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ABSTRACT: Water injection is used as a widespread IOR/EOR method and promising formation
damages (especially mechanical ones) is a crucial challenge in the near-wellbore of injection wells.
The magnesium oxide (MgO) NanoParticles (NPs) considered in the article underwater flooding
experiment tests to monitor the promising mechanical formation damage (size exclusion) in lab
mechanistic scale include micro-scale classical deep bed filtration model, permeability, and
pore size distribution. The averaged upper-scale equations were constructed on the water injection basis
on the presence of NPs. The model validation to adjust the equation of state was obtained based on
fluid samples from the laboratory and simulation tests. The permeability decline (up to 50% initial
permeability) was important when the optimum value of capturing the probability coefficient (pa) is
0.7 mismatched on the conventional simulation results. Pore size distribution in each simulation
time step based on retention concentrations determined in the sandstone samples. Formation
damage analyses on the presence of NPs showed that modification of the static reservoir models
has excellent potential regarding porosity and permeability maps, in large-scale simulation.
This study displays an improved approach to NPs’ movement through a porous medium which will act
as a benchmark for future waterflooding EOR projects in sandstone oil reservoirs or similar basins
all over the world.
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INTRODUCTION

The purpose of Enhanced Oil Recovery (EOR) is
to increase the amount of oil recovery throughout the porous
media. Water can be injected into sandstone and
carbonated reservoirs with different geographical
structures, which can result in several problems.
These include mixtures of injection and reservoir water
flowing at various temperatures and pressures, inefficient
recovery due to variable permeability of porous media
(heterogeneity), and early water breakthrough and
as a result of formation damage [1-3]. Over the last few
decades, different methods for avoiding formation
damage have been put into action [4-13]. Reducing
formation permeability is usually achieved by pore
blockage of reservoir rock and the fast movement of
particles (fines migration) [14-16]. Many researchers
have found that permeability impairment causes
reduction in both injection and productivity indexes [4, 17].
Moreover, in some cases, water injection decreases
injectivity due to the poor quality of water and suspended
particles in produced water near the wellbore region [18, 20, 48].
These facts prompted scientists to set up laboratory and
modelling reservoir formation tests to study the water
flooding for impaired formation damage via particle
movements in oil reservoirs. Various clay stabilizers
have been suggested for clay migration in the presence of
different ion concentration such as Ca?*, Mg®*, CI- with
several additives for particle fine migration such as
amine-based choline chloride, tetramethyl ammonium
choloride, Al/Zr-based stabilizers, and nanoparticles [19, 20].
Recently, smart fluids or nanofluids (a colloidal
suspension of nanoparticles) are used to enhance the oil
recovery because of two main characteristics of
nanoparticles (1) their size and (2) the ability to
manipulate their behavior. Small sizes of the dispersed
phases leads to large specific surface area and improved
flow through typical reservoir pore spaces. Smart fluid
flooding basically involves disjoining pressure gradient,
IFT reduction, wettability alteration and plugging of pore
channels by nanoparticles adsorption [44-47]. In 2006,
the hydrophilic polysilicone nanoparticles were used to
improve water flooding and fine particle migration
in pore throat results, reducing porosity and
permeability [21]. Nanofluids result in oil reservoirs
showing exclusive properties such as a reduction in
wettability alteration, oil viscosity —modification,
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IFT reduction and foam stabilization, all of which prevent
fine particle migration [22-24]. Adsorption tendency and
superbly modified structures sort them as a suitable
candidates on particular purposes [26]. Nanoparticle sizes
through interconnected rock pore-throat (um) has slight
effects on damage of pore-reservoir structures and
permeability. For the time being, decrease the double
layer repulsive forces among particles and rock grains [21, 27].
Formation of stable nanoemulsion with minimal
droplet size requires proper selection of HLB value
of the emulsifier [26]. The droplet size and stability of
emulsion is also affected by the type and concentration of
surfactant used. The IFT reduction totally depends upon
the amount of surfactant adsorbed at the oil-water interface.
Surfactant adsorption is a complex phenomenon where
surfactant molecules from the bulk phase are transported
at the oil-water interface [47].

A number of mechanisms might be involved in
surfactant adsorption such as van der Waals interaction,
covalent bonding, electrostatic interaction, hydrogen
bonding, etc [30]. Fig. 1 shows an emulsion droplet with
surfactant monomers adsorbed.

Furthermore, other studies on hydraulic fracturing
procedure have also proved that the slight concentration
of nanoparticles coated on proppants can significantly
avoid particle fines migration and consequent formation
damage [27]. Furthermore, silica nanoparticles as
a suitable agent with utilizing nC60 on fine migration
treatment have been reported [28]. In conclusion,
considering to damage on reservoir formation is involve
in unsuitable extraction by chemicals, and flooding
methods which are choose for improved oil recovery
(IOR/EOR) [28, 29].

The lack of possibility of commercial software
to track the size exclusion damage caused by solid
particles movement. As observed, due to lack
of consideration of PSD in simulation, size exclusion
mechanism of mechanical formation damage
wasn’t monitored in synthetic base case. On the other
hand, permeability decline is consequence of modification
in pore size distribution of porous medium
demanding the application of models including pore
size distribution in simulation.

Many studies have been done on formation
damage caused by size exclusion mechanism and
pore throat plugging [31-34]. You et al. developed
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Fig. 1: Emulsion droplet with surfactant monomers adsorbed.

the asymptotic model for non-linear deep bed filtration
processes and determine the suspension concentration
and break through time more accurately by accounting
the Pore throat Size Distribution (PSD) effect in flow
equations [34]. Chalk et al. developed an effective
method based on micro scale modelling for
determination of overall PSD by injection of colloidal
particle suspensions into engineered porous media
with monitored inlet and breakthrough particle
concentrations [32]. Santos tried to prove that
the utilization of micro scale equations for exact
up scaling (averaging) in case of filtration of mono
dispersed suspensions is accurate and the averaged
upper scale equations generalize the classical deep bed
filtration model and its latter modifications [37].
He developed a pore scale model, incorporating
particle and pore size distributions, and discussed
the corresponding averaged equations and applied
to predict pore blocking and permeability reduction
during dead-end and cross-flow microfiltration
in membranes. Farajzadeh studied the extent and
mechanism of the damage caused by produced water
re-injection. He carried out laboratory experiments
in order to investigate and predict the damage. The study
was done both on internal filtration and external cake
build up [36]. For the internal filtration results, he used
the classical deep bed filtration theory and
for the external cake build up, a new model was proposed.

In all of the mentioned studies, the probability
coefficient was obtained based on the engineered
porous medium to produce the results consistent with
experimental data. In some of them due to instability

Research Article

Synthesis and Experimental-Modelling Evaluation ...

Vol. 39, No. 1, 2020

of particles in injection water evoked by grain
surface charge distribution or gravity (e.g. Positive
charged Iron, Heavy bentonite), stable results for
comparison couldn’t be obtained. These unstable
particles caused the immediate deposition of
suspended solids within the injecting lines prior
to the entrance of porous media or lack of enough
stability throughout the porous medium causing
the inaccurate estimation of size exclusion effect
on formation damage analysis. Based on these two
issues, special tests designed for effect of PSD
on particles capturing in core sample porous media
in order to extract the authentic experimental results
consistent with the reservoir condition and obtain
more reliable modelling parameters such as capturing
probability coefficient.

The pioneering work that covered the lack of
application of nanoparticle behaviours in formation
damage analysis (specially mineral scale) with
the presence of modelling results have been evaluated
at this article. In this study, due to lack of possibility
of commercial software to simulate the formation
damage in core scale, we developed the model and
investigate the applicability of modelling results
in reservoir conditions. Regarding this issue, stable
magnesium oxide NanoParticles (NP) were used to
monitor the mechanical formation damage and deep
bed filtration theory with tuned parameter was applied
for authentic estimation of permeability reduction
due to size exclusion.

EXPERIMENTAL SECTION
Experimental Section

To monitor the size exclusion mechanism of
mechanical formation damage in porous media as
well as determining the required parameters of
model, a precise test has been designed. To prepare
the suspended particles in distilled water, MgO
nanoparticles are synthesized and their properties
are characterized. Then, the nanoparticles are used
for mechanical formation damage as a nanofluid with
anionic surfactant (accumar-3100) for long-time
stabilization of particles in water injection [36].

MgO NPs reduce pore blockage in reservoir rock
because; first, lack of deposition possibility with respect
to MgO NPs in higher concentration due to aggregation

211



Iran. J. Chem. Chem. Eng.

of nanoparticles [37-39]. Second, the economics of
MgO NPs through the mechanical formation damage
will also be justified compared to other compounds [40].
Since nanoparticles stick to reservoir surface and
change the pore size distribution as well as porosity,
type of NPs is crucial. Among the conventional
nanoparticle, such as SiO,, and MgO, a spherical
structure is required. These spherical NPs do not react
with reservoir surface and as a result no rapid
agglomeration occurs. As an example, hydroxyl (OH)
groups adhere on the surface of SiO; in sandstone core
samples and causes instable flow of particles.
Therefore, MgO NPs with surfactant accompanied
were used to design the stable experiment.

Synthesis and Characterization of MgO Nanoparticles

MgO nanoparticles were synthesized using
chemical precipitation method by mixing 0.7 g of
CoH120.S; and 5.5 g Mg (CHsCOO) 2.4H,0 in 70 mL
DMSO solution under stirring condition at room
temperature for 1h. Polyethylene glycol (PEG)
(6000, 3.5 g) was then added and refluxed at 90 °C
for 8 h and droplets of aqueous solution of NH,OH
(4M) were added into the solution until pH=8.5.
In the next step, the white solution was filtered
and washed with distilled water until the pH value
reached to 7. Finally, the MgO NPs were dried at
90 °C in oven and calcined at 500 °C for 4 h.

Morphological characterization and crystalline
structures of MgO were obtained by Field Emission
Scanning Electron Microscopy (FESEM, Hitachi
S-4160, Japan), Transmission Electron Microscopy
(TEM, Zeiss EM-900), and X-Ray Diffraction (XRD
meter using the Cu Ka source at 40kV and 40 mA).
Also, the image of the MgO NPs in water was examined
using an optical microscope (Nikon Eclipse LV100).
Fig. 2 shows the X-Ray Diffraction (XRD) pattern
of the as-synthesized MgO NPs. The diffraction peaks
were consistent with the standard pattern of MgO
(JCPDS Card No. 87-0653) which can be indexed
face-centred cubic phase [41].

Fig. 3.a shows Mg (CH3COO) 2.4H,0 which is
the precursor for synthesis of MgO in the presences
of PEG 6000. The TEM image in Fig. 3.b demonstrates
the MgO NPs spherical morphology with different particle
size which is produced by chemical precipitation method.
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Fig. 2: X-ray diffraction pattern for synthesized MgO
nanoparticle.

The nanoparticles in this Fig. are in the range of 10-50 nm.
Some orders and long-range disorders in spherical
particle shapes without aggregation were observed
which is confirmed by XRD result.

At mass ratio 1:1 concentration, abundant particles
was bound to accumar-3100 and made the MgO NPs
very stable in suitable size. At low surfactant
concentration, many fragments of nanoparticles adhered
to the surfactant in deionized water. The adhesion suspends
the particles of MgO NPs. The MgO NPs were
relatively hydrophilic. We used a surfactant to
stabilize nanofluid and prepare the required particles
with suitable sizes (see Fig. 4 as the proper sized
particles). In order to perform the MgO NPs
injection, the nanoparticle concentration was set to
0.1 wt. % as the optimum value. The main reason
is related to consideration of both lower cost as well as
stable solution.

Fig. 5 shows the variation of zeta potential with
surfactant concentration. At higher surfactant concentration
a slow drop in zeta potential values is observed and
tends to become constant. This may be due to complete
saturation of surfactant molecules at the NP's-aqueous
interface and formation of micelles or globules in solution
phase. The surfactant addition results in the formation
of stable NP's solution.

Core Sample Properties

The sandstone core sample with the diameter of
3.8 cm and pore volume 7.45 mL is used for
experimental evaluation (Table 1).
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Fig. 3: a) FESEM image of MgO nanoparticles with addition of PEG 6000. b) TEM image of MgO nanoparticles.
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Fig. 4: SEM image of Stable MgO NPs with optimum
0.1 wt. % nanoparticle concentration.

To monitor size exclusion effect of mechanical
formation damage, Pore Size Distribution (PSD) of
core sample should be defined as an initial step
to design the particle sizes as well as to determine
the required parameters for modeling (Fig. 6).

According to stochastic mean value of 3.47 pm
for pore sizes in core sample, NPs with distribution of sizes
in range of 2-10 pm can be used (Fig.7)

XRD analysis of selected sandstone was shown
in Fig. 8. As shown the major constituents of core
sample is quartz which didn’t react with MgO NPs
as the suspended solids.

Experimental Setup and Procedure

Fig. 9 shows the schematic of the experimental setup.
The setup is mainly consists of a high-pressure positive
displacement (DBR) pump for confining different pressure
and volumetric flow rate, confining pressure system,
transfer vessel, core sample holder situated horizontally
which is composed of a steel vessel connected with
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Fig. 5: Effect of surfactant concentration on zeta potential
(mv).

the confining pressure control system, a back pressure
regulator for pressure regulating of fluid in core, and
data acquisition record. Prior to the experiments, core
sample was washed by toluene, and then the core was
solvent cleaned and dried with hot nitrogen and evacuated.
After core preparation, the core is saturated by the saturator
apparatus with distilled water. Absolute permeability
is calculated by Darcy Equation at different injection
rates (8, 12 and 18 mL/h) up to pressure drop stabilization.
Then, MgO NPs were injected at different flow rates (6, 12,
18, 24 and 36 mL/h) and at pressure (1 atm.). To investigate
the effect of flow rate and determine the filtration
coefficient dynamically for modelling as well as
checking the possibility of deposition due to size
exclusion, forward and backward trends of injection
rates (i.e. firstly flooding in trend of increasing rates
and then decreasing) have been done. The hysteresis of
pressure drop curves at each step of injection rates and
its consequent effect on mechanical damage was evaluated
and indicating the damage qualitatively.
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Table 1: Properties of the Selected Core Sample.

Parvazdavani M. et al.

/ Grain density (gr/cm3) 2.650 \
Porosity (%) 5.114
Length (cm) 12.985

\ Brine-Absolute permeability (D) 1.190 /

The main limitations on experiments are lack of
NMR apparatus to track the front dynamically and
lack of homogenizer to be certain that we haven't any
particles deposition prior to entrance of the rock inlet.
First one can be removed by multi pressure
transducer apparatus and surfactant can be used to
solve the second problem by stabilization on
injection NP's.

Classical Deep Bed Filtration (DBF) theory

To model the capturing mechanism of particles
throughout the porous media in water injection and
remove the specified challenge in simulation (Fig. 1),
deep bed filtration theory was used to determine
the suspension and retention concentrations [34].

The preseneted model is for Darcy flow in 1-D
and can't be applied in cases that we have eddy flow.
Second, we assume that particles are in spherical
rounded shape and didn't use any shape factors.
Finally this solution is zero order solution (linear
front) of particles and is valid during short after-the
breakthrough periods.

Modelling was done based on averaging system
leading to evaluation of the suspended fine particles
transport in porous media (Eg. (1)) [42].

@a(c)%+U§[cf(c)]:—a—G )

dc 1k (o)
A Tk(o)

Rate of retention can be shown in form of Eq. (2)
in which the proportion coefficient will be shown
based on the integration term of Eq. (1).
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—z?LUc (2)

Where p was calculated based on probability of
particles attached or trapped throughout the flow path
(Eq. 3). This value depends on (pa), the capturing
probability coefficient, which can be considered
as tuning parameter of developed model.

p':l—f(6)+paf (G) )

When the probability of particle trapping is
constant, Eq. (2) can be modified to Eq. (4).

%:l—f(c)waf(c) @
o _ 1-f(o)+p,f (o) Uc
ot [

Eqg. 3 is similar to Bayesian framework for
particle trapping probability in porous media model
the particle movements by Eqg. (5).

do(x,t)
ot

=2 [1-F(r,0) JUc(x,t) (5)

The filtration coefficient of screening is given
by Eq. (6).

Mo =7 (6)

Based on definition of suspended saturation
(s=¢a/¢), Eq. 1 can be rewritten as Eq. (7).

&, (o)s EJra_x cf(c)]=0 (7

Finally, the partial flow model is obtained as Eqg. (8).

60 6(5 Ul |:Cf ] (8)
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Fig. 8: X-ray diffraction pattern Curve of Core Sample.
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There are four parameters in Eq. (8) (#(o), f (o),
1 (o) and k(s)). For constant probability coefficient
(pa), filtration function can be determined by
fractional flow function based on two constants,
pa and I. The first two terms of Eq. (8) will be solved
simultaneously to determine C and o. The last term
(Darcy Equation) will be applied to calculate the pressure
drop occurred due to capturing. Required functions,

0, (c), f, (o) and A (o) will be determined by Eq. (9).
(I)a (G) = J.Ttl'szO (rp )e7k1(rp)[17"(])*”’33(j)]y(hofky)drp 9)

fo

p

]/k(G)TV(J) k1 (I’ ) H (I’ )eikl(rp)[lfv(j)ﬂ’pa(j)]y(hr'(f)dr

1 o0

)= 7+ @B v) o (1)

Where k can be determined by Eg. 10.

k(c)= Tkl () Ho (1, )e—kl(rp)[l—v<j>+upa(j)]y(ho—ks)drp (10)
To

By obtaining the unknown variables (C and o),
pore size distribution function (H) can be modified
dynamically by Eq. 11.

H(1px,t) = H(r, y(h)) = (11)

=H, (ro ) T ky (rp ) Ho (rp )e—kl(rp)[1—v(j)+upa(j)]y(ho—lc)drp

RESULTS AND DISCUSSION

There are two main sections of results discussed
in following subsections regarding experimental data
leading to extraction of required parameters for tuning
of modelling section and consequently determination
of concentration profiles. All of the indicator curves for
investigation in mechanical damage are presented in
experimental section.

Experimental Results
The experimental results of Mgo NP injection
regarding the pressure drop curves in different
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Fig. 11: Pressure drop curve in different injection rates
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scenarios have been shown and finally permeability
impairment curve due to damage has been presented.

The results of Mgo NP injection pressure drop for
different injection rates were shown in Fig. 10.
Due to common range of particle diameter and average
pore diameter, the capturing happened and pressure
drop increases with increasing slope. There are
two main reasons for this increase; firstly increase of
injection rate and secondly increase of capturing
due to mechanical damage indicating the dependency of
retention rate on both of bulk velocity and filtration
coefficient [47]. Since the slope of increase at the
same injection rate (6mL/h) is not the same (Fig. 10),
filtration coefficient was changed dynamically.

The capturing phenomenon can be verified by
the hysteresis of pressure drop in cases of forward and
backward injection. In this scenario after the Nano
fluid injection, distilled water was injected at
increasing rates and then continued at decreasing
rates. The difference between stabilized pressure
drop values at same rates shows the occurred damage
in porous medium (Fig. 11) [48].

Another indicator of plugging through the
injection process is pressure drop stabilization after
NPs injection showed that the size exclusion stopped
after the distilled water injection and the previous
increase was due to damage (Fig. 12).

To characterize the possible damage of size

exclusion mechanism, absolute permeability of core
sample curves after and before of NPs injection
was calculated by determination of slop of different rate
versus stabilized pressure drop shown in Fig. 13.
As observed, slope was increased in case of NPs injection
indicating the decrease of absolute permeability
in order of 3.37.
One of the main aspects in experimental formation
damage analysis is to design the stable test. To indicate
the validity of test, two tests within and without the use
of NPs coated with surfactant were implemented
to determine the efficiency of damage (permeability
decline) throughout the injection period (Fig. 14).
As observed, stabilization of suspended solids in lines
prior to inlet of core sample is higher in case of stable
MgO NPs injection compared to other one that portrait
better experimental investigation of size exclusion
mechanism in mechanical formation damage studies.
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At low surfactant concentration large droplet size
was observed because of a restively high interfacial
tension and coalescence of oil droplets, which is supported
by a low zeta potential value. With increase in surfactant
concentration a decrease in droplet size was observed
due to significant increase of interfacial area and
reduction of interfacial energy which in turn reduces
the interfacial tension denoting less coalescence of
oil droplets and increase in stability of emulsion. The
increase of ratio of surfactant film thickness to droplet
radius due to accumulation of surfactant molecules at
the interface provides better stabilization against
droplet aggregation and helps in lowering the
flocculation rate as well as reduces the droplet size.

Finally effect of rate on intensity of capturing
was evaluated and its final output (permeability decline)
was presented in different cases of injection rates (Fig. 15).

Fig. 15 shows that, when the injection rate
increases the slope of the permeability decline
increases. This observation verified by proportional
relation of filtration coefficient with bulk velocity.

The hysteresis of PSD (Particle Size Distribution)
at effluent of core regarding the injection rate after
the retention occurrences was shown in Fig. 16.

As observed, whenever the rate increased share of
higher sizes at affluent increased. But decrease of
rate from12 mL/h to 6 did not provide the same trend
of PSD frequency as observed in first case (6mL/h).
This effect is due to detachment of fine particle and
their appearance at effluent which was approved
by experimental pressure drop curves at different
surveys of rates (Fig. 10).

Modelling Results

The modeling study was performed using
the input parameters for DBF theory reported in Table 2.

To import the PSD of core sample in governing
equation, following fitting equation was used (Fig. 17).

Information of tuned PSD equation is shown
in Table 3.

Suspension concentration was shown at outlet and
sensitivity analysis was done on capturing probability
coefficient (pa) to obtain the most consistent results
with experimental measured concentrations at lab
scale in different time steps throughout the injection
time (Fig. 18).
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Table 2: Input Data of the Selected Core Sample.

4 Number of grid cells and direction 16, X I
Injection rate (cc/min) 0.1
Distance between pore spaces (um) 2.1

\ Modeling time (P.V) 10 /

Table 3: Statistics of fitted equation for the Selected Core
Sample PSD.

/ f(x) = ar*exp.(-((x-by)/c1)"2) \

Coefficients (with 95% confidence bounds):

a,= 0.9442 (0.8248, 1.064)

bi=  3.82 (3.554, 4.087)

c= 2902 (2.582,3.223)

SSE: 0.3752

R-square: 0.8452

Adjusted R-square: 0.837

\ RMSE: 0.09937 /

== Nano Inj-q=6¢c/hr_1 e==@=Nano Inj, q=6cc/hr_2 Nano Inj-q=12 cc/hi

0.45
40
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Fig. 16: Hysteresis curve of particle size distribution
at effluent of core versus injection flow rate.

As observed in Fig. 18, after nearly 0.95 P.V of
NPs injection break through occurred and ultimately
after more than 3.5 P.V concentration value
stabilized and no other particles captured. This
behaviour admits the limited capacity of retention
concentration proportional to time, velocity and
filtration coefficient (Eqg. (2)). The specified trend was
observed in all other grid cells (Fig. 19).
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To investigate the effect of particles size on
effluent concentration, simulation was run for different
sized (Fig. 20). As observed in cases of particles
injections with particle sizes higher and lower than
average of porous medium (rs=1.75 and 6.95 pum as
0.5 and 2 times larger than porous medium size),
different behaviours of effluent suspension concentration
curve was obtained.

This difference in order of magnitude indicated
the significance of comparison between particle size
and average size of porous media evoking lower
permeability impairment and consequently lower damage.

Retention concentration at effluent was shown
in Fig. 21. As shown, after 1.25 P.V capturing
was started and its accelerating trend continues with
decreasing slope after 4 P.V injections when
the suspended concentration stabilized. This behaviour
showed the dependency of flux reduction coefficient
on jamming ratio that in case of stabilized flow, pore
larger than the particle size due to decrease of flow
in porous media.

The specified trend was observed in all other grid
cells (Fig. 22).

In order to investigate the rate of retention
throughout the core sample, retention concentration
in each grid was reported for different time steps
(Fig.23).

As observed, slope of retention concentration
versus grid cell numbers was proportional to rate of
retention which decreases as the front reached
the outlet of core sample. To monitor size exclusion
mechanism of mechanical formation damage dynamically,
permeability decline curve was shown in Fig. 24
comparing the experimental and modelling results.

As observed, in first section of experimental data
(P.V. lower than 0.5), inlet pressure increased and
consequently permeability ratio decreased which is
due to entry pressure of MgO NP's and can't be traced
in model results.

Research Article



Iran. J. Chem. Chem. Eng. Synthesis and Experimental-Modelling Evaluation ... Vol. 39, No. 1, 2020

—5=1.75 — 523,47 s—[$=6.95

—— D | — 525 e 526
o« Yvs X

c
2
=
©
=
S =
> § é
o S
g2
2 g
: . 23
[ . e}
. c
5]
[oR
0 5 10 15 20 25 30 35 2
X %) -0.2
0 2 4 6 8 10
P.V. (MgO particles injected)
Fig. 17: Tuned PSD curve of core sample with MATLAB Fig. 20: Suspension concentration at effluent throughout
fitting tools. the injection time for different particle sizes.
Seamepaam m tention Concentration
c 1 — e —————— 8 os Retorionc
% 0.9 = § 07 |
= 0.8 / g '
g7 07 / g 06 ]
c @ / T
5] = 0.6 | \;:/ 0.5 1
L5 o
22 05 = 04 ]
o 2 f ©
(2 0.4 E
§ 2 o3 | g 03 1
c [ 5 0.2 i
ué_ 0.2 / § :
3 0.1 S 0.1 1
0 § 0 . f . . . . . . .
61 2 3 4 5 6 7 8 9 10 & 0 1 2 3 4 5 6 7 8 9 10

P.V. (MgO particles injected) P.V. (MgO particles injected)
Fig. 18: Suspension concentration at effluent throughout Fig. 21: Retention concentration at effluent throughout
the injection time (Pa=0.7). the simulation time.

/ZT) 1 Retenton Conc entraton
@ —r— P—

c W = [= | e —
o { 11/ o 0.9 =
2 09} | | 1 'S
© {1 / < 0.8 P ]
£ sl g o o
S ~ | 1 = e W 1
8 g o7t ] c 0.7 <~
c 38 T
8 ost| [ 5 08
B2z ostl ] ] 8 05 ]
= 3 iy 1y i
g g o4l ] g 0.4

o { c
§ S 03 Vi S 03
g o2t 1 = 0.2 1
3 o1l 2 ot |

iz ) 0 Z
0 4 0 1 2 3 4 5 6 7 8 9 10

o 1 2 3 4 5 6 7 8 9 10

P.V. (MgO particles injected) P.V. (MgO particles injected)

Fig. 19: Suspension concentration at all grid cells Fig. 22: Retention concentration at all grid cells
throughout the simulation time. throughout the simulation time.

Research Article 219



Iran. J. Chem. Chem. Eng.

Fig. 25 showed the trend of PSD changing
dynamically. As observed, concentrations of pores
larger than the injected particles (3.47 pm) do not
change with time, since the pores allow particles
to pass without being captured. Concentrations
of all pores smaller than the particles (r,<rs) decreases
with time monotonically [47].

CONCLUSIONS

Experimental and modelling study was done
to investigate the effect of PSD on mechanical
formation damage due to size exclusion and
the following results obtained:

e The experimental data show that the MgO NPs
stabilized in anionic surfactant (accumar-3100)
can be recommended as the suitable particles for design
of stable particle movement experiment. Increase
in surfactant concentration leads to decrease in droplet
size was observed due to significant increase of
interfacial area and reduction of interfacial energy
which in turn reduces the interfacial tension denoting
less coalescence of oil droplets and increase
in stability of emulsion.

e Based on sensitivity analysis on capturing
coefficient of particles, in case of core flooding
in sandstone samples, best optimum value of capturing
probability coefficient (pa) is 0.7 leading to the most
consistent results of effluent concentrations with
experimental measured at lab scale.

o Different order of magnitude in effluent
concentration of particles regarding the particle sizes
indicates the significance of comparison between
particle size and average size of porous media
as an indicator in design of injection water leading
to lower formation damage.
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C Suspended particle concentration distribution

by sizes, L-4
c Total suspended particle concentration, L—3
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h Total pore concentration (density), L —2 or L—3
j Jamming ratio, dimensionless
k(o) Absolute permeability, L2
ka(o) Permeability of accessible part of the

porous medium, L2

kna(o) Permeability of inaccessible porous
medium, L2

ke(o) The total of pore accessible conductivities
weighted with capture probability, L2

| Characteristic microscopic length, L
L Length of the core, L
P Pressure, M/LT
p(rs/rp) Overall capture probability, dimensionless
pa(rs/rp) Attachment capture probability,
dimensionless

r Size of a particle or of a pore, L
t Time, T
U Total velocity of the flux, L/T
v Concentration front velocity in 1d filtration flow, L/T
X Coordinate, L
(o) Filtration coefficient, L™
Mo ) Dimensionless filtration coefficient

v(rs/rp)  Single pore flux reduction factor, dimensionless
o] Volumetric concentration of captured particles, L2

o(x, t) Porosity, dimensionless
oa(rs, x, t) Accessible porosity for a particle of

the size rs, dimensionless
ona(rs, X, t) Inaccessible porosity for a particle
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