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Abstract
Oil extraction often accompanied with relatively large amounts of water production causes several environmental and 
mechanical problems, particularly in oil-fractured reservoirs. One way to alleviate this problem is to use gels as a blockage 
agent. In this study, several micromodels with different geometries of fractures including a simple fracture, step fracture, 
fracture with variable mouth and fracture with a tiny crack were prepared. The amount of oil recovery was measured from 
these micromodels in the presence or absence of gel. In situ and preformed particle gels (PPGs) were injected into the 
micromodels to compare their ability in blocking fractures and increasing oil recovery. The  BaCl2·2H2O salt solution was 
used to swell PPGs. The amount of salt concentration was optimized so that PPGs had maximum ability to block fractures. 
Several PPG concentrations, 1000, 2000, and 3000 ppm, were examined to optimize the amount of PPGs, which have to be 
injected into the micromodels. Injection flow rate was optimized so that salt water could efficiently sweep the matrix structure. 
Results showed that both PPG and in situ gels have a considerable effect on decreasing water production and increasing oil 
extraction. However, PPGs were superior in comparison to in situ gels to increase oil recovery. It was found that increasing 
salt concentration decreases the swelling percentage of PPGs. The optimum amount of injection flow rate was found to be 
0.1 mL/hr for all the prepared micromodels. The optimum concentration of PPGs was different for each micromodel.

Keywords Preformed particle gel (PPG) · In situ gel · Water conformance · Micromodel · Oil recovery

Introduction

Unwanted water production is one of the major drawbacks 
occurring during extracting oil from fractured reservoirs 
(Wang and Seright 2006; Yu et al. 2017). In most cases, it 
increases by increasing extracted hydrocarbons from oil res-
ervoirs (Chen et al. 2018; Izadmehr et al. 2018). The pressure 
of the reservoir reduces proportional to the produced volume 
of excess water. Water produced with hydrocarbon fluids con-
tains salt, heavy metals, radioactive materials, and dissolved 
organic materials that have serious environmental detriments. 
It reduces the life of oil wells and increases the cost of cor-
rosion, separation, refining, and water treatment. Therefore, 

there is a vital need to control excess water production. Gen-
erally, there are several methods to control unwanted water 
production and to improve well production called conform-
ance control (Sun et al. 2019). The conformance control 
methods are based on several important criteria including (1) 
preventing damage to the hydrocarbon-producing reigns, (2) 
permeability reduction of water-producing areas and (3) pre-
venting the permeability reduction of hydrocarbon-producing 
areas. Gel treatment is one of the most effective methods to 
overcome excess water production (Chauveteau et al. 2001, 
2003; Durán-Valencia et al. 2014; Elsharafi and Bai 2012; 
Heidari et al. 2018; Sang et al. 2014).

In general, two main types of gels used for this purpose 
including in situ gels (gelant) and performed particle gels 
(PPGs). The main difference between them is the mechanism 
of gelation (Imqam et al. 2016). Many studies have been car-
ried out to check gelant effectiveness in blocking unwanted 
water production (Brattekås et al. 2015; Ganguly et al. 2001; 
Gao and Technology 2016; McCool et al. 2009; Seright 2001; 
Sydansk et al. 2004; Wang and Seright 2006). Feng et al. (2003) 
successfully used microgels for water shutoff. Firozjaii et al. 

 * Feridun Esmaeilzadeh 
 esmaeil@shirazu.ac.ir

1 Department of Chemical and Petroleum Engineering, 
School of Chemical and Petroleum Engineering, Enhanced 
Oil and Gas Recovery Institute, Advanced Research 
Group for Gas Condensate Recovery, Shiraz University, 
Shiraz 7134851154, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-019-0627-8&domain=pdf


2310 Journal of Petroleum Exploration and Production Technology (2019) 9:2309–2317

1 3

(2018) used a new type of polymer, copolymer Zetag 8187G, 
for rheological study at high temperature, 185 °C, and salinity, 
150,000 ppm, and concluded that it is considerable for polymer 
flooding in sandstone cores. Rousseau et al. (2005) performed 
sandpack experiments to examine the flow and transportation 
of microgels. PPGs could eliminate some gelant drawbacks 
including the difficulty of controlling gelatinization time, 
gelation uncertainty and diluting by forming water and miner-
als (Bai et al. 2007a, b; Chauveteau et al. 2001, 2004, 2003). 
Usually, most PPGs have acrylamide monomers in their struc-
tures. PPGs could swell to several times of their original sizes. 
Another important characteristic of PPGs is that they could be 
prepared on the surface and then injected into the reservoir. 
Therefore, PPG is less sensitive to physical and chemical condi-
tions of the reservoir such as pH, temperature, hydrogen sulfide, 
and shear rate. Heidari et al. (2018) synthesized an efficient 
copolymer of acrylamide and acrylic acid and determination of 
all the important parameters that can affect the swelling capac-
ity of the synthesized PPGs including AAm/AA mole ratio, 
MBA mole percentage, types of salt solutions, time of swell-
ing and pH. Commercial PPGs are presented in different sizes. 
Seright (2001) demonstrated that gel could not penetrate into 
porous media after gelation. It approved that PPG could reduce 
water production without causing substantial damage. Bai and 
Zhang (2011) introduced a mathematical model. The model 
showed how PPGs extent in a porous media. They concluded 
that pH sensitive polymer gels are good candidates for water 
conformance in the fractured reservoirs. Seright (2003) showed 
that PPGs have better efficiency than in situ gels for water con-
formance. Zhang (2014) used a transparent fractured model to 
see the gel expansion in the open fractures. They studied the 
flow of water in the fractures filled by PPGs. They found that 
although PPGs could significantly reduce the permeability of 
the fractures, they could not completely block the fractures. 
Goudarzi et al. (2016) used a transparent fracture model to 
determine the distribution of microgels into the porous media. 
Bai et al. (2013) discussed their field and laboratory experi-
ences about using PPGs and their benefits. They revealed that 
the resistance factor and fluid viscosity are vital factors affect-
ing water conformance. Chancellor et al. (2016) examined the 
effect of temperature on the swelling percentage of PPGs.

Micromodels are used as the synthetic two-dimensional 
porous media in a small scale to see events occurring at 
different geometries of fractures in the scale of pores. Hith-
erto, many attempts have been made to use micromodels for 
studying water conformance in porous media. Gogoi et al. 
(2019) studied the flow behavior and enhanced oil recovery 
process in micromodels. Agi et al. (2018) introduced natural 
polymers used in enhancing oil recovery processes and the 
mechanism can affect their movement behavior in porous 
media. Bai et al. (2007b) examined the transportation mech-
anism of PPGs through porous media. It was demonstrated 
that PPG propagation through micromodels has six different 

patterns. Cost et al. (2000) defined three mechanisms of PPG 
movement into a micromodel including particles’ deforma-
tion, shrinkage, and breakage. Wu and Bai (2008) introduced 
a mathematical model that revealed how PPGs expand in the 
porous medium. Imqam et al. (2015) suggested methods that 
minimize the PPG penetration into the matrix.

Despite all studies performed using PPGs for water con-
formance, there are still many ambiguities about the PPG 
performance in a fractured porous media. To the best of 
our knowledge, there is no report in the literature to study 
the PPG blockage in fractured micromodels with different 
geometries of fractures and to compare the performance of 
PPGs against in situ gels. To do so, PPG samples were first 
synthesized and swollen in  BaCl2·2H2O salt solutions based 
on the best physical conditions obtained in our previous 
study (Heidari et al. 2018). Then, several micromodels with 
different fractures were prepared based on Asmari oil reser-
voir geometry located in the south of Iran. Several experi-
ments were performed to find the optimum amount of brine 
concentration, PPG concentration, and flow rate. Next, PPG 
samples and in situ gels were separately injected into the 
micromodels. Finally, oil recovery efficiency was measured 
to compare the PPG blockage with in situ gels conformance.

Materials and instruments

Acrylamide (AAm, > 99%), acrylic acid (AA, > 99%), 
polyethyleneimine (PEI, > 99%), polyacrylamide (HPAM, 
> 99%), N, N′-methylenebisacrylamide (MBA, > 99%) and 
potassium persulfate (KPS, > 99%) were prepared from 
Sigma-Aldrich Chemical Company (Milwaukee, WI). 
Sodium chloride (NaCl, > 99.5%) was purchased from 
Kanto Chemical Company, Japan. Barium chloride dehydrate 
 (BaCl2·2H2O, > 99%) was prepared from Merck Company. 
Hydrofluoric acid (HF, 40 wt%) was provided from Kimia 
Mavad Company, Iran. Distilled water was used throughout 
this study. The crude oil was prepared from Ahvaz oil reser-
voir with the density and viscosity of 0.88 g/cm−3 and 15.20 
cp at the temperature of 25.60 °C, respectively. A digital bal-
ance (Sartorius balance, BP 210S, German) was exploited to 
measure the weight of samples. A syringe pump (NE-4000 
Double Syringe pump, USA) was used to inject fluids into the 
micromodels. A digital microscopic camera (Dino-Lite Digi-
tal Microscope, Taiwan) was used to see fluid movement in 
the porous media. The CrawlDraw software (2015) was uti-
lized to design the artificial patterns. The laser device (MUV 
model) was implemented to carve the artificial patterns on 
the glass surface. Shimadzu FT-IR-8300 instrument recorded 
FT-IR spectra of samples. The specimens were grounded 
with KBr and subsequently pressed into a pellet to become 
ready for the IR test. Samples’ spectra were collected in the 
range of 4000–500 cm−1. The scanning electron microscope 
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(SEM, VEGA3 TESCAN, at 20 kV) derived scanning elec-
tron micrographs. Prior to SEM observation, sputter coater 
(VEGA3 TESCAN) was used to sputter-coat PPG samples 
with gold using physical vapor deposition (PVD) technique.

Experiments

Experimental setup

Figure 1 shows the micromodel setup. As can be seen, it 
consists of a syringe pump (No. 1), which injected fluid 
into the micromodel with a distinct flow rate and pressure, 
a light source (No. 2), which provided background light for 
clearer filming, a fracture micromodel (No. 3), which was 
connected to the syringe pump, a camera (No. 4), which 

recorded fluid distribution changes during brine injection, 
a cylinder (No. 5), which stored the output fluids, two lap-
tops (No. 6), which recorded data, and a pressure differential 
gauge (No.7), which indicated the pressure.

Micromodel design and fabrication

To prepare micromodels, a core plug was prepared from 
Asmari oil reservoir (see Fig. 2a). A thin section of the rock 
was then made (see Fig. 2b), and its SEM image was taken 
(see Fig. 2c). After that, the artificial pattern was designed 
using the Crawl Draw software. Different fracture patterns 
including a simple fracture, step fracture, fracture with vari-
able mouth and fracture with a tiny crack were added to the 
artificial pattern. These ultimate patterns were drawn on 
the glass surfaces using the laser device. Hydrofluoric acid 

Fig. 1  Micromodel set up

Fig. 2  Steps of preparing micromodels; a core sample, b thin section, c SEM image
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was used to engrave the pattern on the glass surface. The 
designed glass surface was then stuck on a simple glass sur-
face, which had the same material and dimension. Finally, the 
micromodel was put into the furnace (at 350, 550, 650, and 
700 °C for 40, 45, 45, and 45 min, respectively) to achieve the 
desired two-dimensional space. Figure 3 shows the prepared 
micromodels. To provide a constant flow rate boundary con-
dition, each micromodel had two water inlets connected to the 
syringe pump (No. 1) as shown in Fig. 3. PPG samples were 
injected into the micromodels using another entry (No. 2), 
and the outlet of the micromodel (No. 3) was connected to the 
atmosphere as shown in Fig. 3, which provided the constant-
pressure boundary condition. Table 1 shows the properties of 
the prepared micromodels. At the start of each experiment, 

the prepared micromodels were washed with toluene, ethanol, 
acetone, and distilled water, respectively.

Procedure

PPG samples composed of acrylamide and acrylic acid [poly 
(AAm-co-AA)] were synthesized based on the optimum 
conditions described in our previous study (Heidari et al. 
2018). Then, they were powdered to particles with the size 
ranges from 3 to 10 µm. After that, PPGs were swollen in 
 BaCl2·2H2O salt solutions, and found to have the highest 
ability to swell PPGs (Heidari et al. 2018).

To prepare in situ gels, 7000-ppm polyacrylamide was 
added to the 50 mL distilled water existing in a 100 cc beaker. 
The obtained solution was stirred for 2 h (until no polymer 
chains are visible in water). After that, the solution was kept 
under the atmospheric condition for 2 days without stirring 
to obtain a homogeneous solution. Next, 4000 ppm polyeth-
yleneimine and 10,000 ppm NaCl were added to the solution 
as a crosslinker agent and additive, respectively. The solution 
was stirred for 10 min to obtain a homogeneous gelant.

After preparing gel samples and micromodels, the experi-
ments were performed in two sections: optimization and gel 
injection experiments.

Optimization experiments

The aim of this section was to determine the optimum con-
centration of the  BaCl2·2H2O salt solution used to swell 
PPGs and the optimum amount of PPGs that has to inject 
into each of the fractured micromodels.

To find the optimum concentration of salt solutions, the 
micromodels with a simple fracture, step fracture, fracture with 
variable mouth and fracture with a tiny crack were prepared 
as earlier described in the micromodel fabrication section. 
To do so, several  BaCl2·2H2O salt solutions, 1000, 10,000 
and 100,000 ppm, were prepared. A certain amount of PPG, 
2000 ppm, was swollen in each of the salt solutions. PPGs 
were rested in the salt solutions to swell up to 20 vol% of their 
maximum swelling capacities. Next, the swelled PPGs were 
quickly injected into each of the prepared micromodels. After 
that, the salt solutions were injected into the micromodels with 
different flow rates, 0.1, 0.5, 0.8, and 1 mL/h pressure drops 
were continuously recorded over the fractures. Certainly, there 
is a great pressure drop across the fractures if PPGs could per-
fectly swell in the presence of salt solutions particularly at a 
high-pressure salt solution. In this study, the worst conditions 
of the salt solutions were chosen to ensure that PPGs are able 
to increase oil recovery at the worst conditions.

To find the optimum amount of PPGs that has to be 
injected into the fractures, the micromodels were first pre-
pared as described above. Different concentrations of PPG 
samples, 1000, 2000, and 3000 ppm, were then swollen in the 

Fig. 3  Different micromodel patterns; a a simple fracture, b a stepped 
fracture, c a fracture with variable mouth, d a fracture with a tiny 
crack. *Numbers 1–3 indicate the water inlets, PPG inlet and the out-
let, respectively

Table 1  The properties of the micromodels

Property Value

Dimension 7.5 cm × 10 cm
Pore diameter 800 µm
Throat diameter 250 µm
Fracture width 1600 µm
Crack width 1200 µm
Aspect ratio 3.2
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 BaCl2·2H2O salt solution, which was prepared based on the 
worst conditions. PPGs were allowed to swell up to 20 vol% of 
their maximum swelling percentages. After that, the swelled 
PPGs were immediately injected into the micromodels. Next, 
the  BaCl2·2H2O salt solution prepared based on the worst con-
ditions was injected into the micromodels with different flow 
rates, 0.1, 0.5, 0.8, and 1 mL/hr pressure drops were continu-
ously recorded over the fractures. The obtained pressure drops 
disclosed the resistance of PPGs in the fractures.

Micromodel experiments

Experiments were started by measuring the real porosity of 
the micromodels. To do so, distilled water was first high-
lighted in blue color using methylene blue. The micromodels 
were then saturated with blue distilled water. The digital 
microscopic camera recorded images of the saturated micro-
models. In the end, the real porosity was calculated using 
Matlab software (2017) based on surface dimensions and 
the average depth of dents, which depend on the immersion 
time of the glass in the hydrophilic acid.

To measure the absolute permeability of the micromod-
els,  BaCl2·2H2O salt solution prepared based on the worst 
conditions was injected into them. Then, pressure gradients 
between the inlet and outlet of the micromodels, and the 
injection flow rates were continually recorded. Absolute per-
meability was measured using Darcy law (Eq. 1).

where k is the absolute permeability (Wang and Seright 
2006), q is the flow rate  (cm3/s), µ is the fluid viscosity (cp), 
l is the length (cm), A is the surface  (cm2) and ΔP is the 
pressure drop (atm.). As l, A, and µ are constant, therefore, 
ΔP chiefly changes by flow rate.

To perform the gel flooding process, the micromodels 
were first saturated with the  BaCl2·2H2O salt solution, 
prepared based on the worst conditions. The oil was then 
injected into the micromodels until no water was left out 
of the micromodels. At this time, there is only immobilized 
water in the micromodels. To obtain the amount of net oil 
recovery, the  BaCl2·2H2O salt solution was injected into 
the micromodels before injecting the gel into the fractures. 
Next, to measure the amount of improved oil recovery, the 
gel was first injected into the micromodels. In this study, 
both in situ and preformed particle gels were examined to 
compare their blockage ability. The micromodels filled with 
PPGs were rested for 3 h to obtain their maximum swelling 
percentage of PPGs. The micromodels filled with 0.2 PV 
in situ gels were kept in the oven for 12 h at 100 °C to turn 
into the gel form. Next, the  BaCl2·2H2O salt solution was re-
injected into the micromodels. The salt-water injection was 
continued until no oil was removed from the micromodels. 

(1)k =
q × � × l

A × ΔP
After that, it was possible to calculate the remaining oil and 
blockage ability of gels.

Results and discussion

Optimization of brine concentration

Figure 4 shows the pressure drops obtained from each of the 
salt solution concentrations. As can be seen, the salt solu-
tion with the 100,000 ppm of  BaCl2·2H2O had the minimum 
pressure drop across the fractures. It reveals that the pressure 
drop decreased by increasing salt solution concentration. It 
is due to the reduction of swelling percentage and there-
fore decreasing the blockage ability of PPGs by increasing 
salt concentration. In addition, pressure drop increased by 
increasing the flow rate. That is due to the straight relation 
between the injection flow rate and pressure drop.

Optimization of PPG concentration

Figure 5 illustrates the pressure drops obtained for each 
of PPG concentrations in the simple fracture micromodel. 
It is clear that pressure drop did not significantly change 
by increasing PPG concentration from 2000 to 3000 ppm. 

Fig. 4  Pressure drops versus injection flow rates for a simple fracture 
micromodel at different saline concentrations including 1000, 10,000, 
and 100,000 ppm at T = 25 °C and P = 0.846 bar

Fig. 5  Pressure drops versus injection flow rates for a simple fracture 
micromodel at different PPG concentrations including 1000, 2000, 
and 30,000 ppm at T = 25 °C and P = 0.846 bar
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Therefore, the PPG concentration of 2000 ppm was selected 
as the optimum PPG concentration in the simple fracture 
micromodel. The optimum PPG concentrations considered 
for the other micromodels with a step fracture, fracture with 
variable mouth and fracture with a tiny crack were found to 
be 1000, 3000, and 2000 ppm, respectively.

Micromodel experiments

Real porosity and absolute permeability 
of the micromodels

Obtained real porosity, absolute permeability and pore vol-
ume of the micromodels were given in Table 2. As it is clear, 
the fracture with variable mouth and the step fracture had the 
maximum and minimum amount of absolute permeability, 
respectively.

Gel flooding process

It was found that flow rate, fracture geometry and gel type 
could affect the amount of oil recovery. Hence, these factors 
were elaborated below in details.

Effect of  flow rate Injection flow rate is one of the most 
important factors that affect the amount of oil recovery. Four 

constant flow rates, 0.1, 0.5, 0.8 and 1 mL/h, were injected 
into all the micromodels, respectively. Figure  6 shows 
water (blue)–oil (black) distributions appeared at different 
flow rates. By increasing the flow rate, the injected saline 
water flowed more through fractures with low resistance, 
and therefore less oil was recovered. It can be due to short 
flooding time for saline water to pass through the matrix 
structure. Based on the amount of oil recovery, flooding 
time and turbulence effect, the optimum flow rate was found 
to be 0.1 mL/h for all the micromodels in the presence or 
absence of gel. Figure 7 exemplifies the amount of oil recov-
ery obtained from a micromodel with a simple fracture in 
the absence of gel. Water injection is a key factor pushing 
oil throughout its path. However, at a certain pore volume of 
injection water, water finally flows through a path with the 
least resistance. After that, it will not sweep the remaining 
oil. Consequently, oil will not have any macroscopic move-
ment. At this pore volume where water pushes the maxi-
mum amount of oil, the recovery factor (RF) is maximized 
and reaches a plateau.

Effect of gel type Figure 8 shows water (blue)–oil (black) 
distributions during saline water injection at the rate 
of 0.1  mL/h for micromodels including in  situ gels and 

Table 2  Real porosity, absolute permeability, and pore volume of 
micromodels

Geometry Absolute 
perme-
ability

Real porosity Pore volume

Simple fracture 2.68 0.3892 0.6321
Fracture with a tiny crack 2.86 0.3899 0.6332
Fracture with variable 

mouth
3.23 0.3894 0.6324

Step fracture 2.28 0.3898 0.6330

Fig. 6  Water (blue)–oil (black) 
distributions appeared at differ-
ent flow rates at T = 25 °C and 
P = 0.846 bar in a simple frac-
ture micromodel a 0.1 mL/h. b 
0.5 mL/h. c 1 mL/h

Fig. 7  The amount of oil recovery obtained from a simple fracure at 
different flow rates including 0.1, 0.5, and 1 mL/h at T = 25  °C and 
P = 0.846 bar
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PPGs, respectively. As gels blocked fractures leading to 
increase the resistance of fractures; therefore, the injected 
salt water swept the matrix structure, and oil recovery was 
improved. Figure  9 confirmed that although the amount 
of salinity used in this study was not as high as that exist-
ing in a real formation water and all the experiments were 
conducted at ambient pressure and temperature, more oil 
recovery factor was obtained using PPGs. Although the 
difference in oil recovery factor for both gel types was not 
significant in this study (low pressure, temperature, and 
salinity), it is expected that more difference is achieved at 
the reservoir conditions (high pressure, temperature, and 
salinity) because PPGs can resist against many kinds of 
salt solutions with high concentrations and can withstand 
high pressures and temperatures, unlike in situ gels. Addi-
tionally, oil producers confirm that PPGs are more suc-
cessful than in situ gels to control unwanted water produc-
tion from oil or gas reservoirs (Bai et al. 1999, 2007b; Bai 
and Zhang 2011; Tongwa et al. 2013a, b).

Effect of fracture geometry Although oil recovery increased 
in all the micromodels after placing gels into the fractures, 
the maximum and minimum amount of oil recovery were 
obtained from the micromodels including the fracture with 
variable mouth and the step fracture, respectively. The frac-
ture with variable mouth had high real permeability and 
low resistance against gel movement. Therefore, gels easily 
penetrated into it and blocked it. The tortuosity of the step 
fracture increased gel movement resistance and decreased 
oil recovery. In addition, the step fracture had the minimum 
amount of real permeability among all the prepared micro-
models. Table  3 summarized the amount of oil recovery 
obtained from the micromodels.

Conclusions

In this study, several micromodels with different geometries 
of fractures including a simple fracture, step fracture, frac-
ture with variable mouth and fracture with a tiny crack were 
prepared. PPGs were synthesized under optimum physical 
conditions and swelled at  BaCl2·2H2O salt solution. In situ 
gels were also synthesized. The maximum amount of oil 
recovery from the prepared micromodels was tried to 
achieve. To this end, the amount of  BaCl2·2H2O concentra-
tion, PPG concentration and flow rate were optimized. It 
was found that increasing salt concentration decreases the 
swelling percentage of PPGs and increasing the injection 
flow rate decreased oil recovery. Generally, it was found that 
both in situ gels and PPGs could block fractures and increase 
oil recovery. However, PPGs were more successful to resist 
against salt water and recovery of trapped oil. Altogether, 
these findings revealed that PPG treatment is an effective 
method to improve oil recovery from fractured reservoirs 
with different geometries of fractures.

Fig. 8  Water (blue)–oil (black) 
distributions during salt water 
injection at the rate of 0.1 mL/hr 
at T = 25 °C and P = 0.846 bar. a 
The simple fracture micromodel 
with in situ gel, b the simple 
fracture micromodel with PPG

Fig. 9  The amount of oil recovery obtained from a simple fracure 
micromodel with in situ gel, with PPG and without gel at T = 25 °C 
and P = 0.846 bar
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