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ABSTRACT: Shale gas production involves complex gas-water two-phase flow, with flow patterns in proppant-filled
fractures playing a critical role in determining production efficiency. In this study, 3D geometric models of 40/70
mesh ceramic particles and quartz sand proppant clusters were elaborated using computed tomography (CT) scanning.
These models were used to develop a numerical simulation framework based on the lattice Boltzmann method (LBM),
enabling the investigation of gas-water flow behavior within proppant-filled fractures under varying driving forces
and surface tensions. Simulation results at a closure pressure of 15 MPa have revealed that ceramic particles exhibit
a simpler and more porous internal structure than quartz sand of the same size. Under identical flow conditions,
ceramic proppants demonstrate higher fluid replacement efficiency. Replacement efficiency increases with higher
porosity, greater driving force, and lower surface tension. Furthermore, fluid displacement is strongly influenced by
pore geometry: flow is faster in straighter and wider channels, with preferential movement through larger pores forming
dominant flow paths. The replacement velocity exhibits a characteristic time evolution, initially rapid, then gradually
decreasing, correlating positively with the development of these dominant channels.

KEYWORDS: Proppant fractures; gas-water two-phase flow; numerical simulation; lattice Boltzmann method; flow
behavior

1 Introduction
With the increasing development of unconventional oil and gas resources, hydraulic fracturing tech-

nology has become crucial for enhancing reservoir conductivity [1]. The formation of proppant packs and
their internal multiphase flow characteristics directly determine long-term fracture conductivity and well
productivity [2]. While significant progress has been made in numerical simulation of gas-liquid two-phase
flow in recent years, most existing research focuses on macroscopic pipelines or homogeneous porous media.
There remains a lack of targeted research on the highly porous and strongly heterogeneous proppant-filled
layer. Moreover, the microscopic mechanisms and macroscopic behavior governing gas-water two-phase
flow within proppant packs are not yet fully understood.

The lattice Boltzmann method (LBM) is a mesoscopic approach, bridging molecular and macroscopic
scales. It is a primary tool for simulating phase transitions, two-phase flows, and chemical reactions at
the pore scale. LBM simulates system behavior by tracking the evolution of particle distribution functions
on a discrete lattice. In 2014, Gong et al. [3] used a four-parameter-based LBM model to simulate gas-
liquid coexistence in multi-component systems (methane, ethane, propane), verifying its accuracy against
traditional theoretical models. In 2017, Shamsi et al. [4] combined the discrete element method (DEM) and
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LBM to simulate proppant-filled fracture evolution and evaluate conductivity under stress. In 2019, Li et al. [5]
integrated LBM with finite difference techniques to develop an innovative method for simulating upscaled
shale gas seepage, maintaining high accuracy while improving computational speed. In 2020, Fan et al. [6]
developed a technique combining continuum mechanics, DEM, and LBM to quantify the effects of proppant
quantity, size, distribution, and crushing on embedment. In 2021, Zhao et al. [7] established a conceptual
model of the mudstone-sandstone interface in shale reservoirs based on pore structure characteristics,
developing multiphase multicomponent LBM models (e.g., color models, pseudopotential models). These
models have significantly contributed to understanding gas generation, oil-gas flow, imbibition, and seepage
in shale. In 2022, Feng et al. [8] systematically reviewed advances in shale gas flow modeling, evaluating
capillary bundle models, LBM, and pore network modeling (PNM) for heterogeneous matrices and dis-
cussing scale effects, pore structure impacts, and well performance. Also in 2022, Wang et al. [9] proposed a
nanoscale multiple-relaxation-time multicomponent multiphase lattice Boltzmann method (MRT-MCMP-
LBM) based on pseudopotential formulation to simulate pore-scale oil/water two-phase flow. Nanoscale
effects of liquid/solid slip, liquid/liquid slip, and non-homogeneous phase viscosity due to liquid/solid and
liquid/liquid molecular interactions are fully considered. The desired interfacial tension (IFT) and wettability
are calibrated by using Laplace tests, contact angles and phase separation. The proposed model is then
validated by comparison with molecular simulations and theoretical results. Improvements in computer
hardware and numerical algorithms have enhanced LBM for two-phase flow research, reflected in improved
experimental data accuracy, refined theoretical models, and increased computational efficiency [10–19].
LBM integrates mesoscopic characteristics of continuum models with microscopic molecular dynamics,
offering advantages such as ease of parallelization, simple boundary condition handling, high efficiency and
accuracy, capability for complex two-phase flows, and straightforward computer implementation, providing
vital support for research and engineering applications [20–27].

Common proppants in shale gas fracturing are 40/70 mesh ceramic particles and quartz sand. This
study focuses on the proppant-filled layer. Three-dimensional geometric models of 40/70 mesh ceramic and
quartz sand proppant packs under 15 MPa closure pressure were constructed using CT scanning. Based on
the experimentally obtained 3D proppant pack geometry, an LBM-based numerical model for gas-water
two-phase flow was established. Numerical simulations were then performed to study gas-water flow within
these packs under varying driving forces and surface tensions, elucidating the flow behavior using LBM.

2 Multiphase Flow Lattice Boltzmann Method

2.1 Lattice Boltzmann Equation
The Boltzmann equation describes the evolution of gaseous particle distribution functions. It enables

problem-solving by extracting distribution function information at each time point and utilizing statistical
correlations with macroscopic parameters:

∂ f
∂t
+

r
ξ ⋅ ∂ fr

∂r
= Ω ( f ) (1)

where: fr is the particle distribution function;
r
ξ is the particle dispersion velocity.

Simplified collision models have been developed, notably the Bhatnagar-Gross-Krook (BGK) model:

Ω ( f ) = ω ( f eq − f ) = 1
τ0
( f eq − f ) (2)
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where: ω is the average collision frequency; τ0 is the relaxation time, ω = 1
τ0

; f eq is the equilibrium state
distribution function of the particle.

Substituting Eq. (2) into Eq. (1) yields the Boltzmann-BGK equation, reducing computational
complexity:

∂ fα

∂t
+ ξα ⋅

∂ fα

∂r
= 1

τ0
( f eq

α − fα) (3)

where: α is the prescribed motion direction of particles, α = 1, 2, 3, . . . , N; fα is the distribution function of
particles in direction; ξα is the discrete velocity of particles in direction; f eq

α is the equilibrium distribution
function of particles in direction.

2.1.1 Velocity Model
Given the three-dimensional nature of gas-water flow within proppant packs, the D3Q19 model was

selected. In this model, each lattice node has 19 discrete velocity vectors, as shown in Fig. 1. Particles move
along these paths, with velocity directions given by Eq. (4).

c = [ci] =

c
⎡⎢⎢⎢⎢⎢⎣

0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 −1 1 0 0 0 0
0 0 0 1 −1 0 0 1 −1 −1 1 0 0 0 0 1 −1 1 −1
0 0 0 0 0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 −1 1

⎤⎥⎥⎥⎥⎥⎦

(4)

Figure 1: D3Q19 discrete velocity model

The cube model shown in Fig. 1 has its center at point (0, 0, 0), with half the edge length representing a
unit’s length. In the equilibrium distribution function, the weighting coefficients of the D3Q19 model can be
elaborated in detail:

ω0 = 1/3, ω1−6 = 1/18, ω7−18 = 1/36, c2
S = c2/3 (5)

where: ω is the weighting factor in the discrete velocity model; cS is the lattice sound velocity.
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2.1.2 BGK Collision Model
The approximation method of the BGK collision model, also called the Single Relaxation Time collision

model (SRT), is a simplified collision formula proposed by Bhatnagar, Gross, and Krook [28]. The collision
term should exhibit the following characteristics:

∫ ϕ ⋅Ω ( f ) du = 0(ϕ = m, mu, 1
2

mu2) (6)

Boltzmann H-theorem:

∫ (1 + ln f )Ωdu = 0 (7)

where: ϕ is the characteristic function; f is the particle distribution function; Ω is the Boltzmann
collision operator.

Further assuming a proportional relationship between the rate of change and its value, the approximate
form of the collision term can be expressed as:

Ω = − 1
τ
( fi (x , t) − f eq

i (x , t)) (8)

where: τ is the relaxation time, whose value relates to the fluid kinematic viscosity coefficient v, through the
equation:

τ = 0.5 + v
c2

s
(9)

2.1.3 Boundary Conditions
In Fig. 2, considering the simulation of Couette fluid flow between two infinite parallel plates. The two

parallel surfaces serve as physical boundaries with periodic boundary settings on both sides. When particles
from the right inlet/outlet complete their collision and movement processes, they re-enter the flow field and
continue motion at the left inlet. The relationship between particle distribution functions at both inlets can
be expressed as:

f1.5.8 (0, j) = f1.5.8 (Nx , j) (10)

f3.6.7 (Nx , j) = f3,6,7 (0, j) (11)

Figure 2: Periodic boundary conditions
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2.2 Color Gradient Model
In the color gradient model, fluid movement involves four stages: single-species collision, binary species

interaction, recoloring, and migration. Fluids are identified by color (e.g., red for liquid, blue for gas), with
density functions f r and f b, and total distribution f :

f = f r + f b (12)

A two-phase flow model was established within the geometric model, assigning red to water and blue
to gas [29]. As shown in Fig. 3, a 150 × 150 × 150 lattice 3D model employed a velocity inlet boundary (left)
and an outflow boundary (right), with periodic boundaries elsewhere.

Figure 3: Inlet and outlet settings of 3D model (red for liquid, blue for gas)

2.3 Proppant Cluster Geometric Model
CT scanning experiments on 40/70 mesh ceramic particles and quartz sand proppant packs under

15 MPa closure pressure were conducted using a CT5000-H250 instrument, yielding 2D grayscale images.
Scanned images were processed using Image J. A central sub-volume was extracted for simula-

tion. Image segmentation and binarization produced the required binary porous medium images [30,31].
The domain was discretized into a 150 × 150 × 150 grid. Processed CT images underwent 3D volume
reconstruction to build a true pore structure model (Fig. 4).

(a) (b)

Figure 4: 3D models of proppant packs under 15 MPa closure pressure. (a) 40/70 mesh quartz sand; (b) 40/70 mesh
ceramic particles
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2.4 Two-Phase Flow Simulation Parameter Settings
2.4.1 Unit Conversion Based on Dimensionless Method

To study two-phase flow problems using the LBM, various physical parameters need to be converted
into corresponding dimensionless lattice units, such as velocity, surface tension, and pressure. As shown
in Table 1, this paper adopts dimensionless methods for unit conversion, transforming physical units in actual
flow fields into lattice units for simulation calculations, which can significantly reduce computational load
while simplifying calculation procedures [32,33].

Table 1: Conversion between lattice simulation units and actual physical units (dimensionless method)

Physical variable Lattice unit Physical unit Conversion relation
Length l L0 (m) l = L/L0
Velocity u U0 (m/s) u = U0 ⋅ T0/L2

0
Time t T (s) t = T/T0

Lattice length δx = 1 h (m) δx = h/L0
Time step δt = 1 Δt δt = Δt/T0

Lattice velocity c = δx/δt C (m/s) c = C ⋅ T0/L0
Body force f F (kg ⋅m/s2) f = F ⋅ T2

0 / (M0L0)
Surface tension γ σ (kg/s2) σ∗ = σ/ (ρ ⋅ L2)

Pressure p P (kg/ (m ⋅ s2)) p = P ⋅ L0T2
0 /M0

As a crucial factor influencing gas-water two-phase flow in propped fractures, surface tension at ambient
temperature can be converted into corresponding dimensionless surface tension [34] using length scales:

γ = γ0

ρ ⋅ L2 (13)

where: γ is dimensionless surface tension; γ0 is fluid surface tension (kg/s2); ρ is fluid surface tension (kg/s2);
L is model length scale.

2.4.2 Simulation Parameter Settings
To achieve stable displacement, the simulation condition parameters were set as follows, with a surface

tension coefficient of 0.005, initial gas-liquid ratio of 1:10, driving force of 4.0 × 10−5 MPa, closure pressure
of 15 MPa, and 40/70 mesh quartz sand as baseline conditions [35], as shown in Table 2.

Table 2: Simulation parameters

Surface tension coefficient 0.007, 0.005, 0.003
Initial gas-liquid ratio 1:10

Proppant type 40/70 mesh quartz sand, 40/70 mesh ceramic particles
Driving force (MPa) 4.0 × 10−5, 7.0 × 10−5, 10.0 × 10−5

Closure pressure (MPa) 15



Fluid Dyn Mater Process. 2025;21(8) 1941

3 Analysis of Gas-Water Two-Phase Flow Patterns in Proppant Packs

3.1 Influence of Driving Force on Displacement Efficiency
Driving force is the primary driver of flow in porous media. Its magnitude significantly influences flow

patterns. By altering the magnitude and direction of driving force, immiscible two-phase flow behavior under
different external conditions can be simulated. Simulations used a surface tension coefficient of 0.005, closure
pressure of 15 MPa, and initial driving force of 4.0 × 10−5 MPa (40 Pa), increased in two 3.0 × 10−5 MPa
(30 Pa) increments. Parameters are shown in Table 3.

Table 3: Experimental parameters for different driving forces

Driving force (MPa) Proppant type
4.0 × 10−5, 7.0 × 10−5, 10.0 × 10−5 40/70 mesh ceramic particles,40/70 mesh quartz sand

3.1.1 Flow Field Analysis of Displacement Process
Using the visualization function in the post-processing module, visualization diagrams of gas-liquid

two-phase displacement process at different times were plotted. Visualizations of the gas-liquid displacement
process (blue: gas, red: water) are shown in Fig. 5 (ceramic) and Fig. 6 (quartz sand) for iteration steps 10
and 30 under different driving forces at 15 MPa. By iteration 30, displacement is advanced but incomplete.
Fluid preferentially displaces through larger pores before narrower ones. At 10.0 × 10−5 MPa, displacement
efficiency is significantly higher than at lower driving forces, indicating that larger driving forces enhance
displacement effectiveness. In structures with higher sphericity, fluid tends to flow around particle surfaces,
forming bypass flow.

(a)

(b)

Figure 5: (Continued)
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(c)

Figure 5: Fluid phase distribution in 40/70 mesh ceramic particles. (a) Driving force = 4.0 × 10−5 MPa; (b) Driving
force = 7.0 × 10−5 MPa; (c) Driving force = 10.0 × 10−5 MPa

(a)

(b)

(c)

Figure 6: Fluid phase distribution in 40/70 mesh quartz sand. (a) Driving force = 4.0 × 10−5 MPa; (b) Driving force =
7.0 × 10−5 MPa; (c) Driving force = 10.0 × 10−5 MPa
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3.1.2 Velocity Analysis of Displacement Process
Using the velocity visualization function in the post-processing module, velocity visualization diagrams

of gas-liquid two-phase displacement at the 10th and 30th iterations were plotted. Figs. 7 and 8 show velocity
cloud diagrams of 40/70 mesh ceramic particles and 40/70 mesh quartz sand under 15 MPa closure pressure
at different driving forces. Velocity visualizations show non-uniform color distribution (significant velocity
changes) early in displacement (iteration 10), becoming more uniform (smaller velocity changes, stabilized
flow) later (iteration 30). Displacement velocities were notably higher at 7.0× 10−5 MPa than at 4.0× 10−5 MPa,
indicating stronger driving forces enable faster displacement in porous media.

(a)

(b)

(c)

Figure 7: Fluid velocity distribution in 40/70 mesh ceramic particles. (a) Driving force = 4.0 × 10−5 MPa; (b) Driving
force = 7.0 × 10−5 MPa; (c) Driving force = 10.0 × 10−5 MPa
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(a)

(b)

(c)

Figure 8: Fluid velocity distribution in 40/70 mesh quartz sand. (a) Driving force = 4.0 × 10−5 MPa; (b) Driving force
= 7.0 × 10−5 MPa; (c) Driving force = 10.0 × 10−5 MPa

As shown in Figs. 9 and 10, these are average velocity diagrams of fluid data points at cross-sections from
one-tenth of the inlet in three-dimensional geometric models of different proppant clusters. The horizontal
coordinate is the number of data points obtained during the expulsion process and the vertical coordinate is
the average velocity of the fluid. From the pre-gas displacement until the water was completely displaced, the
displacement velocity increased with driving force for both proppants. The average velocity in quartz sand
was consistently lower than in ceramic particles under identical conditions. Velocity at 10.0 × 10−5 MPa was
significantly higher than at 4.0 × 10−5 MPa. This result is consistent with the conclusion obtained through
the velocity visualization analysis, which further verifies that larger driving forces increase displacement
velocity and efficiency, reducing the time for complete water displacement. Greater driving forces enable
fluids to occupy pore spaces faster, demonstrating more pronounced advantages during permeation and
displacement processes.
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Figure 9: Fluid velocity statistics in internal sections of 40/70 mesh ceramic particles. (a) Driving force = 4.0 ×
10−5 MPa; (b) Driving force = 7.0 × 10−5 MPa; (c) Driving force = 10.0 × 10−5 MPa

Figure 10: (Continued)
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Figure 10: Fluid velocity statistics in internal sections of 40/70 mesh quartz sand. (a) Driving force = 4.0 × 10−5;
(b) Driving force = 7.0 × 10−5; (c) Driving force = 10.0 × 10−5

The displacement velocity of both proppants increases with driving force. Velocity variation in ceramic
particles was more pronounced than in quartz sand. However, under identical conditions, the average fluid
velocity in 40/70 mesh quartz sand is consistently lower than in 40/70 mesh ceramic particles. During gas
displacement, displacement was rapid initially, gradually slowing until complete.

3.2 Effect of Surface Tension on Displacement Efficiency
Surface tension, a property of liquid surface films, influences gas distribution and dispersion in liquids

by regulating gas-liquid interface stability and activity. The surface tension coefficient directly determines
interaction forces between liquid and gas. By modifying this coefficient, gas-liquid interface behaviors under
different wettability conditions can be simulated to investigate their impact on immiscible two-phase flow.
Using 40/70 mesh ceramic particles and quartz sand under 4.0 × 10−5 MPa driving force and 15 MPa closure
pressure, displacement was analyzed at surface tension coefficients of 0.007, 0.005, and 0.003 (Table 4).

Table 4: Experimental parameters for different surface tensions

Surface tension coefficient Proppant type
0.007, 0.005, 0.003 40/70 mesh ceramic particles, 40/70 mesh quartz sand

3.2.1 Flow Field Analysis of Displacement Process
Figs. 11 and 12 show the flow field diagrams at the 10th and 30th iterations under closure pressure

of 15 MPa for 40/70 mesh ceramic particles and 40/70 mesh quartz sand with different surface tension
coefficients. Visualizations show fluid preferentially displacing through large pores before smaller ones,
as large pores provide more accessible channels for fluid movement and thus receive more displacement
opportunities. Due to the incompressibility and immiscibility of the two fluids, some dead-end pores
remained inaccessible, creating sealed water-filled spaces. Lower surface tension resulted in higher dis-
placement efficiency for both proppants. Displacement velocity increased relatively faster in straight, wide
pore channels.
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(a)

(b)

(c)

Figure 11: Fluid phase distribution in 40/70 mesh ceramic particles. (a) Surface tension coefficient = 0.007; (b) Surface
tension coefficient = 0.005; (c) Surface tension coefficient = 0.003

(a)

Figure 12: (Continued)
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(b)

(c)

Figure 12: Fluid phase distribution in 40/70 mesh quartz sand. (a) Surface tension coefficient is 0.007; (b) Surface
tension coefficient = 0.005; (c) Surface tension coefficient = 0.003

3.2.2 Velocity Analysis of Displacement Process
Using the velocity visualization function in the post-processing module, velocity visualization diagrams

of gas-liquid two-phase displacement at the 10th and 30th iterations were plotted. Figs. 13 and 14 show
the velocity cloud diagrams of 40/70 mesh ceramic particles and 40/70 mesh quartz sand under 15 MPa
closure pressure at different surface tension coefficients. During fluid flow, there are specific channels
with significantly higher permeability than other regions, which notably influence the entire displacement
process. These are called “advantageous channels”, where the fluid preferentially flows. Early displacement
velocity was greater at lower surface tension; later, the influence was smaller.

(a)

Figure 13: (Continued)
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(b)

(c)

Figure 13: Fluid velocity in 40/70 mesh ceramic particles. (a) Surface tension coefficient = 0.007; (b) Surface tension
coefficient = 0.005; (c) Surface tension coefficient = 0.003

(a)

(b)

Figure 14: (Continued)
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(c)

Figure 14: Fluid velocity in 40/70 mesh quartz sand. (a) Surface tension coefficient = 0.007; (b) Surface tension
coefficient = 0.005; (c) Surface tension coefficient = 0.003

Figs. 15 and 16 show smoother velocity changes in ceramic particles, indicating more uniform pore
distribution. Quartz sand exhibited significant velocity variations and multiple peaks due to numerous small,
unevenly distributed pores.

Figure 15: (Continued)
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Figure 15: Fluid velocity statistics in cross-section of 40/70 mesh ceramic particles. (a) Surface tension coefficient =
0.007; (b) Surface tension coefficient = 0.005; (c) Surface tension coefficient = 0.003

Figure 16: Fluid velocity statistics in cross-section of 40/70 mesh quartz sand. (a) Surface tension coefficient = 0.007;
(b) Surface tension coefficient = 0.005; (c) Surface tension coefficient = 0.003
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The displacement velocities of both proppants increase with the decrease of surface tension coefficient,
and the average fluid velocity in 40/70 mesh quartz sand is always lower than that in 40/70 mesh ceramic
proppant. Displacement was rapid initially, slowing gradually later as gas displaced readily accessible water
first. As gas advances and water content in pores decreases, later-stage displacement becomes slower until
complete water displacement is achieved.

4 Conclusions
This study employed an LBM multiphase flow model to simulate gas-water two-phase flow within

propped fractures, yielding insights into phase distribution and flow velocity behavior. The main conclusions
are:

(1) Under 15 MPa closure pressure, the pore structure of 40/70 mesh ceramic particles is simpler and
exhibits higher porosity compared to quartz sand of equivalent size. Increased closure pressure
generally leads to more complex pore structures and reduced porosity in proppant packs. Higher
porosity provides larger flow channels, enabling higher fluid displacement velocities.

(2) Displacement velocity for both proppants increased with driving force. The average fluid velocity
within 40/70 mesh quartz sand was consistently lower than within ceramic particles under identical
conditions. Displacement was rapid initially, gradually slowing until complete water displacement. The
displacement process exhibited preferential flow through larger pores. “Bypass flow” around particle
surfaces was common in structures with high sphericity.

(3) Displacement velocity for both proppants increased as surface tension decreased. The average fluid
velocity in 40/70 mesh quartz sand remained lower than in 40/70 mesh ceramic particles. Velocity was
primarily controlled by the degree of pore meandering: displacement was relatively high in straight,
wide pores, forming distinct “dominant channels”. And it is positively correlated with the characteristic
of being fast first and then slow in terms of time.

(4) Displacement efficiency is affected by various factors such as porosity, driving force and surface
tension. Efficiency increased with higher porosity, larger driving force, and lower surface tension.
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