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Abstract

Injection wells are widely used in the oilelds to maintain reservoir pressure
and increase ultimate recovery of hydrocarbons. During injection, water adsorbs solids admixtures from wellbore walls and ne particles from the pores,
which results in the ow of suspension in the near-wellbore zone. Suspended
particles are trapped in pores, which results in a permeability damage and, as
a result, in a decrease in the injectivity of the well. In order to maintain the
injection ow rate (injectivity), one needs to either increase the pumping pressure or to introduce additional water cleaning equipment on the surface. Both
results in an increase in the cost of eld development. To optimize the process
of water injection, it is proposed to use a combined approach based on modeling of suspension ltration in porous media with account for permeability
damage and recovery.

1 Introduction
For suspension ltration in a porous medium, there is a number of models developed
earlier and published in open literature. One of the most frequently used models is
a so-called the deep-bed ltration model [1]. The suspension ow is described using
three-continua approach (carrier uid, suspended particles and trapped particles).
The key concept of deep-bed ltration model is a parallel-pathway model of a porous
medium. In pathways of the rst type with a small pore radius, only plugging of
suspended particles occurs, and in the pathways of the second type, particles can
only deposit. Continuum of trapped particles is separated into two classes, namely
plugged and deposited particles. The rates of these two processes are expressed by
dierent formulae. The rate of plugging is proportional to the product of suspended
particle concentration, the particle velocity and a linear function of the concentration of the trapped particles. The rate of plugging contains two tuning parameters,
usually referred to as the trapping coecient and the trapping parameter. The rate
of deposition is proportional only to concentration of suspended particles. Therefore, the deep-bed ltration model contains three tuning parameters for describing
particle trapping and four tuning parameters in closure relation for permeability.
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The rate of particle trapping and the closure relation for permeability may have
dierent functional forms. An overview of these dependencies obtained theoretically
and experimentally are presented in [2]. The number of tuning parameters in these
correlations fall in the range from one to ve. The most frequently used correlation
between the permeability and the concentration of trapped non-colloidal particles
has the power law form (e.g., see [3]). For colloidal particles, the formula for trapping
coecient is obtained in [4] by a pore-scale micromodel of particle transport using
Happel's cell approach. The formula is valid only for particles not larger than several
micrometers.
In [5] criteria for the particle capture due to direct interception, straining in constrictions and wedging in crevices were proposed. The trapping coecient is claimed
to be proportional to the initial porosity, particle and pore diameters, but the coecient of proportionality is not estimated. In [1] and [5] the reversal eect to the
particle trapping, namely the particle mobilization or entrainment, was studied. The
key nding of these studies is that there exists a critical velocity of mobilization,
below which the mobilization of particles does not occur. Above this velocity, the
rate of mobilization is proportional to the concentration of trapped particles and
the ow velocity. The coecient of proportionality is a tuning parameter, which is
called the mobilization coecient.
Existing models for suspension ltration with non-colloidal particles contain two
tuning parameters for describing the mobilization rate and minimum two tuning
parameters involved into the expression for the trapping rate.
The key goal of the present study is to decrease a number of tuning parameters
by taking into account dierent physical eects, peculiar to the particle transport
(such as trapping and mobilization). In order to do so, we present a development of
the multi-uid model of suspension ltration in a porous medium [6]. Fluid uxes
through large pores of the porous medium and narrow pores of the packed bed of
deposited particles are explicitly taken into account, by introducing two permeabilities (for the matrix of the porous medium and for the packed bed of the trapped
particles). These are the key novel features, which distinguish the proposed model
from the classical deep bed ltration approach [1, 3]. The model predictions are
compared with laboratory data sets on the contamination of core samples. The
most recent progress in the model development is mainly in taking into account particle mobilization, compressibility of the uid and two-phase ltration (oil/water).
Applications of the model are primarily in the oil and gas industry: drilling mud
invasion and cleanup in the near-wellbore zone, nes migration in porous medium,
suspension ltration in propped hydraulic fractures as well as permeability damage
and recovery in the near-wellbore zone of injection wells, which are used to maintain
the reservoir pressure.

2 Formulation of the problem
The present study is aimed at the development of a novel model for suspension
ltration in porous media with account for the particle transport. The novelty of
the model stems from the fact that porous media formed by the trapped particles
have a nite porosity and permeability, so that the clean uid can ltrate through
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these pore channels [6]. The following two porosities are introduced: φc is the
porosity of the medium formed by a porous matrix and the total volume of trapped
particles, while φt takes into account (additionally to φc ) small channels between
trapped particles (see Fig. 1a):

φc = φ0 −

σ
Cmax

,

φt = φ0 − σ.

(1)

Here, φ0 is the initial porosity and Cmax is the maximum concentration of random
close packing.

Figure 1: The sketch of suspension ltration in a porous medium (a) and the euent
concentration of suspended particles (·106 ) against the number of pore volumes
injected. Black curve - experiment, blue curve - numerical simulation with tted
tuning parameters, red curve - numerical simulation with the same values of tuning
parameters and the mobilization velocity (b).
The particle-laden ltration is described using the three-continua approach with
dierent continua being a carrier uid, suspended particles and trapped particles.
Mass balance equations for a two-phase particle-laden suspension are as follows:

∂ f f
∂ f
[ργ sγ (φt − Cφc )] +
(ρ u ) = 0, γ = 1, 2
∂t
∂x γ γ
∂ p
∂
(φc sγ C) +
u = −qγ , γ = 1, 2
∂t
∂x γ
∂σ
= q1 + q2
∂t

(2)
(3)
(4)

Here, ρfγ is the uid density, sγ is the phase saturation, C and σ are the concentrations of suspended and trapped particles, respectively; ufγ and upγ are ltration
velocities of the carrier uid and the particles, qγ is the rate of particle trapping and
mobilization.
The ltration velocities of particles upγ and carrier uid ufγ are expressed in terms
of the suspension ltration velocity in large porous channels uγ and in small porous
channels us with taking into account the volume fraction of suspended particles C .
The carrier uid ows both through large (with the permeability k ) and small (with
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the permeability ks ) pore channels. Particles move only in large pore channels.
Darcy laws are given below:

kkγ ∂p
ks kγ ∂p
;
us = −
µγ ∂x
µγ,0 ∂x
f
p
uγ = (1 − C)uγ + us
uγ = Cuγ ;

(5)

uγ = −

(6)

Here, kγ is the relative permeability, µγ is the suspension viscosity, µγ,0 is the uid
viscosity, p is the uid pressure.
The permeability of small pore channels formed in the pack of trapped nes ks,0 is
dened after [7]:

ks,0

(1 − Cmax )3 d2p
rh2
= (1 − Cmax )
=
2
kkc
180Cmax

(7)

Here, kkc is the Kozeny constant, which is usually found to be close to 5, and rh is
the hydraulic radius, dened as the ratio of the free volume to the wetted area. If a
medium can be considered as a system of channels, rh , rh = (1 − φ)dp /6φ, ks,0 can
be calculated from (7).
Permeabilities of large and small pore channels are dened after [3, 8] with taking
into account formulae for porosities (1). The suspension viscosity is dened as the
function of the concentration of suspended particles C [9].


k = k0 1 −

σ 3
,
φ0 Cmax

ks = ks0



σ 3
,
φ0 Cmax


µγ = µγ,0 1 −

C −1.89
Cmax

(8)

In the present study, we suppose that both the plugging and the deposition are
described by the source term qt,γ which is called the trapping rate [5]. The rate of
mobilization qm,γ is described after [1]. Then the formulae for qt,γ and qm,γ are given
below:

qt,γ = Cuγ λ,

qm,γ = ασ(uγ − ucrit,γ )Θ(uγ − ucrit,γ )

(9)

Here, λ and α are the trapping and mobilization coecients, which should be tuned
against the experimental data, ucrit,γ is the critical velocity of mobilization, which
can be dened theoretically.
Consider the problem of the entrainment of a spherical particle from the plane
surface into a laminar ow. Forces acting on the particle include the buoyancy force
Fb , the adhesion Fa , the friction Ff and the drag Fd . The adhesion force is dened
after the following formula obtained experimentally [10]:

Fa = c1 d,

c1 = O(10−5 )

(10)

Here, d is the particle diameter. The relation (10) is in agreement with the theoretical formula for the adhesion force acting on a non-colloidal particle in the vicinity
of a plane surface in a uid.
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The drag force acting on a particle in the vicinity of the round tube wall is dened
after [11, 12]:

Fd = 1.7 · 6πµd2

U
R

(11)

Here, U is the ow ltration velocity, R is the tube radius.
We assume that the friction force is proportional to the net vertical force acting on
the particle, so that following relation holds:

Ff = k(Fa + Fb ) = k(c1 d +

π
∆ρgd3 )
6

(12)

Below we assume that k = 1. A particle mobilization occurs when the force balance
is reached:

ucrit
π
= c1 d + ∆ρgd3
1.7 · 6πµd2
R
6
R  c1 1 ∆ρg 
=
+
d
6 · 1.7µ π d
6

Fd = Ff ;

(13)

ucrit

(14)

As a result, we decreased a number of the tuning parameters in the expression for
mobilization from two to one (the mobilization coecient α) and used a minimum
number of the tuning parameter in the formula for the trapping rate (only the
trapping coecient λ).

3 Numerical implementation and validation
The numerical solution is carried out using a nite-dierence approach and a uniform
staggered grid. In case of incompressible uids, the equation in terms of the pressure
is obtained by summing up the Eqs. (2)-(4) and expressing the velocities according
to Darcy laws (5)-(6). The hyperbolic transport equation for the suspended particles
(sum of Eqs.(3)) is approximated using the rst-order up-wind scheme. The equation
for the concentration of the trapped particles (4) is solved using the rst-order Euler
method.
For validation of the expressions for the critical velocity (14) and the rate of mobilization (second Eq. (9)) we carried out numerical simulations and compared the
results against the experimental data [1]. Authors carried out the experiments with
the ow of a clean uid through the dirty pack of glass beads and presented the
euent particle concentration as a function of pore volumes injected. We obtained
a good agreement between the expression (14) and the experimental value for the
mobilization velocity reported in [1] (0.448cm/s and 0.58cm/s, respectively). Then
we tuned the mobilization coecient by minimization of the discrepancy between
the simulations and the experiment. It was obtained that the best agreement is
achieved by taking into account both the mobilization and the trapping eects. The
results of the modeling with λ = 10m−1 and α = 8.3 · 10−3 m−1 are shown in Fig. 1b.
For validation of the formula for the trapping rate (rst Eq. (9)), the comparison
of the numerical simulations with the contamination experiments [13] is conducted.
462

Multi-uid modelling of suspension ltration in the near-wellbore zone of injection
wells
The experimental data proles of the trapped particle compares concentration obtained after ltration of the suspension in the dierent porous samples. The trapping
coecient λ was tuned for each experiments in the framework of the classical and
proposed models. It was obtained that the new model provides a better description
of the trapped particle concentration in zones of the large particle accumulation
close to a maximum value σ = Cmax φ0 (Fig. 2).

Figure 2: The concentration of trapped particles corresponding to the experiments
with Bentheimer (a ) and Castlegate (b ) samples. Curve 1 - the experiment, 2 simulations using new model, 3 - classical model.

4 Results and discussion
For the modelling of contamination and clean up of a porous medium in the vicinity
of injection wells, we carried out numerical simulations. The input parameters corresponding to eld conditions. The typical range of the eld parameters is presented
in Table 1.

Table 1: The eld parameters of uids and injection wells.
The results of simulation of contamination and clean up of a near-wellbore zone
are shown in Fig. 3a. At the rst stage, the ow of suspension is from left to
right (injection) and particles can only be trapped. At the second stage the ow
is reversed from right to left (production) and the particle-free uid mobilizes the
trapped particles. In Fig. 3b we present a simulation of the similar sequence, but
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with the velocity decreased from 1 to 0.1 m/s and the trapping coecient increased
from 1 to 10 m−1 . Note the similarity in proles of the trapped particle concentration
and permeability for these two cases, while the penetration distances are dierent
(5 and 0.5 m). It is found that in the both simulations the permeability is almost
completely restored, while the period of clean up is signicantly smaller than that
of injection.

Figure 3: The trapped particle concentration (solid lines) and permeability (dashed
lines) as a function of coordinate (with 0 being the injection well). Stage 1 - contamination with λ = 1m−1 , t = 60s, stage 2 - clean up with α = 0.1m−1 , t = 30s
(a); stage 1 - contamination with λ = 10m−1 , t = 60s, stage 2 - clean up with
α = 1m−1 , t = 20s (b).
We also simulated the ltration process taking into account both particle trapping
and mobilization at all ow stages (Fig. 4). Note that the time of injection and
production are the same, but permeability is not restored to its initial value.

Figure 4: The trapped particle concentration (solid lines) and permeability (dashed
lines) as a function of coordinate. Stage 1 - λ = 100m−1 , α = 10m−1 , t = 10s, stage
2 - λ = 100m−1 , α = 10m−1 , t = 10s.
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5 Conclusions
The model of multiphase ltration of suspension in porous media is developed. The
key novel element of the model is taking into account the ow of particle-free uid
in pore channels formed by trapped particles. The number of tuning parameters
of the model is reduced from ve (typical of the classical deep-bed ltration model
reported in the open literature) to two. The expression for the critical mobilization
velocity is established by considering the balance of forces acting on a single particle
touching a plane wall.
The model is validated against a number of lab tests on contamination and cleanup of
rock cores. It was demonstrated that the novel model provides a better description of
the zones with large accumulation of trapped particles as compared to that obtained
using the classical model with the same number of tuning parameters. An expression
for the critical velocity of mobilization yields a good agreement with experimental
data. Numerical simulations of cyclic injection and cleanup regimes in a porous
media in the vicinity of an injection well are carried out. A comparison of the cases
with taking into account only trapping, only mobilization, or both eects was carried
out.
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