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ABSTRACT

Core flooding experiments on argillaceous sandstone
are carried out showing that for high injection flow
rates permeability reduction occurs. The decrease of
permeability is a consequence of the migration of in-
situ particles. Two models are used to simulate the
observed phenomena. The so-called network model is
able to give insight in the physics behind the particle
migration. The other model based on mass balance
and constitutive laws is used for quantitative and
qualitative comparison with the experiments.

1. INTRODUCTION

With the exploration and development of significant
geothermal resources stored in clastics deposits,
widespread in Europe, serious formation injectivity
problems were experienced (Ungemach, 1983).
Previous studies showed that the particles of geother-
mal fluid and the particles of rock matrix can induce
a strong permeability decrease (Ochi and Vernoux,
1994; Vernoux and Ochi, 1994; Boisdet et al., 1987).
The invasion of the reservoir by the particles con-
tained in the geothermal fluid can be limited by ad
hoc surface installation. But in the reservoir near the
well wall, the high velocities can induce mechanical
phenomena like particle release. In that case the risks
of formation damage cannot be predicted without a
detailed understanding of the physical phenomena.

A probable reason for injectivity decline is the release
and subsequent deposit of internal particles. Two
causes can be distinguished for the release of internal
particles. Firstly, particles are released due to a repul-
sive interaction force with respect to the porous
matrix. The interaction force depends on the salinity
of the brine and can become repulsive if the salinity is
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sufficiently low. This phenomenon of a decreasing
permeability due to a change of salinity is known as
the water sensitivity of sandstone and has been
described by Khilar and Folger (1983). Secondly,
internal particles are released when the hydrodynam-
ic force overcomes an attractive interaction force
between particles and the grains. This mechanism is
in particular of interest for this study because of the
high injection rates common for geothermal doublets.

In the next section we will discuss laboratory experi-
ments which demonstrate the permeability decline
due to the migration of internal particles. The influ-
ence of salinity and injection rate will be explained
briefly. For a more extensive discussion we refer to
Ochi and Vernoux (1994).

In Section 3 we present some simulations of perme-
ability decline using a network model. In this model
the porous medium is considered to be a network of
pores interconnected by tubes with different radii.
Initially, the pores are randomly filled with an amount
of internal particles. By computing the local velocity
in a pore and using a rate law, a certain amount of the
internal particles will be released. The deposit is now
modelled by changing the adjacent radii of the pore
according to the amount of released particles. An
important advantage of such a network model is the
ability to take into account the physics on the pore
level and hence give insight in the different deposition
mechanisms such as size exclusion and surface depo-
sition.

The model we use in Section 4 is acting on a larger
scale than the network model i.e. the core scale. It is
based on mass balance, Darcy’s law and constitutive




laws for the internal particles and deposit. In this
model the porous medium is considered as a filter for
the suspended particles. In principle the model allows
for suspended particles both from external origin or
from release of internal particles. However, in this
paper we consider only the case of internal particles,
that is, the injection fluid is solid-free. A fundamental
law relating the deposit and the concentration of the
particles in the fluid is taken from filtration theory.
The model describes the evolution of the deposit. To
determine the effect of the evolution of the deposit on
the behaviour of the permeability, knowledge is need-
ed on how the permeability depends on the deposit. In
the literature several empirical relations are proposed
for the dependence of the permeability on the deposit
(Gruesbeck and Collins 1982). We will indicate how
the network model could also be used to provide such
a relationship. The model is coupled with an optimi-
sation routine in order to calibrate the model.

2. LABORATORY EXPERIMENTS

Results

All experiments were carried out on Berea sandstone
plugs and with solid-free brines. During some of the
experiments the flow rate is stepwise increased.
Furthermore, experiments are performed with differ-
ent salinity. The pressure difference over the plug is
measured during the core flooding test. The perme-
ability is computed using Darcy’s law.

The following table summarises the experimental
conditions.

Exp fluid flow rate PV permeability
(M NaCl) (cm'/s) (107 (mD)
BSO13 [ 0.01 t->7 4.8 330 -> 160
BSO012 | 0.1 2-> 14 14 340 -> 190
BSOIl [ 0.5 36->145 20.5 | 480 ->280
BSO0I10 | 0.5->0 1.2->54 5 430 -> 100
g-22-08 | 0.5 4.1 17.5 | 440 -> 340
g-24-08 | 0.5 6.9 12 440 -> 280
2-31-08 | O.1 6.9 18.5 | 500 -> 310
2-08-09 | 0.5 (80°C) 6.7 18 500 -> 160

Figure 2.1. Conditions and results of the experiments.

In Figure 2.2 the permeability decline of the plugs
BS010-BS013 are shown.
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Figure 2.2. The permeability decline of the plugs
BS010-BS013 and the flow rates during the core
flooding experiments.

The total permeability decline is larger for lower

- salinity. In experiment BSO10, it is observed that a

rapid and large permeability decrease occurs after
changing the injection fluid from 0.5 M NaCl brine to
pure water. This phenomena confirms results from
Khilar and Folger (1983).

The other three experiments BS011-BS013 show that
an increase of the flow rate gives a sudden decrease of
the permeability. After this sudden decrease, the per-
meability decreases steadily to an asymptotic value.
We remark here, however, that in experiment BSO11
the permeability reduction becomes almost linear
after the increase of the flow rate to 8.3 cm3/s and that
a further increase of the flow rate does not result in a
sudden decrease of the permeability. Furthermore
experiment BS013 shows that initially there is no per-
meability reduction. Only after an increase of the flow
rate from 1 cm3/s to 3 cm¥/s a sudden and large per-
meability reduction is observed. For a more extensive
discussion of the experiments BS010-BS013 we refer
to Ochi and Vernoux (1994) and Ochi (1994).

Experiments g-22-08 and g-24-08 (see Figure 2.3)
were both carried out with a constant flow rate during
the injection period and the same salinity. They
demonstrate that a higher flow rate results in a larg-
er permeability decline. Comparing the experiments
g-24-08 and g-31-08 it follows that the total perme-
ability reduction is most severe for lower salinity.
Experiment g-08-09 is carried out to investigate the



influence of the temperature on the permeability
decline. The experiment with brine of 80 °C shows,
compared with g-24-08, a larger permeability decline.
Figure 2.3. The core flooding tests with a fixed flow
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rate during the injection period.

Interpretation
From the experiments we can conclude that the total

permeability reduction is most drastic for lower salin-
ity. Furthermore a higher flow rate results in a larger
permeability reduction. The phenomena observed in
experiment BSO10 confirms the findings of Khilar
and Folger (1983), so-calicd the water sensitivity of
sandstone. They explained the waler sensitivity by
showing the existence of a critical salt concentration
below which the interaction between fines and the
porous matrix becomes repulsive. In particular the
change of the brine to pure water results in an instan-
tancous relcase of internal particles which subse-
quently deposit causing the permeability reduction.

The results of the core Tooding tests can be explained
by using DLVO theory (Ochi and Vernoux 1994; Ochi
1994). This theory enables to quantify the forces of
interaction between particle and grain. The three main
forces which are involved are the Van Der Waals
force. electrostatic force and the hydrodynamic force.
These forces can be quantificd assuming a simple
geometry of a sphere and a plate. The Van Der Waals
force is autractive, the electrostatic force depends on
the salinity and is repulsive. The hydrodynamic force
is proportional to the interstitial velocity. Quantifying
the resultant of the forces shows that the resultant
becomes repulsive below what is called the critical
salt concentration or above a critical interstitial veloc-
ity. The effect o a salinity below the eritical salt con-
centration is shown in experiment BSO10 while the
notion of a critical velocity is demonstrated in exper-
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iment BSO13.

Concerning the influence of the temperature on the
permeability decline as shown by experiment g-08-09
we refer to the paper by Baudracco (1989).
Experiments reported in that paper show that when

- increasing the temperature the permeability decline

increases in case of a low salinity and decreases in
case of a high salinity.

3. NETWORK MODEL

Model formulation

A two dimensional network model has been devel-
oped to simulate permeability decrease resulting from
the detachment and capture of in situ particles in
porous media (Ochi and Vernoux, 1995; Ochi, 1994).
The porous network is considered as a regular lattice
in which the branches represent pore throats and the
nodes represent the interconnected pore bodies. In a
first stage, the initial flow field into the network is
computed. In a second stage, release and capture
mechanisms are incorporated in the model.

Particles attached at pore walls can be released when
the local velocity is greater than a critical value.
Particle detachment is described by a first order kinet-
ic equation derived from Khilar and Fogler (1983) but
using a release coelficient depending on the differ-
ence between local velocity and a critical velocity.

] .

g =—-d£=(x(vi -v,)o'
dt

After being released, the particies can be captured at
the next throat entrance by different mechanisms: size
exclusion, interception, diffusion. The capture of par-
licles induces a modification of the porous network. If
the particle has a radius greater than that of the output
throat, then it plugs the throat. If the particle radius is
lower than that of the output throat, it is captured at
the throat wall. The particle capture by interception is
also described by a first order kinetic equation.

do
Ciras

where B is the capture coefficient as defined by Khilar
and Fogler (1983)

B=15nr v, N

In cach branch of the network, the variation of pore
throat volume is equal to the volume of captured par-




ticles, which gives the following expression for the
variation of the pore throat radius

dr -1 dv,

dt 2mrlL dt

V., is computed from the capture equation and the

mass balance on particles in each cell given by
dc

— —rc

dt

This equation can be solved analytically. By consider-

ing the volume of suspended particles in one pore, we

obtain the following expression of variation of pore
throat radius

dr _ _B Vpor a0

d 2nrl B-o
At each time step the permeability is recomputed
from the new radii distribution. The model also
enables to compute the macroscopic rate of capture by
interception from the volume of captured particles in
each pore throat.

V()= VY, [1 -

(exp(—ott) — exp(—f3t))

o exp(~Br) — B exp(-o1)
a-p

Simulation results

We now apply our model to the simulation of the per-
colation experiment BSO13. In this experiment a crit-
ical flow rate was put in evidence between 1.5 and 3.1
cm?/s. For a core plug with a radius of 4.5 cm and a
porosity of 20%, the corresponding interstitial veloci-
ty ranges between 0.6 and 1.2 cm/s. For the simula-
tions we used a critical velocity of 1 cm/s.

From mercury porosimetry measurements and petrog-
raphy study we defined parameters used by the model
to compute the initial pore throat distribution and par-
ticle distribution (Figure 3.1). The ratio between mean
pore throat radius and mean particle radius is about
5/3.

The release coefficient o is the only input parameter
for which we have no expression. Three simulations
were carried out with three different values of o0 . We
see in Figure 3.2 that the effect of this parameter on
normalised permeability is very important. With the
highest value of «, the permeability decreases even
when the mean interstitial velocity is lower than criti-
cal velocity (simulation 3). This can be explained by
the use of a distribution of local velocities instead of
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a mean interstitial velocity. For these simulations,
about 1/4 of the initial local velocities are greater than
I cn/s and then particles can be released.
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Figure 3.1. Initial distribution of pore throats and par-
ticles.

The best simulation is obtained for o = 5§ 10-6 (simu-
lation 1). We reproduce the change of permeability
evolution when increasing the flow rate but more
gradually with the simulation than with the experi-
ment. In the experiment, when the flow rate is
increased, a large amount of internal particles are
released on a short time period and the dominant
mechanism of capture is size exclusion, that induces a
sharp permeability decrease (Ochi and Vernoux,
1994). But when the particles are small the reduction
in the permeability is slow since the dominant mech-
anism 1s interception.
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Figure 3.2. Simulation of permeability evolution by
release and capture of internal particles

With the first simulation, Figure 3.3 shows that the
relation between the permeability and the concentra-



tion of captured particles in non-linear. This relation,
however, differs from expressions (see Section 4)
reported in the literature.
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Figure 3.3. Relation between permeability and cap-
ture

4. CORE SCALE MODEL

Model formulation
In this section we describe a model for the permeabil-
ity decline which is able to deal with both internal and
external particles. The model consists of rate laws for
the deposit and internal particles, a mass balance
equation and Darcy’s law. A widely accepted rate law
for the deposit is given by

Jc

ot
where A is the so called filter coefficient (see e.g. Ives,
1975). The filter coefficient A depends on the capture
mechanism. Since these mechanism are not well
understood, there is no complete expression for A.
Nevertheless, it is generally accepted that A is inverse-
ly proportional to the interstitial velocity (Ives, 1975).
It can be argued that there is a maximal interstitial
velocity at which A vanishes. The maximal value of
the interstitial velocity can be interpreted as the veloc-
ity for which deposit and release is in balance. Taking
these considerations into account we assume that A is
of the form

= vAC

1
A= MG, V) = Ay = (1 - =,
v

(¢

for O<o<o™*, where the maximal deposit 6* corre-

sponds to the maximal interstitial velocity. The rate -

law for the release of the internal particles as pro-
posed by Khilar and Folger (1983) is given by
do*
ot

= —a(o, v)o!

Following these authors, the release coefficient
o=0i0,v) is taken to be proportional to the interstitial
velocity. Moreover, as has been seen in Section 2, par-
ticles are released only if the interstitial velocity is
above some critical value v.. This leads to the follow-
ing expression

v

¢© —-C

a = oo, v) = oy - V)

for v/(¢ -6) > v, and a = 0 otherwise.

The equations for the deposit and internal particles are
completed by the mass balance equation

dc dc
— + v — = —vAlO, v)c + o0, V)O
ot ox
Darcy’s law
d _ _ K
ox k(o)

and the appropriate boundary conditions. Under the
constraint of constant flow rate during the injection
period, the two rate laws plus the mass balance equa-
tion describe the evolution of the deposit. In addition,
a functional relation k = k(6) is needed to compute the
resulting permeability decline. Many relations for the
permeability as function of the deposit are proposed
in the literature. In Gruesbeck and Collins (1982) the
empirical relations

k(G) = k(1 + Bo)™

and

k(o) = k, exp (-Bo*)
are used, for surface deposition and pore blocking
respectively. In this paper we use the expression

k(o) = kq(1 — Bo¥)

Note that this relation approximates the expressions
for the permeability as proposed by Gruesbeck and
Collins for Y= 1 and 7 = 4. Because the filtration con-
stant X, the release constant o, the parameters J3, ¥
and the critical velocity v, are depending on the
details of the deposition and release mechanism these
parameters are difficult to asses theoretically. In order
to be able to compare the simulations with the labora-
tory experiments we have linked the model with an
optimisation routine. This routine allows for a priori
upper and lower bounds for the parameters A, o, B,
Y and v, as constraints. For instance an a priori esti-
mate based on experiments can be given for the criti-
cal velocity v..




Simulation results

In figure 4.1 the result of the optimisation is given for
experiment BS013. The sum of the squares of the dif-
ferences of the experimental permeability data and the
simulation data is optimised by varying the five above
mentioned parameters. In the simulation the injection
rate is increased according 1o the experiment (see lig-
ure 2.2). It can be concluded that the shape of perme-
ability decrease due to the increasc of the injection
rate can be reproduced by the model.
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Figure 4.1. Match of experiment BSO13.

Figure 4.2 shows the match of the experiments g-22-
08 and g-24-08. In these experiments the difference is
the injection rate. We have matched simultancously
hoth experiments. that is, the simulations of both
experiments as shown in the figure have the same
parameter values and an injection rate according to
the experiments.
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Figure 4.2. Simultancous match of the experiments g-
22-08 and g-24-08.

CONCLUSIONS

The laboratory investigations demonstrates that high
flow rate injection causes a permeability decrease.
lncreasing the tlow rate induces-a more severe per-
meability decline. Furthermore, the salinity of the
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injection fluid influences the degree of the permeabil-
ity reduction; low salinity results in a larger reduction
of the permeability. The observed permeability
decline is due to the deposition of the released inter-
nal particles. By means of the DLVO theory, it can be
argued that above a critical interstitial velocity or
below a critical salt concentration internal particles
arc released. The notion of a critical interstitial veloc-
ity is demonstrated in experiment BS013. The conse-
quence of a salinity below the critical salt concentra-
tion can be seen in experiment BS010.

In order to understand in more detail the observed
phenomena ol permeability decline, two models have
been developed. A model based on network theory
simulates the clogging of a porous medium by in-situ
particles release and capture. This model is able to
study the release and deposition mechanism in detail
and how these mechanisms influences the permeabil-
ity. The model takes into account three mechanisms of
capture (size cxclusion, interception and diffusion)
and a real distribution of tlow velocities. The curves
of simulated permeability have the same shape as
experimental curves but the model does not accurate-
ly simulates the sharp permeability decrease when a
large amount of particles are captured on a short time
step. This phenomenon is observed experimentally
when increasing the low rate over a critical value.
The interest of this model is to put in evidence of
complex physical phenomena at local scale and to
simulate the gradual clogging of the porous medium
without semi-empirical relations.

In the core scale model the release and deposition
mechanism are represented in the filtration coefficient
(), the release coefficient o) and the expression
k(o) for the permeability. As an example of upscaling
from pore to core scale, it has been demonstrated how
the network model based on pore scale physics leads
to a functional relation k = k(o) (Figure 3.3). This
relation can serve as input for the core scale model.

The core scale model can reproduce the core flooding
cxperiments qualitatively. By using an optimisation
routine the model can be calibrated. The optimisation
parameters arc the parameters in the expressions for
the filtration and release coefficient and the expres-
sion for the permeability. The method of optimisation
we usc is able to deal with constraints. Thus, knowl-
cdge of the range of a parameter can be taken into
account o obtain physically sensible values for the



parameters.

Simultaneously with the core scale model a radially
symmetric version has been developed. The radially
symmetric model can be regarded as a model on bore-
hole scale. An important difference between the core
and bore-hole scale model is that for the latter, the
interstitial velocity is inversely proportional to the
distance from the injection well. As indicated above
by matching the core scale model and the core flood-
ing experiments values for the optimisation parame-
ters are obtained. These values in turn serve as input
for the bore hole scale model. In the near future we
will investigate differences between the core and
bore-hole scale model. Furthermore, we intend to
study the ability of these models to predict the behav-
iour of the permeability on the long term.

NOTATION
[L]: Length unit, [T}: Time unit, [M]: Mass unit.

Cross sectional area [L-2]
Release coefficient [L-1]

Release constant [L-1]
Concentration [-]

Porosity [-]

Permeability [L.2]

Initial permeability [L2]

Pore throat length [L]

Filtration constant [T-]

Viscosity [ML-1T-!]

Number of collectors per unit volume [-]
Pressure [ML-1T-2]

Flow rate [L3T-1]

Pore throat radius [L]

Rate of release [T-1]

Rate of capture [T-1]

Particle radius [L]

Deposit [-]

Maximal deposit [-]

Internal particles [-]

Initial concentration of particles on pore
walls [-]

Time [T]

Darcy velocity g/A [LT-1]
Critical interstitial velocity [LT-!]
Local velocity [LT!]

Volume of captured particles [L3]
Pore volume [L?]
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