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1. Conformance Control

2. Partially Hydrolyzed Poly Acryl Amide
3. Gelant

4. Preformed Particle Gels
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1. Swelling Ratio

2. Injectivity

3. Propagation

4. Plugging

5. Dehydration

6. Gel Strength

7. Residual Resistance Factor
8. Threshold Pressure
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VoYY amio  OFeY 5 g0l ,5 YA oyleds -uu",}
’

00 el Joe (59, SV i 9 3,5 Sl
CAlw 0gm g gl o oo 5 (Soleis ]
B Jgb ol oo oolo plas ¥ s o ]
B slad o > ol Veem o] o, c5F om
A4S 4o 90 o dalold g ol YF em Bl
eV Amm L ol el Bs oo Sl
oo ¥ sl S talegl il Gy sl
= L Lo STPV) Yoyt oz ¥ ol ol
= ¥ e 09 o0 By B 4 ¥ ce/min
Bl an ¥ ee/min o Ly oo oo J§ 0 0>
S o L5 6 =508 5l e s G F
o> o O sl sladl o, Sloe () j5-laioy
aAce/min g ¥V gle oo Lo yan ol e
03 J5 Seglie (bl lm st oe G F S
Toaile B cemglin oy po ,al)ly 5l Bl il
G Voa el O ygody 45 050 oo eolail (Frr)

Dy—sse

_ AP,

i AP» M

s,

Gl s eat pyete 5 6ol iaren
o = deeS1 (65 )5 B je—am 5 5y
A g5 £ 9 o (5 S 03l Sliole;l 09— oo
plesl LT slws ¢V atm [Lis o aslw iy 5
loai

o gl U Ol o

Sladl 5o J5 o Shee wliole] 5l oo 0l jo
00y )y ol oS 5l enlial Ly IS
Slioleyl plssl gl p3¥ Sligzs ¥ IS .ol
o slim o s yo Sl iy 5 Sl
DBR oy ol ailal s (sl s o i ]
Joce g JUanl il olzd Sledlbl E pies
S e i (65l BISLE o ] SIS
5 5 4 Cl (Sl ST Blass amio 5o
S et S 5 5l enli ol Ly GBS Lyl
ooliiwl amio 55 (0,5 St (sl 05t 5 T
Syl S alwgay S gload g og o

‘5?5)5 959959 J.o_».a 3.) ] 00 ‘_gd_ug_j U_.,;L,c

SIS Joe Silecd (0 5 oalKtnlasT ol (Al 1w 5La o liglesl olSus ¥ S0

1. Pore Volume
2. Residual Resistance Factor
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1. Breakthrough Pressure
2. Matching Size Ratio
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Introduction

Injection of preformed particle gels (PPG) into oil
reservoirs for reducing the fractures or channels
permeability and diverting the injected fluid to the
unswept areas is the most effective method in reducing
unwanted water production. This process is called
front conformance control [1]. One of the effective
parameters on the performance of PPG is its swelling
ratio. The swelling ratio of the PPG depends on
different parameters such as the amount and type of
water salinity, gel components, temperature and pH [2].
In order to optimize the gel treatment operation, it is
very important to investigate the different behaviors of
the gel, such as injectivity, propagation, plugging and
dehydration during its transport in the fractures. Several
factors such as flow rate of water injection, salinity, gel
strength of PPGs and its particle size are effective on the
fracture plugging efficiency of PPGs. Zhang and Bai in
2010 stated that increasing the flow rate of secondary
injected water causes the gels to be washed away and
create larger paths for water to pass through the fracture,
and therefore reduces the residual resistance factor [3].
Abbeasi et al. in 2020 stated that larger particles create
better plugging efficiency in the fracture, but the mixture
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of fine and coarse particles creates the highest plugging
due to better sorting [4]. Paprouschi et al. in 2021 stated
that the PPGs swelled in higher salinity shows a better
plugging efficiency in the fracture due to higher gel
strength of the PPGs [5].

In this research, a desired PPG sample is synthesized
and along with routine static and dynamic evaluations,
laboratory studies have been also conducted to
investigate the effect of change of water salinity,
presence of carbon dioxide and the effect of oil and
formation water interactions on the PPG performance
fracture plugging against water flow. Also, the increase
in the oil recovery due to gel treatment operation and
low salinity water injection has been investigated in a
heterogeneous micromodel.

Materials and Methods

Synthesis of PPG

The PPG samples were synthesized in the laboratory
by free radical polymerization method. Figure 1
schematically shows the process for the synthesis of
preformed particle gel.

Drying at 70 °C
for 24 hrs.,
Grounding

Synthesized PPG
Magnetic stirrer

Fig. 1 The schematic of the process of preformed particle gel synthesis.
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The process of PPG synthesizing consists of the
following steps:

* Preparation of monomer solution consisting of
27.6% acrylamide and 3.41% 2-acrylamide2-
methylpropanesulfonic acid sodium salt in 67.47%
deionized water.

* 0.36% of sodium montmorillonite (Nano-clay) and
0.8% of Nano-silica are mixed with the solution by
ultrasonic method, as a strengthening agent.

*0.1% of polyethylene glycol diacrylate as a crosslinker
and 0.21% of ammonium chloride as a swelling agent
are mixed with the solution and stirred for 60 minutes.
In this step, nitrogen purging must be done to remove
oxygen from the reaction container.

* 0.05% of potassium persulfide is added to the
solution as initiator, and the temperature of the reaction
container is set to 40 °C to speed up the reaction.

* The bulk gel forms after a few minutes, and after
drying, it must be grinded to get preformed particles
and then sieved to obtain the PPG samples in the
desired sizes.

In this research, heating is used as a reaction catalyst
instead of using chemical catalysts. In conventional
synthesis methods, TEMED! catalyst is used which
incredibly increase the gelation speed, hence many
monomers might not get a chance to bond and remain
as separate monomers, which cause the gel strength of
the PPG decrease.

Static Bulk Tests

In this section, after the complete swelling of the PPG
in the aqueous solution, its volumetric swelling ratio is
determined. When the PPG is injected into the reservoir,
it is placed in different conditions than the ground
surface, which it can affect the performance of the gel.
Therefore, in these experiments, the effect of salinity,
gel particle size, temperature, pH, and water soluble oil
fractions on gel swelling capacity are studied.

Hele-Shaw Cell Tests

The performance of the PPG in blocking the fractures
has been investigated using the Hele-Shaw cell
system. To evaluate the gel’s resistance to water flow,

the residual resistance factor (Frr; which defines as the
ratio of brine injection pressure after gel placement
to brine injection pressure before gel placement),
gel network permeability and breakthrough pressure
were determined. In these experiments, the effects of
injected water flow rate and its salinity as well as PPG
particle size on the fracture plugging efficiency are
investigated. Table 1 shows the design of Hele-Shaw
cell experiments.

Micromodel Tests

A fractured micromodel was built by laser etching
on a transparent glass, and it was used to investigate
the performance of PPG treatment in reducing water
production and increase in oil recovery.

Results and Discussion

Swelling Capacity Evaluation

Due to the repulsive force between polymer chains
(which comes from the surface charge of hydrophilic
functional groups), a porous and three-dimensional
network is formed in the gel structure, which its pores
contain water phase [2]. With the increase in salt
concentration, more cations penetrate the gel structure
and reduce the repulsive force between the polymer
chains, so less water penetrates into the gel structure
and its swelling capacity decreases.

When the particle size becomes smaller from 20-30
mesh to 40-50 mesh, the swelling capacity of the gel
increases due to the increase in the ratio of the surface
area to the volume of the particles. We know that
water can also be absorbed into gel network pores.
Therefore, by increasing the surface of gel particles,
its swelling capacity increases. When the gel particles
are crushed too much (mesh 100-120), it is destructive
to some of the pores in the 3D network of the gel and
as the gel lose its ability to keep the water, the swelling
capacity reduces.

With increasing the temperature and decreasing the
pH, more hydrophilic functional groups will be formed
on the polymer chains and this led to an increase in
swelling capacity of the PPG.

Table 1 Design of dynamic experiments in hele shaw cell system.

. Particle mesh | Matching  size | Brine for gel . . Secondary water flowrate
Experiment number . . . Injected brine .
size ratio swelling (cc/min)

1 16-12 2.9 SW! SW

2 16-12 2.9 100xdSW? SW

3 16-12 29 SW 100xdSW

1,2, 4,8 cc/min

4 20-18 1.9 SW SW

5 30-20 1.3 SW SW

6 50-40 0.7 SW SW

1. Tetra Methyl Ethylene Diamine

2. Seawater

3. 100 Times Diluted Seawater




Also, due to the presence of hydrophilic organic
groups, the interactions of oil and formation water
lead to an increase in the swelling ratio of gel particles.
The swelling capacity of the synthesized gel has
good stability against the change in salinity and the
presence of carbon dioxide. The results show that the
swelled PPG can maintain more than 80% of its initial
volume which shows its satisfactory stability in harsh
conditions.

Hele-Shaw Cell Results

Table 2 summarizes the results of Hele-Shaw cell tests.
After placing the PPG in the fracture, secondary water
is injected into the fracture with a flow rate of 1, 2, 4
and 8 cc/min, sequentially. According to the results of
experiment 4 in Table 2, with the increase in flow rate
up to 4 cc/min, the breakthrough pressure gradient and
stabilized pressure gradient decrease due to increase in
size of water path in the gel network. As a result, the
residual resistance factor decreases and the permeability
of the gel network increases. By further increase in the
injection flow rate to 8 cc/min, the breakthrough pressure
gradient and stabilized pressure gradient increase.
In fact, at this stage, the number and size of the paths
formed in the gel network have reached their maximum,
and a further increase in the injected flow rate leads to
an increase in the pressure gradient according to the
Darcy equation, and as a result, the residual resistance
coefficient increases.

To investigate the effect of particle size on the plugging
performance of the gel, the results of experiments 1, 4,
5 and 6 in Table 2 are compared. Increasing the size of
the particles first causes an increase in the breakthrough
pressure gradient and stabilizes pressure gradient. This
can be attributed to the fact that larger particles create
more obstruction in the fracture and hence increase the
residual resistance factor and decrease the permeability
of the gel network. With the further increase in particle
size, the breakthrough pressure gradient stabilized
pressure gradient decrease. In fact, particles with a
matching size ratio equal or higher than 2.9 create a
lower blocking efficiency, so that the residual resistance
factor decreases and the permeability of the gel network
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increases. Therefore, according to these experiments,
the matching size ratio of 2.9 is the critical ratio, which
is in agreement with Wang et al. in 2017 and Zhao and
Bai in 2022 reported critical ratio of 3 [6,7]. Since the
type of gel used and the injection conditions in this
work are completely different from the previous works,
it seems that the breaking of the particles occurs in a
certain matching size ratio, which is independent of the
gel properties and operating conditions.

In order to study the effect of salinity on the PPG
plugging performance in the fracture, two different
scenarios are tested through experiments 2 and 3.
According to the results of experiment 2 in Table 2, the
gel particles swollen in sea water have resulted higher
breakthrough pressure gradient and stabilized pressure
gradient than the gel particles swollen in 100x diluted
sea water due to their higher gel strength. Therefore,
increasing the salinity of water in gels increases the
residual resistance factor and decreases the permeability
of the gel network. On the other hand, according to the
results of experiment 3 in Table 2, reducing the salinity
of the secondary injection water causes an increase
in the breakthrough pressure gradient and stabilized
pressure gradient. In fact, the injection of 100x diluted
sea water, after placement of the gel that is swollen in
sea water, increases the swelling ratio of the gel particles
and improves the plugging of the fracture. Therefore,
reducing the salinity of the secondary injection water
causes an increase in the residual resistance factor and a
decrease in the permeability of the gel network.

Micromodel Results

Figure 2 shows different stages of the designed injection
scenario in the fractured micromodel. Figure 2-a shows
the amount of residual oil at the end of the initial
water flooding with low salinity water (10xdSW). The
injected fluid flow through the fracture, which has very
little resistance compared to the matrix, and displaces
only a small amount of the oil in the matrix close to
the outlet corner. So that the oil recovery of the matrix
after injecting 4 pore volumes of 10xdSW is equal to
29%. Figure 2-b shows the results of PPG injection
stage.

Table 2 The results of PPG plugging performance evaluation (designed in Table 1) in Hele-Shaw cell system.

Experiment | Secondary water | Breakthrough pressure | Stabilized pressure | Gel network per- | Residual resis-
number flowrate (cc/min) | gradient (psi/ft) gradient (psi/ft) meability (mD) tance factor
1 1 24.8 9.1 429 124
2 1 20.7 7.8 500 106
3 1 26.2 9.6 406 130
1 37.9 19.1 207 249
4 2 29.5 13.3 593 110
4 17 8.2 1321 56
8 19 11.9 3820 66
5 1 252 15.8 250 207
6 1 5.3 5 790 66
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Fig. 2 Results of different stages of the designed gel treatment scenario in fractured micromodel.

At this stage, a considerable amount of matrix oil has
been displaced by dehydrated water from PPG, so
that the matrix oil recovery coefficient reaches 56%.
Figure 2-c shows the results of subsequent secondary
low salinity water injection. The oil in the matrix has
been dramatically drained by injected fluid, and at the
end of this stage, the oil recovery of the matrix reaches

94%.

Conclusions

* Gel swelling capacity is an important parameter in
determining the success of a gel treatment operation.
The swelling ratio of the synthesized PPG sample
reaches its maximum value in the mesh size of 40-50.

* The swollen PPG shows a good stability against
change in salinity and presence of carbon dioxide.
Also, the sensitivity of the swelling capacity of this
PPG to changes in pH and temperature is low.

* The presence of hydrophilic organic compounds such
as carboxylic acids and naphthenic acids, which are
soluble in formation water, lead to increase in PPG
swelling capacity.

* Hele-Shaw cell dynamic experiments show that the
gel particles do not completely block the fracture, but
create a porous medium along it. The permeability of
this gel network depends on the secondary injection
water flow rate, its salinity and size of gel particles.

* Injecting larger gel particles provides better plugging
efficiency up to an optimum value. The critical match-
ing size ratio for this PPG is equal to 2.9, which con-
sidering the good agreement with the results of other
researches, it seems that this ratio is independent of gel
properties and injection conditions.

* Injection of PPG into the heterogeneous micromodel
increased the matrix oil recovery coefficient by 65% in
the secondary flooding stage. As a result, the synthe-
sized PPG is efficient to block the fractures and reduce
unwanted excess water production in severely hetero-
geneous porous media.
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