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Abstract

Asphaltene precipitation affects the formation by reducing the porosity and permeability. In this study
the permeability reduction asphaltene precipitation in granular porous media has been modeled using
pore-scale simulation. In this way, the pore-scale geometry of a granular porous medium is used, and
governing equations are solved numerically by an improved version of weakly compressible Smoothed
Particle Hydrodynamics (SPH). Based on the results of the pore-scale simulation, a modelis proposed
for the permeability change of a single cell (grain) in the porous media. In this model, there are two
parameters; final to initial permeability and characteristics time of precipitation that are evaluated
through pore-scale simulation. Then, the proposed modelis averaged through an up-scaling process
to lead to a macro-scale relation which independently of the changes in the porosity predicts the time
evolution of the permeability reduction. Experimental procedure has been conducted in a synthetic
porous medium made of the slim tube, which was filled with glassy beds. Different flood tests were
carried out at different temperatures and injection rates to test the volume ratio of oil to solvent. A
predictive model has been developed to assessthe permeability reduction via asphaltene precipitation.
The main assumption for the model is based on the theory of deep bed filtration and the relationship
between damaged and initial permeability, which is a function of the porosity change with asphaltene
deposition. The developed model simulatesthe permeability reduction in flooding tests using computer
code. The model provides good fit from the experimental data, which is an indication of the reliability
of the developed model.

Keywords: Permeability Impairment; Asphaltene Precipitation; Porous Media; Smoothed particle Hydrodynamics;
Model.

1. Introduction

Asphalteneis a mixture of a set of hydrocarbon(s) that can precipitate at different reservoir
conditions. After starting the precipitation, the fine particles aggregate. The mentioned pro-
cess is reversible which allows the collected particles to dissociate and make the initial fine
particles. Rock surface is capable of adsorbing and trapping the aggregates on their pores,
which depends on the size of the porous media (plugging). Due to high local velocity known
as shear, it can be returned into the oil phase. Effective mobility of hydrocarbon can be redu-
ced with asphaltene by:
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a) Reducing the permeability of the rock by blocking the pore throats,

b) Changing the formation wettability started with adsorption to rock surface, which
diminishes the permeability and increases the oil saturation as it cannot be reduced again.

¢) Forming an ionized solution (colloidal) in the oil phase, which increases the viscosity of the
reservoir fluid.

Asphaltene precipitation reduces the porosity. Correlating the porosity reduction to the rock
permeability declination can be considered using power law relationship. The power low
relationship gives the ratio of the permeability K to the initial permeability Kinit at time t, e.qg.,
in the way used by Civan 11,

When asphaltene forms without water and under saturated oil, the permeability declination
is the main mechanism of damage. The radius of damage depends on the draw down, and it
occursdeep in the reservoir. There are plenty of developed models for the precipitation of the
asphaltenein core tests. Civan [2-3] categorized flow channels of porous media into the groups
of plugging and non-plugging trajectories. Forthe modelling, pore throat plugging of surface
adsorption and dragging the precipitates are considered.

Ali and Islam [*1 assumed the suspension of asphaltene in crude oil, which is ready to
precipitate. Further factors of the model include entrainment of the deposits and surface
adsorption. Wang et.al. 15-61 used ideal solution theory to simulate deposition process. Two
factors to model the asphaltene deposition are plugging of the surface adsorption and
entrainment.

In this study, a numerical model has been developed to predict a reduction of permeability
due to asphaltene precipitation. To this end, pore scale geometry of a granular porous medium
is used, and governing equations are solved numerically, which is Smoothed Particle Hydrody -
namics (SPH). This method is not applying the Lagrangian mesh, which makes it a popular
method of computational fluid dynamics (CFD) modelling approaches. It is easy to implement
and flexible while handling large displacements and interfaces of complex fluids. Lucy 71 and
Gingold and Monaghan Bl initially developed the SPH method in the same time for simulating
astrophysical problems which was extended to many fields of fluid flows and solid mechanics [°1.

In this work, an improved version of weakly compressible SPH was used as suggested in
recent work of Fatehi and Manzari [*°1, This improvement includes more consistent scheme for
discretization of second derivativesin conjunction with a numerical filter for reduction of non-
physical oscillations and a new method for implementation of wall boundary condition. Another
novelty of this work is that in contrast with the common models in the literature the model
proposed to predict the time evolution of the permeability inclination is independent of the
changes in the porosity.

In the following, first, the phenomenon is studied in pore-scale. The computational domain
governing equations and the numerical method are described, and the obtained results are
presented. In the next section, based on the results of pore-scale simulation a model is pro-
posed for the permeability change of a single cell (grain) in the porous media. Then, the
proposed model is averaged through an up-scaling process to lead to a relation for the permea-
bility reduction due to asphaltene precipitation in a slim tube.

2. Experiments of the slim tube
2.1. Material and equipment

Table 1 shows properties of the target crude oil which were taken froman oil field in the
Southern part of Iran. It is heavy oil (relatively) which has a gravity index equal to 20° API with
asphaltene content of 11 weight percent. The sample (crude oil) was kept at specific laboratory
conditions (almost three months) to eliminate the volatile components and reach to a fixe
composition for the equilibrium condition. In association with oil production, further, than oil,
there are possible contaminations such as sandand clay. Hence, W hattman paper filter (num-
ber 42) was applied to eliminate the mentioned impurities. In our gravimetric experimental
method, n-heptane was taken as the precipitant to measure the quantity of the deposited
asphaltene.
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Several experiments were conducted on the porous medium (the synthetic medium) at high
temperature and pressure (reservoir condition) to study the asphaltene deposition pheno-
menon. Figure 1 shows the experimental apparatus. It consists of a slim tube submerged in
an oil bath, vacuum and liquid pumps, a transparent capillary tube connected to a heating
jacket, which helps to monitor the fluid flow, a pressure regulator for resulting oil, a container
to collect the final oil, and connected pressure gauges.

Table 1. Composition and characteristics of the crude oil [13-15,17]

Component Mole % Property Value
H2S 0.192 Reservoir Oil MW (g/gmol) 156.67
Nitrogen 0 Test temperature (F) 225
CO2 2.204 MW C7+ (g/gmol) 316.49
Methane 26.945 SGC7+ 0.9272
Ethane 8.008 Density of reservoir fluid @ Pb (g/cc) 0.7646
Propane 6.426 Bubble point pressure (psia) 1890
i-Butane 1.134 Asphaltene content in stock tank oil, wt% 11
n-Butane 3.682
i-Pentane 1.742
n-Pentane 2.233
Hexanes 4.202
Heptanes+ 43.212
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1. Displacement pump Neo.l 10, Heating and temperature control
2. Displacement pump No.2 wnit

1 Liquid comtainer No.l 11 Mixer

4. Liguid container No.2 12, Down-streamn pressure gauge
S, Liguwid container No 3 13, Sight glass

6. Vacuum pump 14, Back pressure valve

7. Up-stream pressure gauge 15. Outlet

S. Oil bath 16. Air bath

9. Shim tube

Figure 1. A schematic diagram of the experimental setup [14-16]

A Ruska tube was used to measure the quantity of the lost permeability resulting from asphal-
tene depositionin the porous medium. The tube is made of stainless steel tube coil with outside
diameter and inside diameter of 7.9 and 6.2 mm, respectively with the length of 18.3 m. The
tube is coiled (up to 20 cm of diameter). Small round glass beds of 150-170 micrometre are
used to pack the slim column.

The porosity of the porous medium is almost 27 % with an approximate absolute permea-
bility of 4.93x101? m? (5 Darcies). The total approximate volume of the available voids is 150 cn?.

The isothermal oil bath can be heated up to 175°C using a heat insulated tank which is con-
trolled thermostatically with an approximate volume of 60 liters. The circulating mixer and
heating element are mounted by a duct which leads to the full circulation of the fluid inside
the bath. It is equipped with a temperature controller with 1°C resolution. The tube is placed
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vertically, and theinlet valve and outlet valve are located on top side of the temperature bath.
To distribute the temperature evenly, the tube is submerged fully into the bath. The trans-
parent high pressure tube is located at the end of the slimtube (downstream). The passing fluid
can be eitherone phase or two-phase slug flow.

Two pressure gauges are connected to the tube with the aimto monitor the pressure of the
upstream and downstream which is controlled using a backpressure regulator connected to
the downstreamside after flushing the resulting oil to the atmospheric condition.

There are two cylinder-pistons of 500 m* volume inside the pump with a variable flow rate
of 1 to 1999 cm?/hr. The accuracy of the pump is 0.0025 cm? using a calibrated ruler which
can workup to 70 MPa and controlled by computer and manual as well.

2.2. Experimental technique

The two categories of the experimental technique are as follows:
2.2.1. Initial activities

The initial activitiesinclude:
. To wash the slim Rusk tube
. Todry the tube
. To evacuate thetube
. Tofill the vessel of fluid transfer
. To measure the pore volume
To study the systemin terms of flow behavior
g. To measure the permeability
h. To calculate the porosity of packed bed using the equation of Carman-Kozeny.

ST OO0 Tw

2.2.2. Flooding experiments

The effect of injection rate, temperature, and solvent to oil ratio on permeability declination
(resulted from asphaltene deposition) were studied by conduction several flooding
experiments and considering the factor of time. The calculated Reynolds number for injection
rate was less than unity, which leads to Darcy’s low as a method to obtain the permeability.

Initial activities were conducted to find the operational condition of the flooding tests on
the porous medium. The flood test procedure is as follows:

1. The filtered crude oil is filled to one of the vessels of fluid transfer and n-heptane to the
otherone.

2. The fluid transfer vessels are connected with a line to each other from top valves of the
vessels using a T-junction between them.

3. Each vessels bottomis connected to a pump which is set to the flow rate that is desired

and evacuated to eliminate the possible impurities such as air.

. The porous medium is then connected to the T -injection outlet of the evacuated vessel.

. Fluids are injected to mix the n-heptane with crude oil. The pump is activated at the same

time that the porous medium’s inlet valve is opened with recording the initial time.

6. Internal pressure to the porous mediumis monitored and recorded every 2 minutes. The mix-
ture of the n-heptane and crude oil passes through the porous medium. After filling the
medium with the volume of one pore (150 cm?) of the mixture, the entrance pressure starts
to increase. The exit valve is opened to produce the mixture consequently. The inlet
pressure drops and in a short time reaches a steady state condition. Increasing the pressure
is the reason that shows asphaltene precipitates. After observing the product at the outlet
valve, it is necessary totake a sample after every 10 minutes. Continues sampling process
stops after injection of at least 4 times of pore volume to the tube. The highest allowed
pressure to ovoid safety problems is 28 MPa.

7. The obtained samples are used to obtain the deposited asphaltene, which leaves the tube
and remains in the taken samples.

(S8
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Either the porous medium permeability versus time or injected fluid pore volume can be
calculated using Darcy’s law as well as the obtained data fromthe step 6. This experiment
can show the effect of different factors on severity of the damage due to permeability
reduction. Measured data at the 7" step shows the concentration of the deposited asphaltene
with varying time. Table 2 reports the conditions for these experiments.

3. Pore-Scale simulation

To predict the behavior of the porous media in asphaltene precipitation process a pore scale
model of a two-dimensional granular porous medium (as shown in Figure 2) is considered. It
is constructed from similar circular cylinders all of diameter D which are infinitely placed in a
regular inline arrangement. Here, the spacing in both transversal and longitudinal directions
is equal S.

Figure 2. Schematic of the regular granular medium used here for pore-scale simulations

Initially, the medium is filled with an oil free from asphaltene particles at the time t=0
another heavy oil with precipitated asphaltene flocs of concentration Ciis injected fromthe right
hand boundary. This causes the whole fluid in the medium to flow from right to left. As the
asphaltene flocs approach to the low speed regions near the grains they merge and form
deposits attached to the solid walls. This leads to two consequences; first, the cross section
area of the fluid flow is reduced which means a reduction in porosity and permeability of the
medium. The other consequent of asphaltene precipitation is that the fluid flows in the
remaining area more rapidly providing the flow rate be constant. This increase in velocity pre-
vents more asphaltene particles fromsettling. Precipitation of particles first occurs at the first
grain, and then it promotes in the way of the flow to the next grains.

3.1. Governing equations

Here, mass and momentum conservations are applied. Since the numerical method (SPH)
uses the Lagrangian approach, the conservation equations are written in the Lagrangian form.
For the solution, mass conservation is
o _ _
= PYY (1)

In addition, momentum conservation assuming Newtonian fluid and incompressible flow
leads to
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d
pd—::-%VP + uvV?v + pg (2)
Here, y and p denote viscosity and density of the solution, respectively.

In addition, V and P are velocity vector and pressure, respectively. For the concentration
of asphaltene flocs, one can write a transport equation like

‘;—f = DV2C (3)

where, Cis a concentration of precipitated asphaltene flocs in mole/m? and D is diffusion
coefficient.

Since asphaltene precipitates and forms into flocs; this diffusion cannot be Fickian or
molecular diffusion. However, in practice, thereis always diffusion effect due to the Brownian
motion of particles and other possible effects.

3.2. Numerical method

To solve the governing equations based on numerical methods, as mentioned earlier, a
Lagrangian method known as SPH s used. In this section, general discretization plans for the
first spatial derivatives and second spatial derivatives of field values and boundary conditions
adopted for this problem are introduced. More details of discretization and solution algorithm
for a discrete formof governing equations (1) to (3) can be found in reference [1°],

3.2.1. SPH formulation

The SPH method is based on the interpolation concept. Fora random function of the field
such as u, the value, which is interpolated (u) for the neighboring particles values uj, can be
calculated using the following equation:

(u(r)) =Y jwjuW( —1,h) (4)
where, wjdenotes the volume or weight of particle j, r denotes the position vector, W denotes
the kernel or smoothing function and h denotes the circular compactsupport radius.

Here, the quantic Wend land function [**1is used. For obtaining the first derivative’s
numerical approximation (u); the following equation can be used [*2!:

(Vw); = X; w;B. VW;(w; — uy) (5)
where, W =W (i — rj,n) is the value of smoothing or kernel function of particle i at the position
of particle j. Also,

Bi = —[a)]rl]VWU]_l (6)

is a renormalization tensorin which rij = r — rj shows the distance of i and j particles. For the
second derivative, a consistent scheme is used,

~ Uil
(A VU)l = Bi: Z] 2(1)]' eijVWl-j (# — eij.Zj (Uj (ul- — u])BlVWU> (7)
wherer; = |ry| and e;; = fij/rij is a unit vectorin the direction of inter-particle.

It is noticeable that (u) is calculated as in Eq. (5) and B is a new renormalisation tensor for
the second derivative calculated by
Bi:[Xwimjeije VWi + (X w) ei5e; VWi ). By (X wj1ijm; VW) = =1 (8)

3.2.2. Boundary conditions

Since the domain is geometrically periodic and the Reynolds' number of the flow is very
small, the modified pressure and velocity P = P + pgx of the domain can be treated using some
finite number of solid grains with periodic boundary conditions on all outer boundaries. Figure 3
shows a sample of the computational domain. In this figure, also the initial arrangement of
SPH particles can be seen. Here, dark dots are fluid particles and lights are solid particles,
which represent the wall boundaries of grains.
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Figure 3. A Sample of computational domain with initial arrangement of SPH particles. All outer boun-
aries (solid lines) are treated as periodic boundary conditions in mass and momentum equations

Each SPH particle exiting the right-hand boundary enters at the corresponding point from
the left boundary with the same properties including velocity and modified pressure. However,
this condition cannot be applied for the concentration of asphaltene flocs C. The entering SPH
particles fromthe left boundary necessarily bring the particular amount of asphaltene flocs Gy
that is defined using the thermodynamic properties of the injected heavy oil.

3.2.3. Wall boundaries and precipitation

In the momentum equation (2), the surfaces of grains are treated as a no-slip condition.
Since the velocity of the fluid particlesis similar to the wall, consequently their acceleration is

equalto zero. Then we have:
VP
=g (9)
where n denotes the unit vector.
The unit vectoris normal to the wall, which is obtained by summing the kernel gradients.
It can be shown as follow:
) w VWi

= 10
L |Zj0)jVWij| ( )

Hence, assuming the location of particle i on the wall, one can conclude that its velocity is
apparent (that would be zero for the fixed wall) and the pressure for the next step (P "*?!) can

be found from,
pn+1
Zja)j—ﬁlTB.VVVij ni—gn;

n

Pin+1: < (1)

(Zj w]ﬁLUB.VVVi]’)TLi
here jdenotes all particles in the neighboring of particle i, which includes the particles on the wall.
Thus, calculation of the new time-step pressure P'*! needs a limited number of iteration
(i.e., 3 iterations) with wall particles [*°1, When an asphaltene floc approaches the walls of the
grains, it may settle down depending on its velocity and concentration of asphaltene near the
wall. Here, precipitation of asphaltene floc in the porous medium is simulated using some
rules. An SPH particle deposeson the wall provided that:
¢ Its asphaltene concentration Cis higher than a critical value Ce;
e The distance to the nearest particle on a wall or a deposed SPH particle is less than h;
e Its velocity magnitude V is less than a critical value V.
After a particle was deposited, its velocity is set to zero, and the viscosity is enlarged by
ten times to better simulate the properties of the deposits.

4. Numerical results

The aforementioned problem was solved numerically using the SPH method described in
the previous section. Physical properties and numerical parameters of the problem are
summarized in table 3 where Courant numberis defined as C.= cAx/At in which Axand At are
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initial spacing between SPH particles and time-step size, respectively. In this case, using Ax
= 4.17 x 107®* m leads to approximately 7700 SPH particles. The initial arrangement of
particles is illustrated in Figure 3. The kernel function for smoothing radius (h) is selected as
2.5 Ax in this simulation, which for each particle; it is equivalent to approximately 20 neighbors.

Table 3. Physical properties and numerical parameters of the simulated problem

Parameter Symbol Value Unit
Diameter of grains D 2.0%¥104 m
Grains spacing S 2.5%10¢ m
Fluid's density p 103 kg/m3
Fluid's viscosity u 1073 Pa.s
Diffusion coefficient b 1077 mm?2/s
Body force acceleration G 102 m/s?
Critical velocity Vo 2.0*10 m/s
Artificial speed of sound C 0.2 m/s
Courant number Cr 0.3 -

The obtained results of asphaltene flocs concentration are shown in Figure 4. In this figure,
the contour plot of the fraction of asphaltene flocs concentration C to the inlet value Ci, is
illustrated for six different times after injection. In early times, two channels are formed up
and down the grain, and the fluid preferred to flow thorough these channels. Thus, the domain
can be divided into high-speed regions, i.e., these channels and low-speed regions which
include the spaces between the grains in the middle of the domain horizontally. In high-speed
regions, the dominant effect is advection while in the latter diffusion effect is more significant.

/"’- \A:‘:’.'“ \ _

Adh &
/*‘\j 4 4B 4
we
/’“\ - 4 4
e W W W W
Yy © 9 F‘?

I"
:\ -
\

(=504 o, Dl W v \..x
Figure 4. The results of normalized concentration Figure 5. The results of asphaltene flocs
of asphaltene for different times precipitation during time. (Dark particles

represent asphaltene deposits.)
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In early times, two channels are formed up and down the grain, and the fluid preferred to
flow thorough these channels. Thus, the domain can be divided into high-speed regions, i.e.,
these channels and low-speed regions which include the spaces between the grains in the
middle of the domain horizontally. In high-speed regions, the dominant effect is advection
while in the latter diffusion effect is more significant.

At t =1.0 s the front of injected fluid reaches the outlet boundary, and after that, the
diffusion effect extends the influenced region to the whole domain slowly.

The particles near the walls have a chanceto be deposited because of their low velocity if
their concentration were higherthan the critical value C. In this simulation, C- was selected
as 0.5 Gin. Figure 5 indicates the amount of deposited SPH particles in the numerical results
by dark dots. In this figure, it can be seen that after a certain time asphaltene flocs
concentration of the particles near the wall of the first grain reaches the critical value C¢ and
they settle down. For more clarity, the above results are also shown in Figure 6 for the first
grain (periodic cell). In this figure, in addition, velocity vectors of the SPH particles are
illustrated. It can be seen that in the earlier time (t < 2) asphaltene flocs gradually settle on
the surface of the grain. Then, it develops a stable layer. After this time, any floc added to the
deposited layer is removed by the shear stress of the flowing fluid. The same phenomenon
occurs forthe other gains with a certain delay, which can be recognized in Figure 5.

t=02s t=10s t=20s

Figure 6. Particles distributions and velocity vectors for four different times around the first grain.
(Dark particles represent asphaltene deposits.)

5. Modeling and discussion

To determine the permeability change using the results of numerical simulations one should
average the velocity field V overthe spatial domain to obtain Darcy's velocity u which in the
disc reteNform is,

i Viwg
= ittt
u TN w;
where @ is the porosity of medium, which in this caseis equal 1 — mD?/4s% = 0.50. Then
Darcy’s law for the averaged volume reads
K ==£ (13)

Py
where ux is the x; component of Darcy's velocity, and K is the (absolute) permeability.

(12)

5.1. Permeability change for a single cell

The above procedure was done for the obtained numerical results of the previous section
forevery time-step, and theresulted permeability is plotted versus time in Figure 7. To better
show the evolution of the permeability, in this figure, it is normalized by using the initial value
of the permeability of the medium Kiit.

In Figure 7, three regions can be recognized. The schematic diagram of these regions
(based on Figure 7) is shown in Figure 8 for an arbitrary periodic cell in the medium. In the
first region (I), no precipitation has been formed. In this region, the local permeability of the
intended cellis constant, and it is equal to the initial permeability of the medium Kinic in single-
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phase flow of oil. At a certain time t;, the precipitation of asphaltene is begun. Here, it is
denoted as the onset of permeability changes.

The local permeability in the region (II) is strictly descending. The rate of this process
decreases as thetime passes. Thereason is the increase in velocity caused by decreasing the
cross-section of flow. It also causes some depositedflocs to be removed from the surface of
the grains. Therefore, after a certain time (t) the asphaltene precipitation process will be
stable.

Consequently, the net rate of precipitation will be zero. In this state, the flow in the consi-
dered cell becomes steady. Then, the region (III) is begun. In this region, the local permea-
bility is constant and equal to Ksin.

It must be mentioned that the above behavior occurs under conditions when the flow rate
is kept constant. Otherwise, the third region is not formed. Meanwhile, it is likely that the
porous media become blocked completely. In addition, in the constant flow rate conditions it
is concluded that for one alternative media the parameters in Figure 8. 1, Kinit and Ksn are
almost the same for all cells. Their differenceis only the time of beginning the second region
ti. Let consider the normalized permeability for the celli be Ki/Kint = fi (t). Then

= fia(t = 80) = fo(t = iaD) (14)

where fy (t) is the permeability change function for the first grain (cell). It is supposed that to =O0.
In addition, At is the time between the onsets of permeability change fortwo adjacent cells,
i.e., At = t; — ti—1. Note, the difference between t and At. The value of At may be assumed to
be equal to the time it takes for the flow to pass through a cell. That is At = s/ux. A suitable
relation, which fits well with the aforementioned model, is

—L 1

Ko 1+5mlizf—<1+tanh(a (Zt;ti—1)>> (15)

Kinit

where a is a tuning parameter which is set here to 3. For the numerical results in Figure 7
and the other parameters are Kin/Kinit =0.17 and © =5 s.
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Figure 7. Fraction of absolute permeability to Figure 8. Schematic diagram for normalized
the initial permeability versus time permeability changes in time for a periodic cell i

5.2. Permeability change for a slim tube

The above modelis appropriate for only one cell in the medium. For a slim tube with nume-
rous grain arranged in series, the permeability of each cell at a certain time should be
averaged. In the following, an averaging process is presented to obtain a model for the per-
meability change fora slim tube based on the numerical results and modeling of the previous
sections.

If Ku(t) is the average permeability of a porous medium including n periodic cells and since
the cells are series it follows:
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1 _ 1 n—-1 1 _ 1 n—-1 1
I?n(t)_nKinitZ"=° Ki(t) nKine Lizg fi(t) (16)

Regarding the periodic property of f(t) in Eq. (14) the sumin Eq. (16) can be rewritten as
one integral approximation as
Kinit nAt _dt
Kn(t) nAt fO Fo(t—1t) (17)
where Kyt is also the initial permeability of the slim tube. Then by replacing the value of At =
s/uy and changmg the variable one has
Kn(t) o

—an (18)

Kinie ™~ e fo1 s
in which L = ns is the length of the tube. By defining
t d77

— 19
® =y 0 Fotm) (19)
Eq. (18) can be simplified as,
Kn(t) o
KLTLLt F(t)_F(t_T)

(20)

where T = L/u, is the time needed for the flow to pass through the slim tube. Now by
substituting the new model presentedin Eq. (15) for a cell in Eq. (20) one can conclude that

Kn(t) 1 Kine

Koie ( Cosh(a(zg_l)) ) where —m —-1/2 (21)
cosh(a(zg— 1)>

This equation simply relates the macro-scale average permeability of a slim tube to the
pore-scale parameters Krin/Kinit and t.

Using this up-scaling process the macro-scale permeability reduction of a porous medium
can be predicted using pore-scale data. For example, using the previous data of Figure 7 the
permeability reduction plots of two "short" and "long" slim tubes with T = 100s and T = 500s
are shown in Figure 9. In this figure, it is observable that for the "short" slim tube (T = 100s)
the permeability decreases during the time until the front of the injected asphaltene reaches
the end of the tube (t = T). Afterthat, the whole tube is at a stable condition with deposited
asphalteneg, so the permeability reaches its final value K.
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Figure 9. The results of permeability reduction of versus time based on the pore -scale simulation results
for two slim tubes with T = 100s and T = 500s
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For the "long" slim tube (T = 500s) (is shown in Figure 9), the time of the supposed
experiment in Figure is not enough to reach the final stable condition. Thus, the permeability
is strictly reducing during the experiment. This is more common in the real experiments. The
same trend can be seen forinstance in the works by Ashoori et al. [*31and Alizadeh et.al. [*4],

For such conditionsin which T K1 <K T the Eq. (21) can be simplified more as
Kn(t) ~ 1 Kint
= — =t_1/2 22
Kinit 1+ﬁr1t~ E Kfin / ( )
This relation has only two parameters 8and L and the first parameter belongs to the pore-
scale phenomena while the latteris just a property of the flow in the slim tube.

6. Conclusion

In the current work, asphaltene precipitation in the granular porous medium was simulated
in pore scale using an improved version of the Lagrangian particle-based method SPH. Using
the numerical results of pore-scale simulation a model for the permeability reduction versus
time (Eqg. (15)) was developed for a single grain (periodic cell). Based on this model and using
an up-scaling process another relation (Eqg. (21)) was presented which describes the evolution
of the permeability of a slim tube during precipitation of asphaltene. The main outcomes of
this study can be expressed as below.

The results of the SPH method in the pore-scale simulation properly show the physical
behavior of the flow including asphaltene flocs concentration velocity and pressure fields. In a
constant flow rate, a repeated phenomenon for each grain can be recognized in which a
deposited layeris gradually developed and reaches the steady state.

v" A hyperbolic function model (Eqg. (15)) can describe the evolution of the permeability of a
single grain (periodic cell) during precipitation of asphaltene. In this function, there are two
parameters; final to initial permeability Krn/Kint and characteristic time of precipitation T
that should be evaluated through pore-scale simulation.

v' By up scaling the model of a single grain the time evolution of the permeability of a slim
tube or similar porous media is obtained. Here the suggested model (Eq. (21)) just needs
the length of the tube and Darcy's velocity in addition to the aforementioned Pore-scale
parameters.

v' For enough long slim tubes, the model can be simplified to the form, which fits well with
the laboratory experiments. The proposed models describe the permeability change with
no need to know the changes of porosity.

v' The developed model simulates the permeability reduction in flooding tests using computer
code. The model provides good fit fromthe experimental data, which is an indication of the
reliability of the developed model.
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