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A B S T R A C T

The injection of preformed particle gels (PPGs) is one of the novel solutions to improve conformance control in
mature waterflooded reservoirs. In this method, the interaction between PPGs and pore structure controls the
performance of the PPG solution in reservoir heterogeneity correction. Thus, the behavior evaluation of these
deformable particles in eroded porous media, especially near the injection wells, is a key factor in designing and
simulating conformance control treatments. In this study, a central composite design is used to propose a set of
flooding experiments. Then, a comprehensive statistically based method is employed to assess the effects of some
factors on the mechanical entrapment performance of PPGs in washouts and induced channels. Reservoir tem-
perature as a new factor accompanied by some other factors, including displacing-fluid velocity and gel particle-
pore size ratio is selected for experimental investigations. It is indicated that all nominated factors have a sig-
nificant contribution with the importance order of reservoir temperature, gel particle-pore size ratio, and dis-
placing fluid velocity.
The rising temperature and velocity cause the amount of entrapped PPGs to decrease, while gel particle-pore size
ratio shows a relatively more complex behavior due to the viscoelastic nature of this product. It obeys quadratic
behavior and the amount of entrapped PPGs is decreased gradually by increasing gel particle-pore size ratio and
then increased dramatically. Finally, it is shown that the amount of entrapped PPGs can be predicted by using an
accurate mathematical correlation. The results of this study can be used to guide the selection of best PPG size for
successful water shut off under a particular reservoir condition.
1. Introduction

Induced fractures and high permeability channels, known as streaks
or thief zones due to extensive long-term water flooding, are quite
common in mature heterogeneous reservoirs (Bai et al., 2015). The
heterogeneity of reservoirs is one of the key causes of conformance
problem that lead to poor sweep efficiency, low hydrocarbon recovery,
and excess water production. In these cases, the injected water follows
the high permeable paths, leaving hydrocarbons in the low permeability
zones untouched (Tongwa and Bai, 2014). Moreover, unwanted water
production will cause problems such as additional water treatment,
environmental and disposal concerns, and corrosion and scaling issues
(Imqam et al., 2015).

Early excess water production and reservoir maturation are now
forcing the oil and gas industry to focus on the cutting-edge EOR and
Sefti), sadeghnejad@modares.ac.ir (S
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conformance control methods to extend the duration life of mature res-
ervoirs and produce more oil and gas from the enormous amount of
hydrocarbons already bypassed (Abdulbaki et al., 2014; Ashrafizadeh
et al., 2012; Tongwa and Bai, 2014). Therefore, water shut-off or con-
trolling the flow direction of injected water is a significant environmental
and financial challenge for the petroleum industry (Hu et al., 2016;
Zhang et al., 2016). Conformance control is one of the enhanced oil re-
covery methods, which is defined as any approach that facilitates the
movement of primarily un-swept remaining hydrocarbon and brings the
production profile closer to a perfect conforming condition (Bai
et al., 2015).

During the past years, many studies have been especially devoted to
improving the conformance control methodologies (Chauveteau et al.,
2003; Dur�an-Valencia et al., 2014; Elsharafi and Bai, 2013; Goudarzi
et al., 2015; Imqam and Bai, 2015; Saghafi et al., 2016b; Sang et al.,
. Sadeghnejad).
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2014). Various materials have been introduced to decrease both water
channeling, and high water cuts to enhance the oil recovery of mature
oilfields (Imqam and Bai, 2015). Traditionally, in-situ polymer gel system
has been one of the most applied technologies for conformance control
and diverting flow during chase floods in fractured or heterogeneous
reservoirs (Brattekås et al., 2016). Among polymeric gel systems, poly-
acrylamide gel has been the most prevalent one, which ensures adsorp-
tion on all rock minerals and makes a significant impact on water shut-off
and profile control treatments (Bai et al., 2015; Chauveteau et al., 2003).
However, there are some distinct disadvantages coupled with this tech-
nique, including the lack of gelation time control, shear degradation,
dilution and gelant compositional changes when gels are in contact with
reservoir minerals and fluids (Goudarzi et al., 2015; Imqam and Bai,
2015). Due to the aforementioned drawbacks, a new trend in gel treat-
ments, i.e., Preformed Particle Gels (PPGs), has been developed for
conformance control (Hu et al., 2016; Hua et al., 2013; Li et al., 2014; Yao
et al., 2012). Preformed particle gels are expandable and hydrophilic
polymer microgels that aim to tackle the problem of water channeling
and poor sweep efficiency, by acting as in-depth diverting agents (Chen
et al., 2015). The advantages of this technology over the in-situ gel
placement methods are that: PPGs are formed in the surface before in-
jection; therefore, the gelation process is not affected by the physico-
chemical condition of reservoir formation (Zhang et al., 2010, 2016).
PPGs are insensitive to flow shear rate and strongly retaining into pore
structures for long-term efficiency. They are size controlled with an
arbitrary size distribution, small enough to make sure an in-depth
treatment and large enough to considerably reduce water permeability
as desired (Bai et al., 2007a, 2008; Bybee, 2005; Chauveteau et al., 2001,
2004; Feng et al., 2003; Hu et al., 2016; Saghafi et al., 2016a; Tang,
2007). These microgels are soft enough to be very easily collapsed by oil-
water capillary pressure, so that reduce water permeability extremely
while oil permeability is not affected (Bybee, 2005; Dupuis et al., 2016).

The field applications of PPGs have had very promising results (Bai
et al., 2008, 2013a, 2013b; Liu et al., 2006). The performance of PPG
treatment is influenced by the mechanisms of gel particles transporting
through fractures and channels and the interactions between microgels
and pore bodies (Chauveteau et al., 2004; Cozic et al., 2008; Dupuis et al.,
2016). On the other hand, the phenomenological description and
experimental investigation of the retention and movement of PPGs in
porous media are also very complicated because of the deformability
capability of these particles (Al-Ibadi and Civan, 2013). Thus, it is
important to recognize how a PPG solution behaves during its propaga-
tion in pores and how environmental factors affect its performance.
Extensive efforts have been made to consider the retention performance
of some other types of microgels, like in-situ microgels and colloidal
dispersion gels (CDGs), through fractures or high permeability media,
both theoretically and experimentally (Choi et al., 2010; Feng et al.,
2013; Guang et al., 2014; Spildo et al., 2010). Many experimental studies
have been also devoted to specify the performance of PPG flooding in
porous media (Goudarzi et al., 2015; Imqam and Bai, 2015; Imqam et al.,
2016, 2017; Long, 2016; Sang et al., 2014; Tongwa and Bai, 2014; Zhang,
2014). However, to our knowledge, the retention evaluations of PPGs has
not been evaluated in detail. The effect of particle elasticity on PPG
retention was briefly examined by using two kinds of PPG (Wu and Bai,
2008). The results reveal that the soft PPGs have a lower retention than
the hard ones. Moreover, the effect of flow shear rate and reservoir
heterogeneity on the in-depth propagation and retention of PPGs through
some sand packs were evaluated (Sang et al., 2014; Wang et al., 2012;
Zhang, 2014). The results show that, as the flow rate increases, PPG can
move into the deep area to achieve deep fluid diversion. Thus, the ulti-
mate recovery factor is higher. Moreover, it was shown that the effect of
PPG flooding on the sweep efficiency becomes more efficient in sand
packs that are more heterogeneous.

The nature of retention of solid particles in porous media was eval-
uated by Gruesbeck and Collins. In their study, fine particles suspensions
(glass beads) were injected into sand packs in which the average throat
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size of the pores had been determined. It was shown that when the ratio
of particle diameter to throat size is less than 0.08 (X ¼ 0.08), no sig-
nificant plugging was observed, although particles could adsorb as a
layer on the surface of the grains all over the porous media. At ratios from
X¼ 0.17 to 0.25, both surface adsorption and plugging due to a “log-jam”

phenomenon in the pore throats were detected. At ratios upper than 0.39,
the particles made a filter cake on the face of the sand pack and no in-
vasion was seen (Donaldson et al., 1989).

In contrast to solid particles, viscoelastic preformed particle gels can
transport through pores due to their deformability (Cohen and Christ,
1986; Sorbie, 2013). Therefore, an additional category (i.e., mechanical
entrapment) can be added to adsorption and log-jamming mechanisms
(Bai et al., 2007b; Spildo et al., 2010). Mechanical entrapment happens
in flow conduits that are narrow; thus gel particles with X � 1 can plug
the throats or pass them by deforming under a threshold pressure drop
across the pore throats (Bai et al., 2007b; Wang et al., 2013). This
mechanism enables a more permeability reduction, which can leave a
long-term increased resistance to flow in high permeability streaks and
following water diversion effects (Saghafi et al., 2016a). Additionally,
PPG compressibility reduces the residual oil saturation during its
movement throughout porous media (Goudarzi et al., 2014; Wang et al.,
2013). Therefore, the usage of PPGs with X � 1 is a beneficial choice for
field applications and is investigated in this study.

The effects of temperature accompanied by some other variables such
as PPG size, porous media permeability, and injection velocity on the
mechanical entrapment of PPGs were not simultaneously investigated.
Therefore, to gain more insights of PPG transport, some comprehensive
experimental investigations, which are considered as essential supple-
ments to theoretical studies, were conducted in this study to evaluate the
in-depth propagation as well as mechanical entrapment properties of
PPGs in various conditions. To better represent the porous media
behavior, the rock samples were collected from a carbonate reservoir. In
this case, limestone grain packs, which precisely model sharp-edged
unconsolidated carbonate rocks, washouts and induced channels from
both geometrical and PPG entrapment points of view, were used to
perform the experiments. The main findings in these experiments can
guide the selection of best PPG size for specific reservoirs and predict its
performance.

The structure of this paper is as follows. The statistical and experi-
mental approaches used in this study are explained in the next section.
Then the results and a comprehensive discussion of the analysis are
presented. This is followed by the conclusions and the key findings of
this study.

2. Material and methods

2.1. Materials

2.1.1. Preformed particle gels
In harsh environments, PPGs undergo syneresis, which is due to hy-

drolysis of the amide groups and posterior ionic crosslinking with diva-
lent cations in the water (Dur�an-Valencia et al., 2014). In addition,
molecular structure degradation due to the thermal effect is also common
(Ahmed, 2015; Caulfield et al., 2003; Dupuis et al., 2013; Van Vliet et al.,
1991). Thus, the enhanced PPGs were recently presented for reservoirs
up to a temperature of 145 �C and a water TDS of 225,000 mg/lit. These
PPGs were formulated with 30 wt% of a 2:1:1:2M ratio of four monomers
of Acrylamide (AM), N, N-dimethyl acrylamide (DA), N-vinylpyrrolidone
(NVP), and 2-acrylamido-2-methylpropane sulfonic sodium salt
(AMPSNa). The N,N0 methylenebis (acrylamide) (MBA) with a weight
percent of 0.55% was used as the cross-linker, and the mechanical
properties of PPGs were enhanced by adding a 2.5 wt% of nano clay
montmorillonite Naþ (Saghafi et al., 2016a, 2016b). It was revealed that
the mechanical properties of hydrogels could be considerably reinforced
by adding nano clay (Darvishi et al., 2011; Gu and Ye, 2009; Yu et al.,
2011). It was found that the swelling ratio of hydrogels reduced when the



A. Farasat et al. Journal of Petroleum Science and Engineering 157 (2017) 441–450
concentration of nano clay montmorillonite Naþ, increased. Moreover, as
the weight percentage of this clay increases, the syneresis resistance of
gels improves in high temperature and salinity conditions (Dur�an-
Valencia et al., 2014; Long, 2016; Saghafi et al., 2016b; Yu et al., 2011).

The weighed amount of montmorillonite Naþ was dispersed into a
certain quantity of distilled water by an ultrasonic disperser. Subse-
quently, specific amounts of AM, NVP, DA, AMPSNa monomers were
successively poured into the container while the solution was stirred by a
magnetic stirrer. Afterward, the nitrogen purging was begun, and the
MBA was added to the solution. The solution mixing and nitrogen
purging were continued for one hour, and then specific amounts of the
Sodium persulfate initiator and N,N,N0, N’-tetramethylethylenediamine
catalyst were added to the container. The polymerization was instantly
commenced, and gel bulk was seen within several minutes. The gel held
in distilled water for one day and then cut into parts and dried in a
vacuum oven (Saghafi et al., 2016b). The product was crushed by a
Fritsch ball mill and separated into different PPG sizes by test sieves from
Haver& Beoker. In this study, the size ranges of 40–50 μm and 50–75 μm
were used to prepare PPG solutions. A detailed view of the dried PPGs
and the prepared PPG solution (40–50 μm) in distilled water at 25 �C is
illustrated in Fig. 1.

The PPGs were swollen in distilled water with a concentration of
2500 ppm and placed in a mixing cell, which was set at the test tem-
perature (i.e., 45, 70, or 95 �C). In order to have a homogenous PPG
solution during flooding, a mixing cell was used.

2.1.2. Sand packs
The core samples of a carbonate oil reservoir were toluene cleaned by

a Soxhlet extractor, crushed, and put through sieves. Then, the desired
crushed particles (600–850 μm or 850–2000 μm) were used to pack a set
Fig. 1. Microscopic photos of (a) dried PPGs and (b) a PPG solution with the particle size
range of 40–50 μm at 25 �C. Swelling process in distilled water causes the PPG size to
increase around three times.
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of stainless steel tubes. The rock particles of known mass (MR) were
gently transferred to the slim tube while the tube was held on a vibrator.
The vibrator placed the rock particles in a regular and sorted manner. In
this situation, a rather homogenous sand pack was made. The mass of the
sand pack, M1, was measured by a 0.01-gr lab balance.

The tube fittings and ferrule sets were all from Swagelok. Moreover,
the length, outer diameter, and wall thickness of tubes were 500, 9.525,
and 0.889 mm, respectively.

2.2. Experimental approach

2.2.1. Porosity and permeability of sand packs
The sand pack was vacuumed by a Corexport pump to a pressure of

0.005 Pa. Then, a Rosemount-3051 pressure transmitter was connected
to the inlet of the sand pack to display the pressure. A precise Vinci dual
positive displacement pump was used to saturate the sand pack with
distilled water and increase its pressure to the atmospheric condition.
The volume of the injected water was used to calculate the pore volume
and porosity (Φ) of the sand pack. Afterward, by flooding the sand pack
with various flow rates of distilled water, the permeability (K) was
calculated.

2.2.2. Main experiments (mechanical entrapment)
After material preparation and calculation of the sand pack porosity

and permeability, the following procedure was used to measure the
mechanical entrapment of PPGs in porous media. The schematic of the
experimental setup is shown in Fig. 2.

The sand pack was placed in an oven and connected to the pump and
the mixing cell. The pump flow rate was set, and the sand pack was then
flooded with 15 pore volumes of PPG solution. Afterward, the pump oven
was set at desired temperature, and 15 pore volumes or more of distilled
water with the similar flow rate were injected until no PPG was found in
the discharge.

Finally, the sand pack was held in another oven at 120 �C for several
days to be completely dried and its mass changes become zero (M2). The
difference between the initial mass of the sand pack before the flooding
process (M1) and final mass (M2) showed the mass of the PPGs trapped in
the porous media. The ratio of trapped PPG mass to the mass of rock
particle gave the mechanical entrapment of PPGs in porous media
(Eq. (1)).

C ¼ M2 �M1

MR
(1)

2.3. Design of experiments

To evaluate the effect of factors (and their interactions) like swelled
particle size, fluid velocity, permeability, and temperature on the
entrapment behavior of PPGs, the cost-effective statistical methods like
the design of experiment (DOE) should be implemented. The three-level
Fig. 2. Schematic of the experimental setup. Pump, PPG solution in mixing cell, and sand
pack were held at test temperature. Data acquisition system was also used to display the
inlet pressure over time.
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Central Composite Design method was selected for this purpose. This
method presents the shape of the entrapment response surface we are
inspecting and provides excellent predictions over the entire design
space. This approach comprises an enclosed factorial design with a center
point that is augmented with a group of axial points that estimate the
response curvature (Croarkin and Tobias, 2006).

However, by considering the relation between permeability and hy-
drodynamic pore diameter in Eq. (2) (Gruesbeck and Collins, 1982);
swelled PPG size (D1) and permeability were merged into one factor, i.e.,
gel particle-pore size ratio (DPT), during our analysis (Eq. (3)).

Dth ¼ 2� 1:15

ffiffiffiffiffiffi
8K
ϕ

s
(2)

DPT ¼ D1

Dth
(3)

Therefore, three factors including gel particle-pore size ratio, injec-
tion velocity, and temperature were used to construct a set of experi-
ments. To select the operating bound of the factors, limitations of the
implemented PPG material, field applications, and the experimental set
up were considered. The injection flow rate was selected between 0.1 and
0.5 ml/min to meet the injection fluid velocity and regime around the
wellbore in field applications. Thus, the flooding steps of each experi-
ment lasted about 10–50 hours based on the designed flow rate. The
temperature range was also designated between 45 and 95 �C to cover
the thermal condition of reservoirs in various depths. The gel particle-
pore size ratio was considered greater than one to investigate the me-
chanical entrapment mechanism and smaller than 2.5 to inject without
plugging. The operating range of each factor and the proposed patterns of
15 entrapment experiments are shown in Table 1 and Table 2. The test
temperatures and flow rates were set precisely, even though the gel
particle-pore size ratio factor could not exactly set equal to the value
suggested by the DOE. Therefore, the gel particle-pore size ratio proposed
by DOE was changed to the nearest possible ratio.
Table 1
Factor constraints for design of experiments.

Factors Unit Min. Mean Max.

Flow rate ml./min 0.1 0.3 0.5
Temperature �C 45 70 95
PPG size
Pore size

dimensionless 1 1.75 2.5

Table 2
Matrix of experiments proposed by the central composite design method.

Experiment no. Flow rate (ml./min) Temperature (�C) PPG size
Pore size

1 0.1 45 1
2 0.1 45 2.5
3 0.1 70 1.75
4 0.1 95 1
5 0.1 95 2.5
6 0.3 45 1.75
7 0.3 70 1
8 0.3 70 1.75
9 0.3 70 2.5
10 0.3 95 1.75
11 0.5 45 1
12 0.5 45 2.5
13 0.5 70 1.75
14 0.5 95 1
15 0.5 95 2.5
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3. Results and discussion

For each experiment, the desired test conditions are shown in the DOE
columns of Table 3. The appropriate porous media porosity, perme-
ability, and the swelled PPG size should be selected to meet the proposed
DPT (Eq. (2) and Eq. (3)). Therefore, the proper size of dried PPG and its
corresponding swelled size are revealed in the PPG columns (Farasat
et al., 2017). The size of rock particles used in the sand pack and its
porosity and permeability are shown in the sand pack columns as well. By
using Eq. (2) and Eq. (3), the actual DPT can be found.

All proposed experiments were run by the experimental approach
explained in the previous section, and the results are shown in Table 3.
The actual velocity of the fluid in the sand pack is also obtained from Eq.
(4). The actual velocity as an intrinsic factor along with the actual DPT
and the test temperature will be used in the next subsection to find the
proxy model of PPG entrapment. The detailed discussions about the ef-
fect of each factor on the entrapment will be presented later.

V ¼ Q
AΦ

(4)
3.1. Proxy model of entrapment

To construct the proxy model of PPG entrapment, the least squares
method was used to fit the entrapment responses as a polynomial with
the main three factors and all cross interaction terms. A simple saddle-
shaped model (Eq. (5)) with an R2 of 0.98 and adjusted R2 of 0.94 was
obtained which curved up in the direction of DPT and V axes and down in
the direction of T.

C ¼ 4:647� D2
PT � 7:566� 10�4 � T2 � 8:467� 10�6 � V2 � 0:085

� DPT � T � 0:031� DPT � V � 3:465� DPT þ 1:082� 10�3 � T

� V þ 0:040� T � 0:076� V þ 13:305

(5)

Although the model was shown to be highly significant, it should be
tested if some factors can be assumed as negligible ones. Therefore, the
sequential F-test was used to assess the sequential sum of square (Seq. SS)
as each polynomial term was entered into the fit. In the sequential F-test
approach, the factors which have great contributions in the model sum of
square (269.67) and present probabilities less than the significance level
of the test (P < 0.05) are considered as statistically important factors that
affect the results. In other words, these factors are effective in the poly-
nomial (Croarkin and Tobias, 2006; JMP and Proust, 2012). The result of
this test confirms that the quadratic terms of temperature and velocity
can be omitted without any considerable effects on the fitting qual-
ity (Table 4).

By ignoring the insignificant quadratic terms (V � V, T � T), a new
robust model was constructed, and its quality of fitness is shown in Fig. 3
and Table 5. The structure of this simplified model is shown in Eq. (6).

C ¼ 4:244� D2
PT � 0:083� DPT � T � 0:031� DPT � V � 2:200� DPT

þ 1:082� 10�3 � T � V � 0:068� T � 0:077� V þ 15:851

(6)

3.2. Selection of significant factors

The selection of the most important factors was made based on the
proposed equation (Eq. (6)). The coefficients used to fit the model reveal
their statistical meanings. These coefficients are highly dependent on the
factor scales, and they should be examined in a scale-invariant fashion.
This means converting factor ranges from an arbitrary scale to a mean-
ingful one. This was done by converting the factor ranges into �1 to 1.



Table 3
Results of 15 mechanical entrapment experiments designed in Table 2 by the central composite design method.

No. DOE PPG Sand Pack Result

Q T Proposed DPT Dried PPG size
(μm)

Average size
of dried PPG
(μm)

Average size
of swelled
PPG (D1)

Size of rock particle
(μm)

Φ K Hydrodynamic
pore size (Dth)
(Eq. (2))

Actual DPT

(Eq. (3))
Fluid actual velocity
(Eq. (4))

Entrapment (C)
(Eq. (1))

1 0.1 45 1 40–50 45 173.8 850–2000 39.2 312.6 183.7 0.9 25.6 9.25
2 0.1 45 2.5 50–75 62.5 241.4 600–850 40.8 108.2 105.9 2.3 24.6 20.05
3 0.1 70 1.75 40–50 45 181.5 600–850 41.1 107.6 105.3 1.7 24.4 7.61
4 0.1 95 1 40–50 45 189.2 850–2000 39.9 324.4 185.5 1.0 25.1 3.76
5 0.1 95 2.5 50–75 62.5 262.8 600–850 41.4 109.5 105.8 2.5 24.2 8.83
6 0.3 45 1.75 40–50 45 173.8 600–850 40.3 106.1 105.6 1.6 74.6 7.06
7 0.3 70 1 40–50 45 181.5 850–2000 39.3 318.5 185.2 1.0 76.5 5.3
8 0.3 70 1.75 40–50 45 181.5 600–850 40.9 108.1 105.8 1.7 73.5 6.12
9 0.3 70 2.5 50–75 62.5 252.1 600–850 40.4 107.3 106.0 2.4 74.4 10.85
10 0.3 95 1.75 40–50 45 189.2 600–850 41.3 109.5 105.9 1.8 72.8 3.23
11 0.5 45 1 40–50 45 173.8 850–2000 39.7 322.7 185.5 0.9 126.3 4.24
12 0.5 45 2.5 50–75 62.5 241.4 600–850 41 110.2 106.7 2.3 122.3 8.75
13 0.5 70 1.75 40–50 45 181.5 600–850 40.7 108.8 106.4 1.7 123.2 4.04
14 0.5 95 1 40–50 45 189.2 850–2000 39.3 314.1 183.9 1.0 127.5 1.84
15 0.5 95 2.5 50–75 62.5 262.8 600–850 40.5 106.6 105.5 2.5 123.8 4.26

Table 4
Sequential F-test on primary model.

Source DF Seq. SS F ratio Prob.> F

T 1 75.24 60.7720 0.0006
DPT 1 74.64 60.2899 0.0006
V 1 71.15 57.4666 0.0006
DPT � DPT 1 14.17 11.4461 0.0196
V � T 1 12.72 10.2759 0.0238
V � DPT 1 9.74 7.8690 0.0378
T � DPT 1 8.69 7.0214 0.0454
V £ V 1 3.30 2.6661 0.1634
T £ T 1 0.007 0.0057 0.9430
Model 9 269.67

Fig. 3. Plot of actual entrapment versus predicted entrapment which shows a very good
prediction whithin 95% confidence interval.

Table 5
Analysis of variance of entrapment model.

Model Source DF SS MS F ratio Prob.> F

C Model 7 269.044 38.435 39.478 <0.0001
Error 7 6.815 0.974
C. Total 14 275.859

A. Farasat et al. Journal of Petroleum Science and Engineering 157 (2017) 441–450
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Furthermore, the coefficients should be transformed to be uncorrelated
and identically distributed (JMP and Proust, 2012). Finally, the factors
are sorted by the new coefficients in Fig. 4, showing the major effects at
the top.

3.2.1. Effect of temperature on entrapment
The first important factor on entrapment is temperature. Its coeffi-

cient in the model is negative, and its increasing causes the entrapment to
decrease. Furthermore, the negative dependence of the elastic modulus
to temperature is observed in the cross-linked PAAm hydrogels (Li,
2009). The soft particles have lower entrapment potential in pores than
the hard ones because they can easily pass pores-throats (Wu and Bai,
2008). By increasing the temperature from 45 to 95 �C, more swelling
was observed, PPGs became softer; thus less entrapment was detected. It
can also be approved by another argument wherein the resistance factor
reduction caused by PPG solution in high-temperature condition is
smaller than in low temperature (Saghafi et al., 2016a). The resistance
factor is a measure of permeability reduction affected by entrapment, and
its reduction is equivalent to entrapment reduction.

3.2.2. Effect of gel particle-pore size ratio on entrapment
Based on Fig. 4, the gel particle-pore size ratio (DPT) is the second

influential factor among others on mechanical entrapment. However, the
gel particle-pore size ratio has a more complex effect on entrapment due
Fig. 4. Pareto plot showing the importance order of all nominated factors in the final
entrapment model.



Fig. 6. PPG deformation in porous media. (a): Schematic of simple shearing process of a
PPG. It shows that a circular PPG is reshaped to an ellipse under shear force. (b): Sche-
matic of a PPG in a pore body. The diameter of PPG should be reduced to pass throat. (c):
A deformed PPG in a throat.
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to the viscoelastic nature of PPG. It shows a quadratic behavior (DPT
2 ) in

Eq. (6), and the amount of entrapped PPGs is decreased gradually by
increasing the gel particle-pore size ratio and then increased
dramatically.

This dynamic shear stress-strain was measured by an Anton Paar
rheometer at 25 �C (Fig. 5). The swelled PPG is remained in the elastic or
linear viscoelastic region (constant storage modulus, G0) up to onset point
of elastic to viscous phase change and shear strain of 0.1 (10%). Then, for
larger strains (γ>10%), the microstructural collapsing starts; therefore,
the rheological behavior of PPGs moves toward viscous phase, and they
can be easily deformed (decreasing G', Fig. 5).

The shear strain can be calculated by Eq. (7) (Prentice, 1995). How-
ever, if it is supposed that d2 is approximately perpendicular to the sides
of the parallelogram, the Eq. (8) will be obtained (Fig. 6a).

γ ¼ tanðψÞ (7)

ψ ¼ tan�1ðγÞ≈cos�1

�
d2
D1

�
(8)

The PPGwith gel particle-pore size ratio of greater than one should be
placed under the shear stress of porous media until its diameter is
reduced to pore throat diameter (d2 ¼ Dth) and passed throats (Fig. 6b
and c). Based on this concept, spherical PPGs with diameters of only 0.6%
greater than throat size (i.e., DPT ¼ 1.006) can pass throats in the elastic
condition, and almost all applied PPGs (which have the DPT>1.006)
could pass throats under the viscous phase region (Eq. (9)). Therefore, by
increasing PPGs' diameter (DPT), the storage modulus of them decreases.
Subsequently, PPGs becomes softer and the mechanical entrap-
ment reduces.

0:1 ¼ tanðψÞ
ψ ¼ tan�1ð0:1Þ ¼ 6

�

6≈cos�1

�
d2
D1

�
⇒
D1

d2
≈1:006

(9)

In contrast, the shear strains of greater than unity (γ>100%, ψ > 45�)
can break PPGs. At the shear strain of 100%, the strength modulus (G0) of
PPGs is reduced to a tenth of its original value, so PPG rupturing occurs.
The measurement of elongation at break (γe) is very much dependent
upon testing geometry, condition, and dimension (Naficy et al., 2011).
Most of the measurements are performed in tensile condition, which is
different from one happened in a porous media and can be only used as
an approximation (Gu and Ye, 2009). However, the tensile elongations at
break of hydrogels containing montmorillonite Naþ were reported to be
approximately in the range of 100% (Gu and Ye, 2009; Noori et al.,
2015). This observation shows that if the gel particle-pore size ratio rises
to around 1.41, the PPG cannot pass through the pores by deformation
Fig. 5. Storage modulus of the hydrogel vs. shear strain at 25 �C. Hydrogel is remained in
the elastic condition for strains less than 10%. Storage modulus decreases for strains
greater than 10%.
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mechanism and PPG breaking mechanism should be involved. Thus, the
entrapment dramatically increases. This empirical argument is mainly
supported by our test results (the quadratic term of DPT in Eq. (6)) and
will be shown in the subsection of checking interaction of factors (Fig. 9e
and f).

The entrapment of a PPG in a pore throat is visualized by a SEM image
in Fig. 7a. This photo is taken from a bunch of rock particles of the sand
pack in the eighth experiment. The Fig. 7a shows that the PPGs can be
stuck in the pore throats due to the roughness of the rock surfaces. This
phenomenon can augment the effect of DPT on the permeability reduction
of porous media. Additionally, it is shown that the drying process makes
the swelled PPGs to shrink and present some branchy shapes. The com-
parison of microscopic photos of PPG solution (Fig. 1) and the dried PPGs
in a beaker has also confirmed this behavior (Fig. 8).

However, to visually investigate the effect of DPT on the entrapment,
the SEM images of rock particles in the three experiments of 7, 8, and 9
are revealed in Fig. 7. In these experiments, the test temperature and flow
rate are identical, and the only variable was DPT, which was changed
from 1 to 2.5. These photos confirm the results of Table 3. The amount of
trapped PPGs for DPT of 1.75 is slightly greater than DPT of 1, and the
amount of trapped PPGs is intensely increased for the upper value of DPT.

3.2.3. Effect of velocity on entrapment
Finally, the last important factor is injection velocity. At higher ve-

locities, the drag force is the leading force among other forces in porous
media (Zamani and Maini, 2009). Therefore, increasing velocity is
equivalent to apply more drag force on particles from the carrier fluid.



Fig. 7. Photos of dried PPGs in a porous media. (a): SEM photo of a trapped PPG in a throat (from experiment 8 in Table 3). The swelled PPG was retained in the pore throat and then dried
during drying process. The dried PPG has a branchy shape. (b): SEM photo of rock particles in the experiment 7 (DPT ¼ 1). The stuck PPGs are shown on the rock walls as thready materials.
Some of them are indicated by the arrows. (c): SEM photo of rock particles in the experiment 8 (DPT ¼ 1.75). This photo was taken from the rock particles shown in Fig. 7a. (d): SEM photo
of rock particles in the experiment 9 (DPT ¼ 2.5). The PPGs are stuck on the rock walls, wherein, the rock particles are in contact with each other.

Fig. 8. Microscopic photo of dried PPGs. The drying process of swelled PPGs makes them
to shrink and present some branchy shapes.
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These forces can carry the PPGs deeper into the porous media and lower
the entrapment (Ahfir et al., 2017). This is a preferred result for the re-
gions near the injection well, which facilitates the in-depth conformance
control process. Moreover, the shear-thinning behavior of PPG solution
was also detected (Saghafi et al., 2016c). Thus at higher injection ve-
locity, the solution has a lower effective viscosity so can be injected
more easily.

3.2.4. Checking interaction of different factors
An interaction matrix can be used to demonstrate the interaction of

row factors with column factors, and a line is plotted for each extremum
of the row factor (Fig. 9). This matrix is symmetric for interaction eval-
uations. For example, Fig. 9a (or Fig. 9c) shows the interaction of velocity
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with temperature. In Fig. 9a, the amount of entrapment is shown by two
lines at lowest and highest values of temperature versus velocity while
the third factor (DPT) remains at its mean level. Non-parallel lines give
graphical evidence of possible interactions (JMP and Proust, 2012).
However, the p-value of each term in the sequential F-test confirmed the
existence of such interactions (Table 4).

Based on the matrix of interaction plots, the interaction between
temperature and injection velocity has a significant effect on entrapment.
The functionality of entrapment based on velocity is not identical at
different levels of temperature (Fig. 9a). The entrapment is reduced by
increasing fluid velocity. The slope of entrapment reduction can be more
visible at lower temperatures, while its value is always greater than the
values at higher temperature. This consequence can be confirmed by a
reasoning that higher temperature sorely reduces the elasticity and
threshold pressure of PPG; thus it can be propagated through porous
media without important consideration of the carrying fluid velocity. A
similar interpretation can be obtained from Fig. 9c. The entrapment can
be significantly affected by temperature variation. At lower velocity (the
red line in Fig. 9c) the temperature increase can soften PPGs; therefore,
the particles can easily pass throats. Moreover, at higher fluid velocity, a
stronger force is applied on the gel particles to penetrate throats
regardless of the temperature level.

In addition, the effect of DPT on entrapment change is more visible at
low temperature and velocity conditions (Fig. 9e and f). Both plots of
Fig. 9b and d show that the effects of V and T on entrapment are almost
constant at the low level of DPT (i.e., whether T and V are set at high or
low levels). Nevertheless, at the high level of DPT, the effects of T and V
are more different based on their level. The smaller PPG needs lower
differential pressure to pass the throats; hence, the entrapment at the
lower level of DPT is not significantly dependent on the velocity of the
fluid. On the other hand, the entrapment at the high level of DPT is
substantially reliant on the applied force and rheological behavior of
PPG, which are controlled by fluid velocity and reservoir temperature.

DPT of 2.5 leads to a higher predicted entrapment than DPT of one



Fig. 9. The interaction plots of mechanical entrapment model.
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(Fig. 9b and d). However, Fig. 9e and f show that there is a minimum in
the DPT curve. Initially, entrapment gradually decreases by increasing
DPT. The lowest possible entrapment was obtained at the highest tem-
perature (95 �C) and injection velocity (127.5 ft/day) and DPT equal to
about 1.6 (Fig. 9f). Then, entrapment amount dramatically increases by
increasing DPT. These phenomena were investigated in the previous
subsection (3.2.2) in detail. Higher PPG size will not always cause more
entrapment due to the viscoelastic nature of PPGs.

4. Conclusions

1. The mechanical entrapment of PPGs in porous media is governed by
reservoir temperature, gel particle-pore size ratio, and displacing
fluid velocity.

2. The PPG entrapment decreases as the fluid velocity and reservoir
temperature increase.

3. The fluid velocity in the near well regions is usually high to lower the
PPG entrapment. Thus, the PPG solution can be effectively entered
into the reservoir and can be used for in-depth conformance control.
Nomenclature
Item Description

A Cross-Sectional Area of Porou
C PPG Entrapment
d2 Deformed PPG diamete
D1 PPG diameter
D2 Deformed PPG diamete
Dth Hydrodynamic Pore Diam
DPT Gel Particle- Pore Size Ra
DF Degree of Freedom
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4. The gel particle-pore size ratio shows a relatively more complex
behavior due to the viscoelastic nature of this product. The amount of
entrapped PPGs is decreased gradually by increasing the gel particle-
pore size ratio and then increased dramatically.

5. There are strong two-level interactions between effective factors. The
effect of velocity change on entrapment is more visible under low-
temperature conditions and high gel particle-opening ratios. More-
over, the temperature change can greatly affect the entrapment, if the
velocity and gel particle-opening ratio are set at low and high levels,
respectively. In addition, the effect of DPT change on entrapment is
more detectable at low temperature and velocity conditions.

6. The amount of entrapped PPG can be estimated by an accurate
mathematical correlation.
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Item Description Unit

K Permeability Darcy
M1 Mass of the Sand Pack before Flooding gr.
M2 Mass of the Sand Pack after Flooding gr.
MR Mass of Rock Particles gr.

Seq. SS Sequential Sum of Square
T Temperature �C

TDS Total Dissolved Solid mg./lit
Q Flow Rate ml./min
V Actual velocity ft./day (cm./min)
ψ angular shear �

γ Shear strain %
Φ Porosity %
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