  (d) At 120% base value and tD = 3115.5

Figure 6: Distribution of oil and water with Ca number

 (a) At base value 80% and tD = 1678.8  (b) At base value 90% and tD = 1323.4 

 (c) At base value 110% and tD = 1610.3 (d) At base value 120% and tD = 761.7 

Figure 7: Effects of contact angle on the distribution of oil and water

(c) Effects of viscosity ratio
When the viscosity ratio is 80% of the base value, the development of imbibition is not uniform. At the

first stage, the imbibition develops faster at the lower part. At the later stage, imbibition develops upwards.
In this case, co-current imbibition accompanies weak counter-current imbibition. There is a small piece of
oil retained in the middle near the end. The displacement efficiency is relatively high (Fig. 8a). When the
viscosity ratio is 90% of the base value, the development of imbibition is more non-uniform than that at the
viscosity ratio of 80% of the base value. Channeling path forms near the upper boundary. Only a little oil is
displaced out (Fig. 8b). The development of imbibition is non-uniform both at the viscosity ratio of 110% of
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the base value and at the viscosity ratio of 120% of the base value, but the displacement efficiency is relatively
higher at the viscosity ratio of 110% of the base value (Figs. 8c,d). The viscosity ratio is one of the key factors
causing instability of the interface. The variation of viscosity can lead to the formation of a channeling path
combined with the distribution of pore size. Once the channeling path is formed, the displacement efficiency
decreases greatly.

 (a) 80% of the base value and tD = 2336.6 (b) 90% of the base value and tD = 917.9 

 (c) 110% of the base value and tD = 2324.8 (d) 120% of the base value and tD = 1526.3 

Figure 8: Effects of viscosity ratio on the distribution of oil and water during imbibition

(d) Effects of connectivity
When the connectivity probability is 60% of the base value, imbibition develops very slowly and stops in

a short time (Fig. 9a).The imbibition stops at 800 μs and the length is less than 50% of the whole length.The
imbibition velocity is faster, and the imbibition length is longer at the connectivity probability of 70% of the
base value than at 60% of the base value, but the imbibition front cannot reach the end.The imbibition front
stops at 65% of the total length at 350 μs (Fig. 9b). When the connectivity probability is 80%, the imbibition
velocity ismuch faster than that of the first two cases.The imbibition front arrives at the end (Fig. 9c).There is
obvious counter-current imbibition in this case. Much oil is retained.The displacement velocity is the fastest
at the connectivity probability of 90% but is the most unstable.The channeling path is formed at a later stage.
A large piece of oil is retained at the lower right part (Fig. 9d). It is shown that the connectivity probability
on the one hand improves the imbibition, on the other hand, leads the interface to be easier to lose instability
and increases the retained oil.

According to the numerical results, it can be seen that the four dimensionless factors (Ca number, θ,
μw
μo
, P) affects imbibition greatly. The effects on either the displacement efficiency or displacement velocity

is the comprehensive action of the four factors. Because of the non-uniform distribution of pore size, the
imbibition interface does not develop smoothly. In some cases, the channeling path forms and so causes
the decrease of displacement efficiency. The reason is that instability of the interface is easy to occur in a
non-uniform pore network.

3.4 Development of Imbibition Length
(1) Effects of Ca number
Since the imbibition front is non-uniform, the distance from the left side to the average position of the

imbibition front is taken as the imbibition length. Then the slope is the imbibition velocity. Fig. 10 shows
the development of imbibition length under different conditions. It can be found that the imbibition length



Comput Model Eng Sci. 2025;142(2) 2185

increases with time in a fluctuated way, which is due to the non-uniform distribution of pore size. When
water is imbibed into large pores, the velocities will increase fast suddenly and form a footstep. The average
displacement velocity of the base model is 18.90 × 10−3 m/s. When Ca are 80%, 90%, 110%, and 120% of the
base value, the average displacement velocities are 8.72× 10−3 m/s, 12.14× 10−3 m/s, 13.18× 10−3 m/s and 7.67×
10−3 m/s (Fig. 10a), and the corresponding displacement efficiencies are 87.22%, 61.03%, 87.77%, and 80.56%,
respectively. The decrease of Ca number means the relative increases of imbibition force or the decrease of
viscous resistance. However, the effect of Ca number on imbibition is not monotonous. Generally, with the
increase of Ca, the development of imbibition becomes slow. In the first stage, the imbibition curves are very
close when Ca equals 80%, 90% of the base value. The curves when Ca equals 110% and 120% of the base
value become obvious relative to the other three cases. It means that the development of imbibition cannot
be determined by Ca number only.

 (a) Connectivity probability 60% and tD = 2786.6  (b) Connectivity probability 70% and tD = 1219.1 

 (c) Connectivity probability 80% and tD = 3483.2  (d) Connectivity probability 90% and tD = 1044.9 

Figure 9: Effects of connectivity probability on the distribution of oil and water

(2) Effects of contact angle
Imbibition develops slowlywith the increase of the contact angle.When the contact angles are 80%, 90%,

110%, and 120% of the base value, the displacement efficiencies are 89.96%, 53.54%, 98.44%, and 41.49%, and
the average displacement velocities are 13.14 × 10−3, 9.80 × 10−3, 8.96 × 10−3 and 7.83 × 10−3 m/s, respectively
(Fig. 10b). Similar to the effects of Ca number, the displacement efficiency and velocity do not change with
contact angle monotonously.

The contact angle reflects the wettability of materials. The larger the contact angle is, the lower the
wettability and the capillary are, and the meantime the smaller the size of the oil drop is. So the increase
in contact angle is not beneficial to displacement. In practice, surfactant is often adopted to change the
wettability. Meanwhile, the permeability is changed with surfactant also. So the displacement efficiency is
determined by two aspects when adopting surfactant [30,31].

(3) Effects of viscosity ratio
When the viscosity ratios are 80%, 90%, 110%, and 120% of the base value, the corresponding displace-

ment efficiencies are 93.39%, 37.66%, 91.25%, and 59.78%, and the average displacement velocities are 8.19 ×
10−3, 12.84 × 10−3, 11.39 × 10−3, and 9.77 × 10−3 m/s, respectively.The displacement efficiency does not change
with the viscosity monotonously also (Fig. 10c). The viscosity ratio has great effects on the instability of the
imbibition interface.This factor causes the wave change of the curve of the imbibition length with time [32].
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Figure 10: Effects of factors on the development of imbibition length with time. (a) Variation of imbibition length
with Ca number (Ca0 means the base value of Ca number. LD = h/Lc); (b) Variation of imbibition length with contact
angle (θ0 means the base value of contact angle; (c) Variation of imbibition length with viscosity ratio; (d) Variation of
imbibition length with connectivity)

(4) Effects of connectivity probability
Through several test simulations with different connectivity, it is found that the connectivity of the pore

network model used in this paper cannot be lower than 50%. When the connectivity is equal to or less than
50%, it is very difficult to form a passage for liquid to pass between the left and right sides of the pore network.
Obviously, in this case, the oil in the pore network cannot be displaced to the right out of the pore network.
So, the connectivity probabilities of 60%, 70%, 80%, and 90% are adopted in the numerical simulation.

When the connectivity probabilities are 60%and 70%, respectively, the imbibition velocity and the swept
area are both small. The displacement velocities are faster when the connectivity probabilities are adopted
as 80% and 90% (Fig. 10d). The retained oil is larger at the connection probability of 80% than at 90%, but
smaller than that at connectivity probabilities of 60% and 70%.
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According to the numerical results, it can be seen that the four dimensionless factors (Ca number, θ, μw
μo
,

P) affect imbibition greatly.The effects on either the displacement efficiency or displacement velocity are the
comprehensive action of the four factors. Because of the non-uniformdistribution of pore size, the imbibition
interface does not develop smoothly. In some cases, the channeling path forms and so causes a decrease
in displacement efficiency. The reason is that instability of the interface is easy to occur in a non-uniform
pore network.

3.5 The Relation Between Displacement Efficiency, Displacement Velocity, and the Four Main Factors
To compare the effects of the four factors on the displacement efficiency and the displacement velocity,

the sensitivity of each factor (the change of the displacement efficiency or the displacement velocity/changes
of each factor from the base value to 90% of the base value) is investigated as shown in Fig. 11. The effects of
the connectivity probability on the imbibition velocity is the largest while the effects of contact angle are the
smallest. The effects of Ca number on the displacement efficiency is the largest.

Figure 11: Sensitivity of factors on displacement efficiency and average displacement velocity

Displacement efficiency is the value of displaced oil divided by the total oil; Because the imbibition front
is not uniform, average displacement velocity is used to characterize the imbibition progress which equals
the average position of the front divided by time.

In Section 2.2 (a), we obtained the theoretical relations between the imbibition velocity and displace-
ment efficiency and two dimensionless parameters (Eq. (28)). Here, based on the numerical data, the specific
expressions of Eq. (28) are obtained. During fitting, the relations were assumed to be exponential. The
relations between displacement efficiency, average displacement velocity, and the four main factors are fitted
by using the least square method (Eqs. (30) and (31)). The predicted data based on the fitted relations and
the numerical data are shown in Fig. 12. It is shown that the predicted data and numerical data agree with
each other.

The fitted equation of the average displacement velocity:

ḣ
u∗

= 0.05P−19.73 ( σ cos θ
u∗√μwμo

)
19.36

(30)
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Figure 12: Comparison between the predicted value and the numerical value

The fitted equation of the displacement efficiency:

η = 0.98P1.34 ( σ cos θ
u∗√μwμo

)
3.76

(31)

The horizontal coordinate denotes the predicted value, and the vertical coordinate denotes the numer-
ical value. The solid line denotes all the dots that the predicted value equals the numerical value. The closer
the dot to the solid line is, the more exact the predicted value is.

4 Conclusions
LBM was used to simulate the effects of main factors on oil displacement by water imbibition.

The numerical model was built by referencing the distribution of pore size of a shale core. Four main
dimensionless factors (Ca number, θ, μw

μo
, and P)are obtained by dimensional analysis. From the simulation

results, the following conclusions can be drawn:
1. The oil is displaced by water imbibition. The four factors have huge effects on imbibition. The impact

of each factor is not monotonous. The displacement process is the comprehensive effect of all aspects.
2. From the point of sensitivity, the connectivity probability has the greatest effect on the average

displacement velocity while the contact angle has the smallest one. As for the displacement efficiency,
the effect of the Ca number is the largest. Based on the numerical data, the fitted relations between the
displacement efficiency, average displacement velocity, and the four factors are obtained.

In this work, only a kind of distribution of pore size and four dimensionless factors are considered.
Displacement by imbibition is related to many other factors as well, such as variation in the distribution of
pore size, properties of liquid for imbibition, and external pressure. The effects of these factors are required
to be studied further in the future. Meanwhile, considering the large amount of time consumption and the
need for storage space during computation by LBM, our analysis is only on a small-scale zone considering
pore-size distribution from a shale sample. In future work, we will use a larger scale in numerical simulation.
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