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ABSTRACT

Due to its long lifespan and high sand-removal efficiency, gravel packing is one of the most applied sand control
methods during the recovery of reservoirs with sanding problems. The blockage and retention of injected sand in
a gravel pack is a complex process affected by multiple mechanisms. The majority of existing studies based on the
phenomenological deep bed filtration (DBF) theory focused on the gravel pack’s overall permeability damage and
failed to obtain the inner-pore particle distribution pattern. In this work, experiments and simulations were car-
ried out to reveal the particle distribution in a gravel pack during flooding. In particular, through real-time mon-
itoring of particle migration, the penetration depth and distribution pattern of invaded particles with different
gravel-sand particle ratios, fluid viscosities and injection rates could be determined. By simplifying each unit
bed element (UBE) into a pore-throat structure with four tunnels (two horizontals for discharge and two verticals
for sedimentation), a new network simulation method, which combines deep bed filtration with a particle trajec-
tory model, was implemented. Cross comparison of experimental and numerical results demonstrates the validity
and accuracy of the model.
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1 Introduction

During the development of reservoirs with high sand production rate and silt content such as heavy oil,
hydrate and unconsolidated sandstone reservoirs, sanding is a severe issue that restrict efficient development.
Gravel packing completion technique has been widely applied to solve this problem because of its high sand
control efficiency and long validity period [1]. For wells with gravel packing operation, the pore blocking
caused by particle migration and deposition is a crucial factor affecting well productivity [2,3]. Therefore,
it is of considerable significance to clarify particle-plugging mechanism in the porous medium to
optimize the gravel-packing design and predict the well productivity.

It is inadequate and inaccurate to describe the physical process of particle transportation in granular
media by only applying theoretical and numerical methods considering the non-negligible heterogeneity
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of pore throat distribution and particle grain size. Therefore, experimental research is indispensable in this
study. Previous researchers have studied the plugging and deposition pattern of particles in the granular
medium through a laboratory test. Based on these experimental results, the prediction model of the
retained particle concentration was established, and a series of empirical coefficients for characterizing the
particles plugging in the pore space has been obtained [4–6]. Bigno et al. [7] proposed five fundamental
pore-blocking mechanisms and obtained the trends of gravel pack reduction by flooding test.
Bedrikovetsky et al. [8,9] conducted laboratory pressure drop measurements and proposed a data
processing method for the simultaneous determination of the filtration and formation damage coefficients.
Liu et al. [10] conducted a two-dimensional sandbox experiment to quantify the effects of particle and
grain sizes on the deposition, and they obtained the result that different diameter ratios may lead to
different deposit formation. In addition to the above, many other scholars have characterized the
deposition and plugging mechanism of particles in porous media through laboratory experiments.

Nevertheless, the traditional approach is the lack of intuitiveness. Most of the sand-filling pipe or
sandbox used in traditional flooding experiments is invisible, and the simulation materials of particles and
the porous medium have no color difference. The particle penetration front in the gravel pack cannot be
monitored during the experiment. It is hard to separate retained particles from gravels after the
experiment as well. Thus, the current study using traditional approach failed to obtain particle distribution
in the gravel pack.

The predecessors mainly used the simulation method base on the phenomenological model and
trajectory analysis model to study particle transportation characteristics in gravel pack numerically [11].
The phenomenological model describes the macroscopic filtration process by establishing the particle
conservation equation and introducing a series of empirical coefficients, which need to be determined
experimentally. It is a one-dimensional model based on the average particle concentration in porous
media, which requires many experimental parameters and cannot characterize the spatial distribution of
particles in the porous medium. The phenomenological model is the most used numerical simulation
method presently. Many scholars have proposed the numerical solution of the phenomenological model
and the determination method of capture coefficients under various mechanisms [12–18]. Particle
trajectory model is also called unit bed elements (UBE) model and was firstly proposed by Payatakes
et al. [19–22]. They assume that isotropic arranged porous media can be regarded as a set of
interconnected UBE. By determining the geometrical structure of the filtration bed and the flow field
characteristics inside the porous media, one can obtain the particle capture efficiency of each UBE. Thus,
the filter capture efficiency can be obtained by integration. Although the particle trajectory model takes
actual forces that are acting on particles into consideration, the flow complexity of inside the porous
media model restricts its application facing large-scale problems [11].

In this study, visual experiments were carried out to study the dynamic distribution of intrusive particles
in the gravel pack. Based on the improved particle trajectory model and stochastic algorithm, self-compiled
numerical simulation software was developed to simulate the dynamic particle blockage of the gravel bed. In
view of the experiments and numerical simulation results, a more intuitive and accurate method for studying
dynamic blockage law of gravel-bed was proposed.

2 Visual Experiment of Particle Transportation in the Gravel Pack

2.1 Methodology
As mentioned in the previous section, one of the main reasons why visualization of traditional gravel

displacement experiment cannot be realized is that there is no visible color difference between porous
medium and particles. To meet the experimental requirements of visible and measurable, the grain size of
porous medium and particles in the prototype are enlarged in this experiment. Glass beads are packed in
the sand packing tube instead of gravel to form a transparent granular media as well. A particular
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criterion should be established in the process of hydrodynamic experiment design to ensure a similar flow
and particle motion state between the model and the prototype. Therefore, a fixed proportional
relationship of physical quantities such as geometrical, kinematical and dynamical quantities is required.
For solid-liquid two-phase flow, flow and particle Reynolds criterion, Stokes criterion and Freud criterion
are the four dominant similarity criteria in designing experiments.

lpqpup
lfp

¼ lmqmum
lfm

ðReÞp ¼ ðReÞm (1)

dspqspurp
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¼ dsmqsmurm
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where, subscript p represents prototype and subscript m represents model; Re and Res are the flow and
particle Reynolds number, dimensionless; Stk is the Stokes number, dimensionless; Fr is the particle
Freud number, dimensionless; l is the geometric characteristic length, m; ds is the particle diameter, m; ρ
and ρs are the fluid and particle density, kg/m3; u and ur are the fluid velocity and relative velocity
between solid and liquid phases, m/s; μ is the fluid viscosity, N⋅s/m2.

Because it is impossible to satisfy all the criteria simultaneously during the design of hydromechanics
experiment, secondary factors that have less influence on similarity should be neglected [23]. The similarity
issue of Reynolds number (Re) can be ignored because the Reynolds number of prototype and model is in the
same self-modelling region (Re < 2000). The Froude number (Fr) indicates the ratio of inertia force to the
gravity of particles. However, due to the height limitation of the sand-packing tube, the vertical distance
that gravity acts on is short, and its similarity can be ignored as well. Therefore, the two criteria that the
prototype and model should obey are the particle Reynolds and Stokes criteria.

kv ¼ k�1
l

kt ¼ kl
kv

¼ k2l
(5)

where, λl is the length similarity coefficient which equals to lp/lm; λv is the velocity similarity coefficient
which equals to up/um; λt is the time similarity coefficient which equals to tp/tm.

2.2 Experimental Setup
Fig. 1 shows the set-up of the visual experiment. A peristaltic pump with a flow range of 1–1300 ml/min

was used for displacement. The measuring container placing at the outlet collect both the outflow liquid and
the produced particles. A clear cylindrical PMMA pipe packed with scale-up glass beads and quartz sand
were selected to achieve the visualization of particle migration and blockage in the gravel pack. To
ensure the similarity of particle motion between the experiment and real situation during the flooding, the
injection rate should determine by the hydrodynamic similarity criterion (seeing Chapter 2.1). The
particle penetration depth within the simulated gravel pack was photographed and recorded every 10 min
once the flooding began. Once the particle penetration depth is stabilized, open the sand-pack tube from
the outlet side and extract the packed gravel and sand particles in sequence. By weighing the mass of
glass beads and quartz sand in each section, the distribution of the retained sand mass in the simulated
gravel pack can be obtained.
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According to the selected similarity criterion, the geometric magnification of the experiment was
determined to be ten times. Take sand with 0.1 mm median grain size as an example, the quartz sand
with ten times enlarged median grain size was selected to simulate the intrusive sand in a real reservoir,
which is 1 mm. The glass beads with specific particle size were selected to simulate gravel packs to
ensure the visibility and measurability of intrusive particles. The particle size distribution of the
experimental sand sample is demonstrated in Fig. 2. The flooding fluid was polyacrylamide solution, and
the viscosity adjustment was achieved by configuring different solutions with various polyacrylamide
concentrations.

Figure 1: The flowchart and set-up of experimental device

Figure 2: Particle size distribution of the experimental sand sample
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2.3 Experiment Scheme
The experimental scheme was designed as shown in Table 1.

The gravel-to-sand grain size design adopts in this paper mainly refers to the study carried out by Saucier
[24]. Taking both conductivity and sand retention rate into account, he proposed that the average grain size of
packed gravel used for sand control operation should be 5–6 times of that of the intrusive sand. The design of
the injection rate and fluid viscosity refers to the experimental data of Li et al. [5] in the conventional gravel
packing displacement experiments.

3 Experiment Results and Analysis

During the experiment, the transportation and distribution of particles in the granular medium were
continuously monitored. Take the experimental groups 1 to 4# in Table 1 as an example: the distribution
characteristics of particles during the flooding process with different gravel-to-sand grain size ratio are
shown in Fig. 3. As the flooding proceed, particles intruding into gravel beds were not evenly distributed.
Instead, an oblique front of intrusive sand was observed.

According to the experiment results, which were dynamic particle penetration depth and the mess of the
retained particles in the granular medium, the sensitivity analysis of three factors that affect, i.e., gravel
particle size ratio, displacement velocity and liquid viscosity, was carried out.

3.1 Influence of Gravel-to-Sand Grain Size Ratio
Gradation design of the packing gravel is one of the most critical parts for the gravel packing operation.

The gravel pack should have adequate sand control ability to avoid extensive sand production. Meanwhile,
the gravel pack’s conductivity has a significant influence on productivity and should be considered, as well.
Four groups of experiments were designed to study the influence of the gravel-to-sand grain size ratio (G-S
ratio) on particle penetration depth and retained sand mass, see groups 1–4#.

Table 1: Experimental scheme

Group
number

Gravel-to-sand
grain size ratio

Flooding
rate/(ml/min)

Fluid
viscosity/mPa⋅s

Packing length
(sand)/cm

Packing length
(gravel)/cm

1# 4 400 3 15 15

2# 5 400 3 15 15

3# 6 400 3 15 15

4# 7 400 3 15 15

5# 6 200 3 15 15

6# 6 600 3 15 15

7# 6 800 3 15 15

8# 6 400 1 15 15

9# 6 400 5 15 15

10# 6 400 7 15 15
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The trend of particle penetration depth for the four groups with different G-S ratios shown in Fig. 4a. The
ratio of particle penetration depth (Lpd) and gravel packing length (Lpack, which equals 15 cm) was utilized to
non-dimensionalize the experimental data. The group 1# with a G-S ratio of four exhibits excellent sand
control performance. The penetration depth of particles was only 1.7 cm, and it reached a stable state
within 150 min. Group 2# with a G-S ratio of five had a faster growth rate in particle penetration depth in
the early stage of flooding, but also reach stability quickly with a depth of 2.6 cm. For groups with a G-S
ratio of six and seven, the velocity and depth of particle penetration front increase. This phenomenon
explains that with the enlargement of pore space, the formation of the sand bridge at the gravel-sand
interface became slower. More particles intruded into the gravel pack without the restrain by a stable sand
bridge, resulting in severe pore blockage.

The distribution of retained particles inside the gravel pack shows in Fig. 4b. Same as the particle
penetration depth, the ratio of the retained sand mass in gravel pack (mretained) and the mass of the total
packing sand (mpack, which equals 268 g) was proposed to non-dimensionalize the intrusive particle mass.
For experimental groups with a G-S ratio of four and five, the total amount of intrusion particles is much
smaller than the other two groups. The retained particles were concentrated at the gravel-sand interface as

Figure 3: Dynamical monitoring figures of sand distribution in gravel packs affected by G-S ratio
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well. The invasion depth and particle concentration increased significantly as the enlargement of packing
grain size. The cumulative particle mass of groups 3#, 4# with a G-S ratio of six and seven is 14.5 g, and
24.6 g, respectively, which is much higher than that in groups 1# and 2#. The intrusive sand of these two
groups covered a much deeper gravel bed in longitudinal depth as well.

It can be concluded that a particular threshold value exists when it comes to the influence of G-S ratio on
particle transportation and blockage. The formation of sand bridges in the pore space kept particles from
further intrusion when the G-S ratio is less than five. The G-S ratio should not be higher than six to avoid
massive particle intrusion. The experimental results are in good agreement with those proposed by
Saucier et al. [24].

3.2 Influence of the Flooding Rate
The flooding rate in the experiment simulated the flow rate of the near region of the wellbore during the

production. The effect of flooding rate on particle migration can be concluded into the following three items:
sand production rate, the formation of the sand-bridge at the interface and the particle re-migration rate. In
this experiment, the migration and blockage of particles in porous media at the flooding rate of
200–800 ml/min were studied.

The particle penetration chart of various flooding rate was shown in Fig. 5a. The penetration depth is
shorter than the other groups when the flooding rate is 200 ml/min. That is because certain drive speed is
necessary for the formation of loose particles, and fewer intrusive particles generated under the case of
low flooding rate. The intrusion depth development of groups with flooding rate of 400 and 600 ml/min
show similar law. But when the flooding rate reaches 800 ml/min, re-migration of the retained particles
occurred in the pore space, resulting in a noticeable increase of particle penetration depth.

The total mass of retained particles increased linearly with the flooding rate, as shown in Fig. 5b. The
blocking degree near the gravel-sand interface was low due to a less mass of intrusive sand in the group of
200 ml/min. For the other three groups of experiments with the flooding rate of 400–800 ml/min, the mass of
retained particles near the gravel-sand interface was similar, but the mass of particles that remained in the
inner region of the gravel pack increase significantly with the rise of flooding rate.

Figure 4: Particle penetration depth and cumulative mass of retained sand influenced by G-S ratio (a)
dimensionless penetration depth (b) dimensionless retained sand mass
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It can be concluded from the above experimental results that the penetration depth and mass of intrusive
particles are relatively low if the flooding velocity does not reach the critical velocity of the particle
migration. While when the flooding velocity is above the critical velocity, further velocity increase could
lead to a deeper penetration depth of particles in the gravel pack.

3.3 Influence of Fluid Viscosity
The fluid viscosity mainly affects the drag force and settling velocity acting on the intrusive sand. A

higher fluid viscosity means a greater particle start-up force and a longer horizontal migration distance.
As the fluid viscosity increase, the particles have a more considerable invasion distance in the gravel pack
and settled or blocked particles in the pore have a higher chance of re-migration as well. Three
experimental groups were carried out to study the sensitivity of fluid viscosities to particle migration and
pore blockage.

As can be seen from Figs. 6a and 6b, the particles penetration depth was linearly correlated with the
viscosity of the injecting fluid, but not for the mass of retained particles. The experimental groups with a
fluid viscosity of 1 and 3 mPa⋅s had the similar retained particle mass, but a different penetration depth.
When the viscosity raised to 5 and 7 mPa⋅s, the total mass of blocked particles and the plugging degree
of porous media increase significantly. That is because, for the experimental group with lower fluid
viscosity, the drag forces acting on the particles have not met the start-up force for particle migration.
Therefore, these groups had a lower particle production rate and a smaller gravel-to-sand mixing region.
However, when the forces are big enough to separate particles off, a large mass of particles could intrude
into the gravel pack and cause a severe blockage.

Figure 5: Particle penetration depth and cumulative mass of retained sand influenced by flooding rate (a)
dimensionless penetration depth (b) dimensionless retained sand mass
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4 Mathematical Model

4.1 Limitation of Deep Bed Filtration Model in Gravel Packing Application
Compared with other deep filtration applications, the particle blockage problem in the gravel pack has

the following characteristics, which leads to the invalidation or inaccuracy of the traditional model. Firstly,
the density of the sand particles is much higher than that of the reservoir fluid, so the sedimentation of
particles plays a much more important role than that of other cases. Therefore, the network model is
chosen to simulate particle distribution in the gravel pack instead of the traditional one-dimensional deep
bed filtration model.

Secondly, the gravel-to-sand size ratio is much larger than that in many other industrial fields. Therefore,
the influence of particle sedimentation on pore throat characteristics changes and subsequent particle
migration cannot be neglected. In the classical deep filtration model, due to the small-suspended particles,
the deposition coefficient of particles in porous media is generally constant, that is, the effect of deposited
particles on subsequent particle migration was not taken into consideration.

Lastly, gravel packing is an engineering issue that needs large-scale simulation. The existing approaches
cannot satisfy the requirements for obtaining inner-pore particle distribution and solving large-scale model
efficiently at the same time.

4.2 Pressure and Velocity Distribution in an UBE
In this work, a two-dimensional network was applied to simulate the process of particle transportation

and distribution in the gravel pack. The unit bed element (UBE) has been simplified to a pore-throat structure.
The elements either have one pore and four throat channels (two vertical and two horizontal) in the middle
parts, or one pore and three throat channels (one vertical and two horizontal) at the boundary.

The diagram of the network model used in the simulation is shown in Fig. 7, from which one can obtain
the simplified UBE structure. The pressure drop of a single UBE can be demonstrated as follows:

DPu ¼ DPth þ DPpo þ pf (6)

where ΔPu stands for the pressure drop of the whole UBE; ΔPth and ΔPpo is the pressure gradient caused by
viscous energy loss in throat and pore channel; pf is the pressure gradient caused by internal fluid kinetics.

Figure 6: Particle penetration depth and cumulative mass of retained sand influenced by fluid viscosity (a)
dimensionless penetration depth (b) dimensionless retained sand mass
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Assuming that the flow diffusion rate is much lower than the injection flow rate for a saturated porous
media. The relationship between superficial flow velocity in the pore and throat channel is [25]:

ut
up

¼ dhp � 2davep
dht � 2davet

� �2

(7)

where u is the flow velocity, m/s; dh is the equivalent diameter of throat and pore channels, m; δave(i,j) is the
average thickness of deposited layer of retained particle along the channel, m; the subscript t and p denote the
throat and pore.

As one can observe from Fig. 7, dhp equals dht + dp. Therefore, the non-homogeneity of the pore structure
could be achieved by replacing fixed dht and dp values with a randomly distributed array.

A modified Hagen-Poiseuille equation can determine the viscous pressure gradient of a blocked element:

DP ¼ DPpo þ DPth ¼ 128l
Lpup

ðdhp � 2davepÞ2
þ Ltut

ðdht � 2davetÞ2
 !

(8)

where dh is the equivalent diameter of throat and pore channels; δave(i,j) is the average thickness of deposited
layer of retained particle along the channel.

The kinetic pressure gradient pf is caused by the sudden expansion and contraction of the inner-pore
geometry. According to Wu et al. [26] pf can be represented as functions of pore-throat diameter ratio β:

pf ¼ qghf ¼ ne þ ncð Þ u
2
pq

2
¼ 3

2
þ 1

b4
� 5

2b2

� �
u2pq

2
(9)

where β is the pore-throat diameter ratio, b ¼ dhp � 2davep
dht � 2davet

:

4.3 Particle Trajectory Model in Porous Media
The forces acting on a single solid particle in the fluid phase can be divided into the following three

categories: forces independent of the relative motion of fluid-particle, including gravity and the pressure
gradient force; forces in the same direction as the relative motion between fluid and particle, including

Figure 7: Geometric diagram of UBE’s pore-throat structure and network

920 FDMP, 2023, vol.19, no.4



resistance, additional mass force and Basset force; forces perpendicular to the relative motion direction
between fluid and particle, such as Magnus force and Saffman force [27,28].

When the solid phase composition in the particle flow is dominant, inter-particle collision is the primary
mechanism affecting particle motion, and the influence of the interaction force between particles should be
clarified. In the issue of gravel packing sand control, the particle concentration is low, and the inter-particle
collision can be ignored, the particle can be regarded as approximate random free motion. For larger pore
space, short-range forces such as electrostatic force and double-layer repulsion force have less effect on
particles than gravity force, thus can be neglected. The particles are assumed to move by sliding due to
the force controlling the rolling of the particles (Magnus force) is relatively small compared to Stokes
force. To take both calculation efficiency and accuracy into consideration, the effects of gravity,
buoyancy, viscous force and wall-particle interaction on particle motion are the main considerations in
this study.

The joint force of gravity and buoyancy on the vertical direction of particles in pore-throat of the
granular porous media is:

Fg ¼ 4p
3
g qp � ql
� �

r3p (10)

where rp is the particle size, m; ρp is the particle density, kg/m
3.

For solid-liquid two-phase flow with a low Reynolds number, the resistance of particles in a Newtonian
fluid is characterized by the Stokes equation.

FD ¼ Dcur (11)

where Dc is the viscosity coefficient, Dc = 6πμrp; ur denotes the difference between the particle velocity (v)
and the flow velocity (u), i.e., ur = v – u.

For a saturated porous media, it can be assumed that the inner-pore fluid flows only in the horizontal
direction, while the flow rate in the vertical direction can be assumed to be 0. When particles move under
the domination of Stokes force, the expression of ur is as follows:

urx ¼ u� vx (12)

ury ¼ vy (13)

Based on the DLVO theory, the forces acting on particles of the porous media internal surface can be
characterized by the following equation:

FA ¼ 1:13� 10�14D � rp � rs 1

D2 � rp þ rs
� �2 � 1

D2 � rp � rs
� �2

" #
(14)

where rs is the particle size of porous media skeleton, m; D = rs + rp + d, d is the minimum distance between
particle and the internal surface.

When the solid phase composition in the particle flow is dominant, interparticle collision is the primary
mechanism affecting particle motion, and the influence of the interaction force between particles should be
clarified. In the issue of gravel packing sand control, the particle concentration is low, and the interparticle
collision can be ignored, the particle can be regarded as approximate random free motion. For larger pore
space, short-range forces such as electrostatic force and double-layer repulsion force have less effect on
particles than gravity force, thus can be neglected.
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Force analysis of particles in fluids in longitudinal and transverse directions:

Fg þ FA1 � Fdy � FA2 ¼ qpVp
dvy
dt

(15)

Fdx ¼ qpVp
dvx
dt

(16)

where Vp is the particle volume, m3; vx and vy are the particle velocity components in X and Y direction,
respectively, m/s; Fdx and Fdy are the viscous force components in X and Y directions, respectively, N;
FA1 and FA2 are DLVO forces from top and bottom surfaces of the pore internal wall, respectively.

By integrating Eqs. (15) and (16), the expressions of particle velocities in X and Y direction can be
obtained

vy ¼
FA1 þ Fg � FA2

� �
Dc

1þ exp � Dc

qpVp
t

 !" #
(17)

vx ¼ v� v � exp � Dc � tð Þ=qpVp

� �
(18)

The trajectory of injected particles is characterized by Eqs. (17) and (18), and the trajectory model based
on the real force of particles can be established.

4.4 Two-Dimensional Particle Mass Conservation Equation
The phenomenological model of filter media describes the macroscopic distribution characteristics of

particles in the porous media during the process of deep bed filtration [6,29–31]. Assuming that the flow
inside a UBE is one-dimensional and linear, and the dispersion effect of the porous media is negligible.
The particle mass conservation equation of one-dimensional deep filtration model is as follows:

� us
@cðx;tÞ
@x

þ D
@2cðx;tÞ
@2x

¼ @

@t
fðx;tÞcðx;tÞ
� �

þ @rðx;tÞ
@t

(19)

where, c is the particle concentration per unit bed volume; σ is the retained particle volume per unit bed
volume; D is the flow diffusivity rate.

To obtain the distribution characteristic of particles in the porous media, transportation model of
particles in two-dimensional scales is required. A two-dimensional UBE has two entrances and exits in
the horizontal and vertical directions. For a UBE with coordinates (x, y), the volume of particles passing
through the entrance and exit in the horizontal direction at t time is Cinn1(x,y,t) and Cinn1(x+1,y,t), respectively.
Similarly, these variables are Cinn2(x,y,t) and Cinn2(x+1,y,t) for vertical entrance and exit. Consider each row of
the UBEs as a column cell, the c and σ in Eq. (20) can be written as the sum of intrusion and retained
particles all over the row, as shown in Eqs. (20) and (21).

cðx;tÞ ¼
Pymax

i¼0
Cinn1ðx;i;tÞ

V0 �
Pymax

i¼0
eðx;i;tÞ

(20)

rðx;tÞ ¼
Pymax

i¼0
r1ðx;i;tÞ þ Csettleðx;tÞ

V0 �
Pymax

i¼0
eðx;i;tÞ

(21)
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where, V0 is the average initial pore volume of the UBE, m3; Csettle(x,t) is the total volume of retained particles
in a column cell, m3; ε(x,y,t) is the UBE’s porosity.

For a single two-dimensional UBE as shown in Fig. 7, the mass conservation equation is as follows:

� @Cinn1ðx;y;tÞ
@x

¼ @Cinn2ðx;y;tÞ
@y

þ @r1ðx;y;tÞ
@t

(22)

The volume of inlet and outlet particles of each cell can be expressed as the function of the particle
retained and settled rate of particles, which can be determined from the particle trajectory model. The
retained particle volume in the UBE at time t can be defined by the accumulation of captured particles by
multiple mechanisms.

Cinn1ðx;y;tÞ ¼ C0 �
Xx�1

i¼0

@r1ði;y;tÞ
@t

þ ksettleði;y;tÞCinn1ði;y;tÞ � kreði;y;tÞCinn2ði;y;tÞ

� �
(23)

Cinn2ðx;y;tÞ ¼
Xymax

i¼y�1

ksettleðx;i;tÞCinn1ðx;i;tÞ � kreðx;i;tÞCinn2ðx;i;tÞ
� �

(24)

r1ðx;y;tÞ ¼ r1ðx;y;t�1Þ þ
Xn
i¼1

kcaptureðiÞCinn1ðx;y;tÞ (25)

where λsettle is the settlement coefficient of injected particles; λre is the coefficient of re-migration of settled
particles; λcapture is the particle capture coefficient; n is the number of particle capture mechanisms considered
in the model, such as adsorption, blockage and so on. The particle trajectory model in Chapter 4.3 can
determine the above coefficients.

The particle transportation model in a two-dimensional scale consists of Eqs. (22) and (25). The
macroscopic distribution characteristic of particles in the porous media can be obtained by solving the
model using the finite difference method.

4.5 Characterization of Damage Elements
Pore damage by particle intrusion can be divided into the following two modes, as shown in Fig. 8.

Some intrusive particles were trapped on the pore surface due to the inertia force and adsorption. The
pore damage caused by these particles can be characterized utilizing the equivalent hydrodynamic radius,
that is, particles accumulation on the surface area equivalent to the enlargement of pack grain size of the
porous media [14,16].

Figure 8: Two particles retention pattern inside the pore space
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dg ¼ 1� e
1� e0

� �1=3

dg0 (26)

where dg0 is the initial packing grain size, m; ε0 is the initial porosity.

Also, some intrusive particles settled at the bottom of the pore space under gravity. The settled particles
in the pore affect the flow channel width and the subsequent migration of the inflow particles of the UBE.
Therefore, the pore damage caused by particle settling can be characterized by the shrinkage of flow
channels in the UBE.

D ¼ 1� Vp

1� ep
� �

e0V0

 !
D0 (27)

where Vp is the volume of settling particles, m3; V0 is the initial volume of the pore space, m3; εp is the
porosity of granular matter formed by settling particles.

An UBE should be regarded as the source term of the particles if it was completely blocked by the
intrusive particles. The particle production rate is as follows:

Cinn1 x0;y0ð Þ ¼ Cinn1 x0þ1;y0ð Þ ¼ krmu0Vp (28)

4.6 Simulation Results and Validation
Based on the theoretical model proposed in the above sections, the transportation and distribution of

particles in the gravel pack under the same parameter setting as the experiments were simulated by the in-
house code.

A comparison of numerical simulation with the result of the flooding experiments was conducted to
verify the accuracy of the simulation method. The accuracy of the model is validated by determining
whether the particle distribution morphology and the particle penetration depth in the numerical
simulation are similar to those in the physical simulation. According to the parameters listed in Table 1,
the numerical simulation is operated with the experimental groups 1–4# with the G-S ratio of 4–7 as
an example.

The particle distribution characteristic obtained by numerical simulation is shown in Fig. 9. The
simulated particle distribution characteristic in the gravel pack is consistent with that of the monitored
figures during the experiment. The depth and developing velocity of particle intrusion frontier increase
with the G-S ratio so does the frontier inclination. Fig. 10 shows the comparison of steady particle
penetration depth between the numerical and physical simulation, which shows good agreement as well.

From the validation, it can be concluded that the numerical model has high reliability, and it is applicable
in the simulation of particle transportation and distribution pattern in the gravel pack.

924 FDMP, 2023, vol.19, no.4



5 Conclusion

In this work, the distribution pattern of injected particles in the gravel pack during flooding was carried
out by visual experimental and numerical approaches. The inner-pore particle distribution, particle
penetration depth and mass of the retained particles were obtained experimentally. By analysis of the

Figure 9: Simulation results of sand distribution in gravel packs affected by G-S grain size ratio

Figure 10: Experimental validation of simulation results of particle penetration depth
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experimental results under the influence of G-S size ratio, injection rate and fluid viscosity, the following
conclusion can be drawn:

1. When it comes to the influence of G-S ratio on particle migration, there is a particular threshold value
that exists. The sand arch that formed at the sand-gravel interface can alleviate sand intrusion
effectively when the G-S ratio is less than five, while massive particle intrusion occurs with the
increase of the G-S ratio.

2. When the superficial fluid velocity does not reach the critical velocity of particle initiation, both the
penetration depth and mass of the intrusive sand were relatively low. But as the fluid velocity further
increased above the critical sand production velocity, the gravel pack blockage could be more severe.

3. For the experimental group with low viscosity, the drag force acting on particles does not reach the
critical sand migration force, resulting in a decrease of overall sand production rate and alleviate the
gravel pack blockage.

By analyzing the characteristics of the sand blockage process in the gravel pack, the limitation of using
tradition DBF model in solving this engineering problem were proposed. A new network simulation method
was proposed by the combination of DBF theory and particle trajectory model. The experimental validation
showed that the new simulation method is of high reliability in predicting both particle penetration depth and
distribution pattern. The experimental and simulation method proposed by this work can provide practical
guidance for gravel packing design in-field operation.
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