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ABSTRACT 

Micrometer-size particle gel (microgel) has been developed and successfully 

applied to improve conformance in mature reservoirs. However, quite few researches 

have been published to address on their effect on oil recovery and rock permeability 

modification.   

This work conducted a series of core flooding experiments to investigate the 

injectivity, plugging efficiency and improving oil recovery potentials of a couple of 

microgels synthesized in our lab. 

First, this work studied the impact of permeability and crosslinker concentration 

on PAM type microgel treatment. Results shows that microgel treatment would have a 

less plugging efficiency in lower permeability rocks, which could be caused by high 

injection pressure in lower permeability rocks. However, the oil recovery was higher in 

lower permeability rocks. The microgel synthesized by lower concentration of crosslinker 

have bigger particle sizes. Meantime, there would be higher plugging efficiency and 

better improved oil recovery when crosslinker concentration is lower.  

Moreover, this work also studied the effect of permeability and oil saturation on 

the treatment of a novel type of microgel which can re-crosslink at specific reservoir 

conditions. Different from PAM microgel, the re-crosslinked microgel would have both 

better plugging efficiency and oil recovery improvement in lower permeability rocks. 

Meanwhile, microgel have better transportation ability in the rocks with high oil 

saturation than those without oil.  

Comparing Re-crosslinked microgel to PAM microgel, Re-crosslinked microgel 

have a better strength and disproportionate permeability reduction effect. 
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Symbol Description 

Frr  Residual resistance factor 

RRF Residual resistance factor 
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M Mobility ratio 
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K Permeability 

μ Viscosity 
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1. INTRODUCTION 

 BACKGROUND 

Only one third of initial oil in place would be produced after primary and 

secondary recovery stages. With the current low oil price, drilling new wells is not 

always an economical method. As a result, enhanced oil recovery (EOR) process is 

necessary and cost efficient.  

The heterogeneity of reservoir is always responsible for low oil recovery and 

excessive water production. Excessive water production will cause problems from both 

economic and environmental aspects. At this circumstance, conformance control is a 

necessary method to solve this problem. 

Gel treatment has been proved as a cost-efficiency conformance control method. 

During secondary recovery stage like water flooding, injection fluids always have a trend 

to go through higher permeability zone, which would cause low sweep efficiency and 

high remaining oil saturation. Thus gel treatment is designed to plug higher permeability 

zone to increase sweep efficiency then obtain higher oil recovery and lower water 

production. To plug fractures in reservoirs, bigger size preformed particle gels are often 

applied to improve injection profile. To improve conformance in low permeability and 

non-fracture reservoir, smaller size particle gel like micrometer-size particle gel would be 

a suitable option.  

 

 OBJECTIVES 

The primary objective of this research is to investigate the factors that have 

impacts on plugging and oil recovery improvement abilities of microgel. Core flooding  



 

 

2 

experiments will be performed with two types of microsgels: PAM microgel and Re-

crosslinked microgel. The following objectives were established for this research: 

1. When studying PAM microgel, microgels were synthesized by different 

concentrations of crosslinker to study the effect of crosslinker concentration. 

Meanwhile, core samples with different permeability ranges were selected in 

core flooding experiments to study the impact of rock permeability. 

2. For Re-crosslinked microgel, different permeability ranged core samples were 

used to determine the impact of rock permeability. At the same time, the 

effect of oil saturation on gel transportation and oil recovery was studied. 

3. By performing experiments using two types of microgels, this work compared 

the properties of both microgels. 

 

 SCOPE OF THIS RESEARCH  

This research was primarily a laboratory study to investigate the factors affecting 

microgels’ plugging and oil recovery improvement abilities. 

First, six core flooding experiments using PAM microgel were performed with 

different crosslinker concentrations and different permeability ranges. Those experiments 

could be divided into two groups: experiments with same rock permeability range and 

experiments using microgels with same crosslinker concentration. 

Then, eight more core flooding experiments using Re-crosslinked microgel were 

performed. Four experiments containing residual oil and two experiments without 

residual oil were performed to study the impact of permeability. Meanwhile, two more 
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experiments were performed to study the oil saturation’s effect on microgel particle 

transportation.  

Figure 1.1 shows the scope of this work. 

 

 

 

Figure 1.1. Scope of this work 
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2. LITERATURE REVIEW 

2.1. ENHANCED OIL RECOVERY AND CONFORMANCE CONTROL 

Enhanced Oil Recovery (EOR). There are three main oil recovery  

mechanisms: primary recovery, secondary recovery and enhanced oil recovery (EOR) 

which is also known as tertiary recovery. During primary recovery, oil is produced by 

nature energy of reservoirs. Such energy are solution-gas drive, gas-cap drive, fluid/rock 

expansion, gravity drainage and natural water drive [1].  After the initial energy of a 

reservoir has depleted, fluids such as water and gas would be injected into reservoir to 

replace oil as secondary recovery.  

After primary and secondary recovery, about 30% of initial oil in place would be 

produced [2]. Then 70% of initial oil in place become a target of enhanced oil recovery. 

Normally, EOR methods are classified into three categories:  thermal, miscible or solvent 

injection and chemical [3]. 

2.1.1.1 Thermal EOR methods. In heavy oil reservoir, thermal EOR methods  

normally applied to reduce oil viscosity. In light oil reservoir, thermal energy could 

vaporize oil into solvent front.  

             Huff and puff is one of the most common thermal methods. In this method, steam 

is injected into well for a period which normally is 2-4 weeks. Then the well would be 

shut in for days to let the formation “soaked”. The oil rate would be high due to the lower 

viscosities and higher reservoir pressure following the high temperature. Such process 

could be repeated after oil rate back to a predetermined level. The other thermal methods 

including steam flooding, combustion, hot water flooding, and so on. 
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2.1.1.2 Miscible or solvent injection EOR methods.  Miscible or solvent 

injection methods can be used to increase recovery from the miscibility or displacement 

between oil and injected fluids such as hydrocarbon solvents, carbon dioxide and 

nitrogen [1]. There are two major situations in such methods:  1) First-contact-miscible. It 

is the more effective situation. During this process, oil would be miscible and produced 

with injection fluid. 2) Multiple-contact-miscible. injection fluids would not be miscible 

with oil in a reservoir. The injection phase would displace oil to increase recovery. 

However, the injection phase could be miscible with oil phase with proper pressure, 

temperature and composition. 

2.1.1.3 Chemical EOR methods. Chemical methods involve the injection of  

specific fluids into a reservoir to increase oil recovery by wettability alternation, 

interfacial tension reduction, mobility control or conformance control. Surfactant is often 

used to reduce the interfacial tension between oil and water and change the wetting phase 

of reservoir to make a favorable situation to produce more oil. Polymer flooding is a 

common method for mobility control since the viscosity of displacing phase would be 

increased when adding polymer. Gel treatment is a widely applied method for 

conformance control. By injecting gels, the permeability of higher permeability zones of 

formations could be reduced and thus more oil could be recovered from previously 

unswept lower permeability zones.   

2.1.2. Excessive Water Production and Reservoir Heterogeneity. Excessive 

water production is a major challenge of oil industry in both economics and 

environments. Environmentally, produced water could do environment damage as a 

source of pollution. Economically, excessive water production will cause corrosion of 
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facilities. Besides, the cost of disposing of produced water is high: it cost 5 cents to more 

than 50 cents to handle every barrel of water. What is more, when water cut is higher 

than 80%, it cost 4 dollars per barrel of oil produced to handle water problem. 

Worldwide, an average of 210 barrels of water will be produced along with every 75 

barrels of oil [4]. Excessive water production could eventually cause shutting down even 

abandon of a well.  

The heterogeneity of reservoirs is a major reason caused excessive water 

production, which could lead to poor sweep efficiency and watered-off layers. 

Conformance control is always concerned as an effective solution for heterogeneity 

problem of reservoir.  

2.1.3. An Introduction of Gel Treatment. Gel treatment is a cost-effective 

chemical EOR method which is widely applied to improve injection profile as 

conformance control. During injection stage, injected fluids always have a trend to go 

through higher permeability zone, which would cause low sweep efficiency and high 

remaining oil saturation. Thus gel treatment is designed to plug higher permeability zone 

to increase sweep efficiency to obtain higher oil recovery and lower water production. 

Generally, there are two major gel treatment system: in-situ gel system and preformed gel 

system. 

2.1.3.1 In-situ gel system. The gelant, which is often composed of polymer, 

 crosslinker and additives, is injected into a reservoir before gelling, and the gelation 

occurs in reservoirs.   

Figure 2.1 [5] shows how gelant is injected into a well and become gel after 

gelation. First, gelant is injected in to formation as shown in figure a. Then, water is 
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injected to push gelant into the formation as shown in b). Because of the permeability 

difference, more gelant is placed in higher permeability zones. Then the well is shut in to 

allow gelation occur as figure c). Then, water is re-injected as showed in figure d), more 

water would go through lower permeability zones and thus sweep efficiency is increased.   

 

 

 

Figure 2.1. The mechanism of in-situ gel [5] 
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There are two categories of in-situ gels: monomer gels and polymer gels. In 

monomer gel system, water-like monomer solution is injected into the formation and then 

well is shut in for monomer to polymerize [6]. However, the difficulty of gelation 

control, environmental and health risk caused by monomer’s toxic makes this treatment 

unpopular in the oil industry.  

Polymer gels are widely applied in oil industry nowadays since such technology is 

economic viable [7] and relative environmentally friendly. These gels can be formed by 

synthetic polyacrylamides or polysaccharides. Since their better stability, 

polyacrylamides are more common. Normally, polymer gels are formed with particle 

hydrolyzed polyacrylamides, crosslinkers and some additives [8]. 

2.1.3.2 Preformed gel system. Using preformed gels to control conformance 

 is a newer trend of gel treatment, which gel is already fully prepared before injection, 

also known as preformed particle gel (PPG). Different from in-situ gel, PPG is formed 

and crosslinked at surface facilities rather than in formation after injection. Therefore, the 

gelation can be controlled. Preformed particle gels could be classified into three types 

based on their particle sizes: millimeter-size preformed particle gel, micrometer-size 

preformed particle gel and nanometer-size preformed particle gel. 

Millimeter-size preformed particle gel. Millimeter-size PPG is developed by Petro 

China and Missouri S&T. It is an improved super adsorbent polymer, also known as 

SAP. Such materials could absorb over hundred times as their weight in liquid and stay 

stable under high pressure [9]. Figure 2.2 [10] show the pictures of a PPG sample before 

and after swelling. The size of PPG usually ranges from 10 micrometers to a few 

centimeters, depending the features of target zones. Comparing to in-situ polymer gels, 
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millimeter PPG could resist higher temperature (up to 120 degrees centigrade) and any 

kind of brines. Besides, it is easy and quick to prepare since it can be mixed in any 

convenient water and can well be dispersed in short period. It is also easy to be monitored 

during injection process and environmental friendly.  

 

 

 

Figure 2.2. Comparison of millimeter PPG before and after swelling [10] 

Left tube: dried particles; right tube: swelling particles 

 

 

In 1999, mm-size PPGs were first successfully applied in a high temperature and 

high salinity reservoir in China by SINOPEC [9]. Since then, such gel becomes one of 

the most widely applied conformance control technologies. By 2015, mm-size PPGs have 

been applied in nearly 10,000 wells in China [10]. However, millimeter-size PPGs can 

only be used to plug high permeability channels or fractures because of their large size. 
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However, PPGs with smaller particle sizes are required when dealing with lower 

permeability reservoirs.  

Micrometer-size preformed particle gel.  Institut Français du Pétrole (IFP) 

reported a type of microgels with the size ranging from 0.1 to 10 micrometers in 2001 

[11]. Such preformed particle gel is formed by crosslinking polymers under shear flow 

and expected to control water mobility in order to improve sweep efficiency and reduce 

water permeability as water production control. They presented several advantages of the 

microgel, including their quasi-insensitivity to PH, salinity, temperature and shear stress. 

It was also reported that the microgel had good thermo-stability and good propagation 

ability in porous media [12].  

The number of micrometer-size PPG field applications are less comparing to the 

number of mm-size PPG applications [10]. Zaitoum et al. reported a field test of 

micorgel. During the treatment, gel injection volume was cut half of their plan because of 

an unexpected high injection pressure. However, the water-to-gas ratio of this well was 

dropped and 25% more gas was produced after treatment. In addition, the sand 

production of the candidate well was also well controlled after the gel treatment [13].  

Submicro- and nanometer-size preformed particle gels. Brightwater®, a type of 

submicron sized of gel particles was reported by Nalco Company, ChevronTexaco and 

BP in 2002[14]. The gel is used to treat matrix problems because it can penetrate into 

porous media. The particles are initially in the ranege of microsize when pumping and 

can expand from 4 to 10 times under reservoir temperature when it is delivered into the 

in-depth of a reservoir, as shown in like Figure 2.3. 
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Figure 2.3. Mechanism of conformance control using Brightwater® [14] 

 

 

Brightwater® has been tested for the first time in Minas field, Indonesia in 2001. 

Unfortunately, the oil increase is relative low [15].  In another field test in Alaska in 

2004, it was predicted that the oil recovery increase from 50,000bbl to 250,000bbl. In 

fact, over 60,000 bbl oil recovery was increased in the first 4 years after the 

treatment[16]. 

2.1.4. Disproportionate Permeability Reduction (DPR) of Gel Treatment. 

Disproportionate permeability reduction (DPR) is defined as the treatment process in 

which the permeability of the medium to one fluid is reduced to a greater extent than the 

permeability of the medium to another fluid [17]. This is desirable in conformance 

control since the main goal of gel treatment id to reduce produced water and increase oil 
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recovery. The ideal DPR technology in conformance control process should not reduce 

oil permeability at all and not promote oil production reduction in a post-treatment. 

However, all known DPR agents reduce oil permeability [18]. Liang et al. list several 

possible mechanisms for DPR, including: a) the similarity of density between gel and 

formation brine may result in more particles existing in water phase; b) polymer may 

lubricate the flow in porous media; c) shrinking and swelling of gel particle would make 

more pathway for oil; d) residual oil drop would reduce the effective pore size to water 

flow but not oil flow; e) water and oil may have segregated pathways. As a result, if 

water-base gel flow through the pathway of water, then the pathway of oil would be 

remain connected [19].  

 

2.2. PREVIOUS LAB WORKS WITH NANO-SPHERE OR MICRO-SPHERE 

USING NON-FRACTURE MODEL 

To study the transportation and retention of larger particle like millimeter-size 

particle gel, fractural is a common model in researches. However, to study the properties 

of nanometer-size and micrometer-size particle gel, homogenous core with a lower 

permeability is always a good candidate for core flooding experiments.  

Resistance factor, residual resistance factor and plugging efficiency are three 

major terms used to evaluate gel treatment. Resistance factor is defined as the ratio 

between water mobility and gel mobility. Mathematically, as shown in Equation (1), it 

could be calculated as the ratio between gel injection pressure and pre-treatment water 

injection pressure. Residual resistance factor is defined as ratio between water mobility 

before and after gel treatment. As shown in Equation (2), it could be calculated as the 

injection pressure ratio between post-treatment water flooding and pre-treatment water 
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flooding. As shown in Equation (3), plugging efficiency reflect the permeability 

reduction rate. 

g

P
F =

P

w

gwater w
r

g
el w

g

k

k

 






 


                                                (1) 

F
water before after

rr

water after before

P

P









                                                      (2) 

_ _

_

1
=1

before treatment after treatment

before treatment rr

K K

K F



                                          (3) 

As shown in the equations above, Fr, Frr and η are residual factor, residual 

resistance factor and plug efficiency, respectively. λ, k, ΔP and μ means mobility, 

effective permeability, injection pressure and viscosity, respectively.  

Almohsin el at. test the transportation of microgel with diameters ranging from 

100 to 285 nanometer in sandstone porous media[20]. Experiments setup is shown in 

Figure 2.4. When the permeability is 1 Darcy, residual resistance factors are from 2.7 to 

4.4 times with different injection velocity. When core samples have lower permeability, 

residual resistance factors become higher. When rock permeability is 41 mD, residual 

resistance factors could be hundreds. Based on this study, Goudarzi et al. contained oil 

phase in core flooding experiments [21]. Oil recovery was improved from 40% to 60% 

by gel treatment. In the simulation work based on such experiment, on the other hand, oil 

recovery increase 7%.  
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Figure 2.4. Core flooding experiments setup [20] 

 

 

Dupuis et al. tested SMG (small microgel) in sandstone porous media with 

residual oil. Meanwhile, there were multiple gel injections with different microgel 

concentration (lower concentration microgel were injected first). Results showed both 

resistance factor and residual resistance factor increased with an increase of gel 

concentration and a decrease of flow rate[22]. In addition, Dupuis et al. studied on 

SMG’s retention in porous media. There were 42 mg gel suspended in porous media after 

every grams injection[23].  

Other than natural cores, there are also some studies using sand packs and 

artificial cores. Salehi et al. tested Brightwater®  nanogel using slim tubes with sand 

inside. Different from Microgel, such nanogel injection pressure was only slightly higher 

than pre-treatment water flooding pressure because particles will swell with high 

temperature only. After heating the sand pack model, post-treatment water injection 

pressure had a significant increase. After breakthrough, injection pressure will drop and 
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be stable in the end. With a 5,000 ppm nanogel concentration and 5 Darcy permeability, 

residual resistance factor could be from 2 to 12. With a 10,000 ppm nanogel 

concentration and lower permeability(from 300 to 1,200mD), residual resistance factor 

could be from 10 to 50 [24]. Fabbri et al. injected same nanogel into sand pack with a 

permeability of 7.3 Darcy. After injecting 2.3 pore volumes of 2,300 ppm nanogel, 

residual resistance factor was just 1.1.  Even after heating the sand pack for 41 days with 

a temperature of 50 Celsius degree, residual resistance factor was still only 1.3 [25]. 

Lei et al. and Yao et al. studied factors that have influences upon micrometer-size 

sphere plugging in sand packs. Residual resistance factor would increase with higher 

sphere concentration and lower injection rate. When the size contrast ratio between 

sphere and porous media was being increased, residual resistance factor would increase 

first and then decrease, which approved that there is an appropriate size match between 

sphere and porous media. Meanwhile, brine component and addition of polymer 

influence plugging efficiency as well [26, 27]. Song et al. injected nanometer-size sphere 

into sand packs with different permeability (0.42, 1.7 and 4.8 Darcy). After injecting  

sphere along with reservoir water, residual resistance factor in lower permeability model 

was the highest [28]. 

Zhang injected one pore volume of sphere dispersion (concentration not 

mentioned) into cemented quartz cores. With the best match between sphere size and 

permeability, residual resistance factor was 50 [29]. Zhang et al. measured injection 

pressure in multiple spots of experimental model. Pressure of each spot increase 

successively, which rule out the possibility of face plugging during gel injection[30].  
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Lin et al. and Lu et al. studied transportation mechanism of micro-sphere and 

nano-sphere with filter membrane by recording filtration volume under constant pressure 

[31, 32]. 

Vide supra, in most previous work, core models were assumed homogeneous. 

Imqam et al. studied on non-crossflow heterogeneous model using 75-90 microns sized 

PPG and sand packs with different permeability [33]  Figure 2.5 shows the experiments 

setup. 

 

 

 

Figure 2.5. Experiments setup of non-crossflow heterogeneous model [33] 

 

 

 When the permeability contrast ratio is 4 (21.7 Darcy and 6.2 Darcy), oil 

recovery factors in lower permeability sand pack and higher permeability sand pack were 

20% and 80% respectively during pre-treatment water flooding. After PPG treatment, the 

recovery factor in lower permeability sand pack increased approximately 70% total. The 

oil recovery improvements with different models are shown in Table 2.1. What is more, 
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before PPG treatment, there were less than 5% of total injection water going through the 

lower permeability sand pack. After PPG treatment, 63% of total injection water went 

through the lower permeability sand pack. When permeability contrast ratio is higher (20 

and 44), profile improvements were even better, as shown in Table 2.2.  

 

 

Table 2.1. Oil recovery improvement using different models [33] 

Permeability 

Contrast Ratio 

Permeability, 

Darcy 

Incremental Oil 

Recovery Ratio 

Before 

PPG 

During 

PPG 
After PPG 

4 
High 21.7 80 80.1 80.2 

Low 6.2 20 31.7 92.1 

20 
High 22.4 74 74 74 

Low 1.1 1.9 1.9 60 

44 
High 22.1 52.2 52.2 53 

Low 0.5 0.9 0.9 36 

 

 

Table 2.2. Injection profile improvement using different models[33] 

Permeability 

Contrast Ratio 

Permeabilit

y, Darcy 

Injection Profile,% Incremental 

Injection Profile 

in Low 

Permeability 

Cores 

Before PPG 

Injection 

After PPG 

Injection 

4 
High, 21.7 90 34  

Low, 6.2 5 63 12 

20 
High, 22.4 83 80  

Low, 1.1 0.5 15 30 

44 
High, 22.1 88 55  

Low, 0.5 0.1 33.6 336 
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3. PAM MICROGEL 

3.1. EXPERIMENTAL DESCRIPTION 

The following sections introduced the materials, setup, workflow and the plan of 

this work. 

3.1.1. Materials. Major materials used in this study are listed below. 

Microgel: Polyacrylamide (PAM) gel is an acrylamide based, crosslinked 

hydrogel. As shown in Table 3.1, there are four types of PAM microgel samples. They 

are synthesized by water, AM (Acrylamide), AA (acrylic acid) and MBAA (N, N'-

Methylenebisacrylamide). MBAA is served as crosslinker and is the major different 

among all types of PAM microgels.  

 

 

Table 3.1. Component and proportion of each PAM samples 

PAM# Water/g AM/g AA/g MBAA/g 

A 15 10 5 0.0375 

B 15 10 5 0.0075 

C 15 10 5 0.00075 

D 15 10 5 0.00025 

 

 

Core samples: core samples being used in all experiments are Berea sandstone™ 

which have been believed to be the best sandstone for core flooding experiments. Berea 

Sandstone™ is a kind of sedimentary rock, which grains are predominantly sand-size. 

Such rocks are composed of quartz held by silica. Berea Sandstone™ also have relatively 
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high porosity and permeability, which make it a good reservoir rock[34]. Each core 

sample has a diameter of 2 inches and a length around 5 inches. 

Brine: 1 weight percent NaCl solution. 

Oil: light mineral oil from Fisher Scientific. Such oil has a viscosity of 33.5 cSt 

(33.5cP). 

3.1.2. Experimental Setup. The experimental setup in this study is 

 depicted in Figure 3.1.  

 

 

 

Figure 3.1. Schematic diagram of setup of experiments 



 

 

20 

As shown in the figure, the core holder could hold a core with a diameter of 2 

inches and a length between 4 and 5 inches. A syringe pump is used to inject brine, oil 

and micro gel from accumulators into core samples. There is a piston inside 

accumulators. When water is being injected, it will push the piston in order to inject oil, 

brine or gel into the core samples. The confining pressure system is used to insure 

injection fluid go through core samples. The confining pressure is normally set at 400 psi 

above injection pressure. There is a pressure sensor connected in front of core holder, 

which could be used to collect the injection pressure data. There are also test tubes being 

kept at the outlets of core holder to collect effluents.  

3.1.3. Experimental Procedures. The flowing subsections are the briefly 

explanation of procedures used to perform experiments. Figure 3.2 shows the flow chart 

of experiments. 

Preparation and saturation of core sample. After drilling and incision core 

samples from blocks of rock, core sample were put into oven with 65℃ for enough time 

until there is no water inside porous media. Then the sample was vacuumed for at least 6 

hours and saturated with brine. The weight difference between dry sample and saturated 

sample is the weight of brine inside the sample. Pore volumes could be calculated with 

brine density. 

Permeability measurement. 1wt% NaCl brine was injected into core samples at 5 

different injection velocities. Pump flow rates and corresponding velocities being used in 

experiments are shown in Table 3.2. According to Darcy’s law, permeability can be 

calculated with injection pressure data. 
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The effluents from next four step were collected to determine the initial oil 

saturation and oil recovery factors. In two oil injections and brine injections, five flow 

rates were used as shown in Table 3.2. All injections were stopped only with a stable 

injection pressure and negligible water cut (for oil saturation step) or oil cut. 

 

 

Table 3.2. Injection velocity and their corresponding pump rates conversion table 

Pump flow rate, ml/min Injection velocity, ft/day 

1 2.4 

1.25 3.0 

1.5 3.6 

1.75 4.2 

2 4.8 

 

 

Oil saturation. Mineral light oil was injected into core samples at a flow rate of 

1ml/min until injection pressure reach stability. Then use four more flow rates to get the 

injection pressure with different flow rates. Effluents were collected to calculate initial oil 

saturation.  

First water flooding. Brine would be injected following oil saturation at five flow 

rates.  

Microgel treatment. Microgel particle dispersion was injected into samples at 1 

ml/min after fully dispersed in 1wt% NaCl brine with a concentration of 2,000 ppm. 
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Second water flooding. After microgel injection, another water flooding will be 

performed to get the residual resistance factor to water. 

Second oil injection. Light oil would be injected again to determine the residual 

resistance factor to oil. 

 

 

 

Figure 3.2. Experimental flow chart 

 

 

Practically, microgel particle will increased oil recovery by conformance control 

in heterogeneous reservoir. However, all core samples used in this study are 

homogenous. As a result, such treatment will not increase oil recovery but only decrease 
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permeability of samples ideally. In fact, there was still oil recovery increment in each 

experiments, oil recovery data were all recorded and analyzed. 

3.1.4. Experimental Plans. Permeability and crosslinker concentration are  

The variables in this study. To study permeability’s impact on microgel treatment, 

particle #A was used in all three experiments with different permeability core samples. 

To study the effect of crosslinker concentration, permeabilities of core samples were all 

in a range of 200mD while different PAM microgels were tested in each experiment. 

Crosslinker concentrations and particle sizes after swelling in 1wt% NaCl brine are 

shown in Table 3.3. Particle size data are measured by Dynamic light scattering (DLS), 

which is a technique in physics that can be used to determine the size distribution profile 

of small particles in suspension or polymers in solution. However, since the sizes 

measured by DLS are the hydrolysis dynamic radius, the number will be larger than the 

true sizes of microgel particles. Before swelling, all particles have a similar diameter 

around 50 nanometers, which are all measured by scanning electron microscope (SEM). 

All experiments performed are listed in Table 3.4. Experiments #1, #2, #4 and #5 

were performed with different crosslinker concentration are. In experiments #1, #3 and 

#6, core samples had different permeabilities. 

 

3.2. RESULTS FROM EXPERIMENTS 

3.2.1. The Effect of Permeability on Microgel Treatment. To study the effect  

of permeability, Gel #A, which has a diameter of 354.2 nanometer after swelling, and 

three core samples with permeabilities of 262.1mD, 56.8mD and 23.4mD were used in 

this work. The pore size and particle/porous media size contrast ratio are shown in Table 
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3.5. With different permeabilities, the estimated diameters of porous media are about 18, 

9 and 6 times to particle sizes. The porous media sizes data were calculated with 

permeability and porosity data by an empirical equation shown in equation (4). 

6 220 10k d                                                                (6) 

 

 

Table 3.3. Crosslinker concentration and particle sizes after swelling 

Particle 
Crosslinker 

concentration, ppm 

Particle size after 

swelling, nm(diameter) 

A 1248 354.2 

B 250 538.6 

C 25 615.1 

D 8 955.4 

 

 

Table 3.4. Experiments performed in this study 

Experiments  Gel selection  Permeability, mD 

1 A 262.1 

2 B 264.3 

3 A 56.8 

4 C 211.0 

5 D 191.4 

6 A 23.4 
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Figure 3.3 and 3.4 show gel treatment and second water flooding injection 

pressure plots with a flow rate of 1ml/min, respective. Y axis in these plots are resistance 

factor, which is the injection pressures ratio between gel treatment and first water 

flooding at 1ml/min, and residual resistance factor, which is the injection pressures ratio 

between second water flooding and first water flooding at 1ml/min(the calculation is 

based on equation 1 and 2).  

 

 

Table 3.5. Pore sizes and particle size contrast 

(Size contrast ratio: particle diameter/porous media diameter) 

Experiment Permeability, mD Porosity, % 
Porous media 

diameter , μm 

Size contrast 

ratio 

1 262.1 21.08 6.33 1: 17.9 

3 56.8 18.32 3.16 1: 8.9 

6 23.4 18.13 2.04 1: 5.8 

 

 

As shown in Figure 3.3 and 3.4, during gel treatment, injection pressure increase 

slowly at first. After reach a maximum value, pressure would drop and reach a stable 

value in the end.  

Similar trend happened during second water flooding as well. The injection 

pressure goes to the peak immediately following the start of injection and then drop to a 

stable value.  
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The pressure drop is a result of gel strength under high injection pressure. When 

injection pressure reaches a higher range, microgel particle is no longer strong enough 

anymore. Therefore, injection flow would partially break through and result in a pressure 

drop. 

Figure 3.5 shows the peaks of resistance factors during gel treatment and the 

resistance factors after a stable injection pressure. Figure 3.6 shows the peaks of residual 

resistance factors during second water flooding and the residual resistance factor after a 

stable injection pressure. The flow rate was all 1ml/min. As shown in the figures, when 

permeabilities were lower, both peaks and stabilized value of RF and RRF are lower. 

 

 

 

Figure 3.3. Gel injection pressure plots with different permeability 
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Figure 3.4. Second water flooding pressure plots with different permeability 

 

 

 

Figure 3.5. Resistance factor and the peaks of gel injection and second water flooding 
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Figure 3.7 and Figure 3.8 show the residual resistance factors to water and oil at 

different flow rates. When performing experiments using the core sample with the 

highest permeability, RRF to water is the highest. Meanwhile, with lower permeability, 

RRF to oil is higher than RRF to water. Only exception is the experiment using highest 

permeability core sample, where RRF to oil is lower than RRF to water. 

 

 

 

Figure 3.6. Residual resistance factor and the peaks of second water flooding 

 

 

Figure 3.9, 3.10 and 3.11 show the oil recovery factor plots at different stages of 

each experiment. Y-axis of each plots are scaled up for emphasizing oil recovery 

improvement during gel treatment and second water flooding. As shown in the plots, 
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during gel treatment, oil recovery increased after a certain amount of injection. Compare 

to oil recovery increment during gel treatment, there were less oil recovery increment 

during second water flooding.  

 

 

 

Figure 3.7. Residual resistance factor to water 

 

 

Table 3.6 summarize the oil recovery factor data in all three experiments. After 

first water flooding, oil recoveries were all around 45%. When high permeability core 

sample being used, oil recovery improved by gel treatment is the lowest. When 

permeability is lower, oil recovery improvement could be higher than 5%. It shows that 

lower permeability is favorable for improving oil recovery. 
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Figure 3.8. Residual resistance factor to oil 

 

 

 

Figure 3.9. Oil recovery plot of experiment #1 
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Figure 3.10. Oil recovery plot of experiment #3 

 

 

 

Figure 3.11. Oil recovery plot of experiment #6 
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Table 3.6. Oil recovery factors in different stages 

(W.F.: water flooding; Gel: gel treatment; 2nd W.F.: second water flooding) 

Experiment Permeability, mD 
Oil recover factors, % Oil recovery 

increment, % W.F. Gel 2nd W.F. 

1 262.1 45.27 1.73 0.00 1.73 

3 56.8 47.17 6.13 2.16 8.29 

6 23.4 44.62 4.46 0.92 5.38 

 

 

3.2.2. The Effect of Crosslinker Concentration on Microgel Treatment. As  

mentioned earlier in Section 3.1.4, four different crosslinker concentrations were used 

during microgel synthesis. Core samples’ permeabilities, porous media sizes and the 

contrast ratios to particle sizes are shown in Table 3.7.  Pore sizes are roughly 18, 12, 9 

and 6 times to particle sizes in experiments #1, 2, 4 and 5, respectively.  

Figure 3.12 and 3.13 shows gel treatment and second water flooding injection 

pressure plots at 1ml/min. Figure 3.14 shows the peaks of resistance factors during gel 

treatment and the resistance factors after a stable gel injection pressure. Figure 3.15 

shows the peaks of residual resistance factors and the stabilized residual resistance factor 

during second water flooding. The flow rate was also 1ml/min. There is a clear trend that 

with less crosslinker concentration, which could result in larger particle size, both 

resistance factors and residual resistance factors are higher. Meanwhile, maximum 

injection pressures during both gel treatment and second water flooding are also higher 

with a decrease in crosslinker concentration. 
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Figure 3.16 and 3.17 show the residual resistance factors to oil and residual 

resistance factors to water at all five flow rates. With less crosslinker concentration, 

micro particle gel has better plug efficiency. All particle but #B have a higher RRF to 

water compare to the RRF to oil, which shows a good disproportionate permeability 

reduction(DPR).  

 

 

Table 3.7. Particle/pore size contrast ratio 

(Size contrast ratio: particle diameter/porous media diameter) 

Experiment Microgel Crosslinker 
concentration, ppm 

Particle 

diameter, nm 

Size contrast 

ratio 

1 A 1248 354.2 1:17.9 
2 B 250 538.6 1:11.7 
4 C 25 615.1 1:9.1 
5 D 8 955.4 1:5.7 

 

 

Figure 3.18, 3.19 and 3.20 are the oil recovery plot of experiment #2, #3 and #5. 

The plot of experiment #1 shows in Figure 3.9. Plots are also scaled up for emphasizing 

oil recovery increase. 

Oil recovery factors data are summarized in Table 3.8. As shown in the table and 

plots, when the crosslinker concentration is lower, which means particles sizes are bigger, 

there would be a higher oil recovery increment. 
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Figure 3.12. Gel injection pressure plots with different crosslinker concentration 

 

 

 

Figure 3.13. Second water flooding pressure plots with different crosslinker concentration 
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Figure 3.14. Resistance factor and the peaks of gel injection pressure 

 

 

 

Figure 3.15. Residual resistance factor and the peaks of gel injection pressure 
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Figure 3.16. Residual resistance factor for water 

 

 

 

Figure 3.17. Residual resistance factor for oil 
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Figure 3.18. Oil recovery plot of experiment #2 

 

 

 

Figure 3.19. Oil recovery plot of experiment #4 
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Figure 3.20. Oil recovery plot of experiment #5 

 

 

Table 3.8. Oil recovery factors in different stages 

(W.F.: water flooding; Gel: gel treatment; 2nd W.F.: second water flooding) 

Experiment Particle size, nm 
Oil recovery factors, % 

Oil recovery 

increased, % 
W.F. Gel 2nd W.F. 

1 354.2 45.27 1.73 0.00 1.73 

2 538.6 52.88 2.69 0.37 3.06 

4 615.1 43.83 4.24 0.00 4.24 

5 955.4 53.38 4.44 1.27 5.70 

 

 

48

51

54

57

60

0 5 10 15 20

o
il

 r
ec

o
v
er

y,
 %

Injection Volume, PV

first water flooding

gel treatment

second water flooding



 

 

39 

3.3. DATA ANALYSIS AND DISCUSSION 

The results indicated that within a same permeability range, microgels with larger 

swollen ratio have better performance as both oil-displacing agent and plugging agent. 

From other studies like Almohsin el at. (2014), which is mentioned earlier in Section 2.2, 

the results showed with higher swollen ratio, microgel particles were weaker since both 

resistance factor and residual resistance factor became lower. However, in Almohsin et 

al.’s work, swollen particle sizes were controlled by brine concentration. With lower 

brine concentration, particle sizes after swelling would be higher. In this study, on the 

other hand, swollen ratio was controlled by crosslinker concentration and all experiments 

were done with the very same brine. Moreover, microgel in both studies were different.  

When studying the effect of crosslinker concentration, microgel had better 

plugging efficiency in high permeability core sample, but improved oil recovery better in 

lower permeability core samples.  

The high injection pressure is the reason caused the poor plug efficiency in low 

permeability core samples. Table 3.9 shows the injection pressures of each experiment in 

the part of study. As shown in the table, compare to experiment #1, when using lower 

permeability core samples, injection pressures were much higher. Hence, microgel 

particles are no longer strong enough under such high injection pressure anymore. 

Moreover. comparing experiments #5 and #6, where the contrast ratios are close 

(5.7 and 5.8), the first water flooding pressure at 1 ml/min are 8.7 psi and 232 psi, 

respectively. Therefore, RF and RRF in experiment #5 are 4 and 3, while RF and RRF in 

experiment #6 were both only 0.94.  
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Table 3.9. Injection pressure at 1ml/min in experiment #1, 3 and 6 

Experiment 

First water 

flooding stable 

pressure, psi 

Gel injection 

break through 

pressure, psi 

Stable gel 

injection 

pressure, psi 

Second water 

flooding break 

through pressure, 

psi 

1 8.12 21.05 21.05 22.47 

3 70.30 145.90 65.50 93.00 

6 232.00 309.80 217.90 322.90 

 

 

Meanwhile, gel treatment improved oil recovery better with a lower crosslinker 

concentration or in lower permeability porous media, which indicate that a higher 

particle/pore size contrast ratio (larger particle or smaller porous media) is favorable for 

gel treatment to improve oil recovery. 

Figure 3.21 shows the residual resistance factors to both fluids in each 

experiment. As shown in the figure, residual resistance factors to water is higher than the 

residual resistance factors to oil in experiment #1, #4 and #5. Such result shows a 

favorable disproportionate permeability reduction for improving oil recovery. However, 

in experiment #2, #3 and #6, the disproportionate permeability reduction is not favorable 

since residual resistance factors to oil are higher, which indicate that PAM microgel 

treatment cannot always result in a favorable DPR for improving oil recovery.  

Meanwhile, in experiment #3 and #6, residual resistance factors to water were 

even lower than 1 after microgel treatment. Such phenomenon could be explained with 

relative permeability theory. As mentioned earlier, there are 8.29% and 5.38% oil 

increment in the experiments. As a result, with higher water saturation, the relative 
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permeability to water become higher and relative permeability to oil become lower. As 

the definition of relative permeability (Equation 5), if absolute permeability remain same, 

effective permeability to water would be higher, which cause lower injection pressure. In 

fact, the absolute permeability would not remain same after gel treatment since it is the 

goal of microgel treatment to decrease it. But it will explain the low residual resistance 

factors to water in certain experiments. Meanwhile, microgel with better strength and 

DPR would be desirable for better microgel treatment. 

K
effective

relative

aboolute

K

K
                                                   (5) 

 

 

 

Figure 3.21. RRF at 1 ml/min for oil and water 
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3.4. SUMMARY 

According to the results from experiments that had been done in this section, the 

following summaries on PAM microgel can be drawn: 

1. Within a same permeability range, both resistance factors and residual 

resistance factors increased when crosslinker concentration decreased. 

2. For the microgel synthesized by the same concentration of crosslinker, 

plugging efficiency become less when permeability was reduced because low 

permeability rocks required higher injection pressure gradient, which might 

cause the microgel particles move out of rocks. 

3. Even though all the core samples used in the experiments are homogenous, 

there are still oil recovery increment during and after gel injection. This 

indicate that other than conformance control, microgel could also increase oil 

recovery by other mechanisms. 

4. Oil recovery increment would be higher in lower permeability porous media 

or using larger microgel particles. This result indicates that a higher 

particle/pore size contrast ratio is favorable for improving oil recovery. 
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4. RE-CROSSLINKED MICROGEL 

4.1. EXPERIMENTAL DESCRIPTION 

4.1.1. Materials. Oil, brine and core samples used in this work were same as the  

 material used in previous work. 

Microgel: Re-crosslinked micro gel particle is a novel type or microgel which 

could become bigger particle by re-crosslinking under high temperature inside reservoir. 

Figure 4.1 shows the results of DLS tests on re-crosslinked microgel particles. Y-axis 

represent distribution while x-axis represent diameters of particles. As shown in figure a, 

b and c, after being dispersed in 1 wt% NaCl solution, the peak of distribution plot was at 

196.6 nanometer. Then, the dispersion was put inside an oven with 65 ℃ (147℉). After 

one day, there were two peaks in the distribution plot. The higher peak was at 268.9nm 

and the lower peak was at 1000nm. After three days, there was only one peak which is at 

1041nm. In general, the diameter of most particle changed from 196.6 nm to 1041 nm. 

Meanwhile, the test was performed twice, as shown in Figure 4.1, the red and green 

curves means the DLS results of each measurement. In all experiments, Re-crosslinked 

microgel had a concentration of 3,000 ppm.  

4.1.2. Experimental Plans. First, core flooding experiments were performed 

without oil phase. Then, oil phase was contained in experiments. Because of the different 

result from two groups of experiments, two more experiments were performed to study 

the impact of oil phase and oil saturation on core flooding experiments. 

4.1.2.1 The plugging ability of Re-crosslinked microgel in single phase  

condition. In this part, two experiments were performed with water (1 wt% NaCl 

solution) as the only phase evolved in experiments. The setup of experiments is similar to 
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the one mentioned in Section 3.1.2 and Figure 3.1, where the only difference is the size of 

core samples. The diameter of core samples was 1 inch and the length was 2.5 inches. 

Table 4.1 shows the permeabilities, estimated diameters of porous media and its contrast 

ratios with particle size. Five injection flow rates were used, which are listed in Table 4.2 

along with the corresponding velocities.  

 

 

Table 4.1. Core samples’ permeability and contrast ratio to particle 

(Size contrast ratio: particle diameter/porous media diameter) 

 Experiment #A Experiment #B 

Permeability, mD 34.62 204 
Pore 

size(diameter), μm 2.43 5.63 
Contrast ratio 

before re-crosslink 12.4 28.6 
Contrast ratio after 

re-crosslink 2.3 5.4 

 

 

Table 4.2. Injection flow rates and their corresponding velocities 

Pump flow rate, ml/min Velocity, ft/day 

0.05 0.47 

0.075 0.70 

0.1 0.93 

0.125 1.16 

0.15 1.40 
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Figure 4.1. Size distributions of Re-crosslinked microgel particles in different conditions 

a: before being heated; b: after being heated for one day; c: after being heated for 3 days 

 

 

Procedures of these two experiments are similar to the procedures in Section 

3.1.3, there were two difference:  

1. There is no oil saturation and second oil injection steps. 
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2. After gel injection, core samples would be sealed and placed in an oven with 

65℃ for three days. 

4.1.2.2 The plugging and increasing oil recovery abilities of Re-crosslinked 

 microgel in multiple-phase condition. Oil phase was contained to study the abilities of 

Re-crosslinked microgel improving oil recovery and plugging in two-phase condition. 

In this part, experiments were performed with bigger core samples, which have 

similar sizes with cores used in previous work which mentioned in Section 3.1.1. Higher 

injection flow rates were used because of bigger cross-section area. Flow rates are listed 

in Table 4.3 with corresponding velocities. Four cores with different permeability (252, 

102.5, 71.6 and 12.1mD) were selected to study the impact of permeability. Permeability, 

estimated diameters of porous media and its contrast ratios with particle size are listed in 

Table 4.4. As shown in Figure 4.2, other than heating core samples with 65℃ for three 

days after gel injection, procedures of these experiments are as same as the procedures 

listed in Section 3.1.3. 

4.1.2.3 The impact of oil phase and oil saturation on microgel  

transportation. Because of the difference between gel injection in single phase condition 

and in two-phase condition, additional two core flooding experiments were performed to 

observe the effect of the oil phase’s absence. 

The permeability of two core samples used in additional core flooding 

experiments are similar to the rock permeability of experiment #E. The difference among 

three experiments are shown in Figure 4.3 by comparing their work flow. The procedures 

of experiment #G are as same as experiments in Section 4.1.2.1.  In experiment #H, after 
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oil saturation, microgel was directly injected. Three experiment represent three condition: 

zero oil saturation (#G), low oil saturation (#E) and high oil saturation (#H). 

 

 

 

Figure 4.2. Experimental workflow 

 

 

4.2. RESULTS FROM EXPERIMENTS 

4.2.1. Experiments with Single Phase. During gel injection, it took long time  

and large amount of microgel to obtain stable injection pressure. There were 40 PVs 

(pore volumes) and 49 PVs of microgel dispersion being injected into core samples in 

experiments #A and #B until injection pressure became stable.  
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After gel injection, the resistance factors of experiment #A and #B are 109 and 

208 at 0.1 ml/min, respectively. However, during second water flooding, in experiment 

#A, injection pressure is even higher than gel injection pressure. On the other hand, in 

experiment #B, the residual resistance factor is only 6.54. Table 4.5 shows the residual 

resistance factors in experiment #A and #B at different flow rates.  

 

 

Table 4.3. Injection flow rates and their corresponding velocities 

Pump flow rate, ml/min Velocity, ft/day 

0.5 1.2 

0.75 1.8 

1 2.4 

1.25 3.0 

1.5 3.6 

 

 

4.2.2. Experiments with Multiple Phases. When oil phase was contained in  

this part of work, it only took less than 6 PVs of microgel injection volume to obtain 

stable injection pressure. In experiments #F, microgel dispersion was very hard to be 

injected into the core sample with a permeability of 12mD since the injection pressure 

increase to the pressure limit of experimental instruments in a very short period of time. 
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Table 4.4. Core samples’ permeability and contrast ratio to particle 

 
Experiment  

#C 

Experiment 

 #D 

Experiment 

 #E 

Experiment 

#F 

Permeability, 

mD 
252 102.5 71.6 12.1 

Pore size, μm 6.04 4.14 3.52 1.55 

contrast ratio 

before  

re-crosslink 

1:30.7 1:21.0 1:17.9 1:7.9 

contrast ratio 

after  

re-crosslink 

1:5.8 1:4.0 1:3.4 1:1.5 

 

 

 

Figure 4.3. Difference among experiments by work flow 
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Table 4.5. RRFs of experiment #A and #B with different flow rates 

Flow rate, ml/min RRF #A(34.62mD) RRF #B(204mD) 

0.15 119.19 6.1 

0.125 129.51 5.83 

0.1 150.72 6.54 

0.075 174.16 6.45 

0.05 184.21 8.14 

 

 

Figure 4.4 shows gel injection pressure plots with a flow rate of 0.5ml/min. Figure 

4.5 shows second water flooding pressure plots at the same flow rate. During gel 

injection and second water flooding using Re-crosslinked microgel, injection pressure 

plots had similar trend compare to PAM microgel. Pressure in both steps increased to a 

peak and then dropped to a stable pressure. Figure 4.6 shows the peaks of resistance 

factors during gel treatment and the stable resistance factors. Figure 4.7 shows the peaks 

of residual resistance factors during second water flooding and the residual resistance 

factors. The flow rate was 0.5ml/min. All the figures show that both resistance factors 

and residual resistance factors increased with lower permeability.  

Figure 4.8, 4.9 and 4.10 show the residual resistance factors to water and oil at 

varying flow rates in experiment #C, #D and #E. All residual resistance factors to oil are 

lower than their corresponding residual resistance factors to water, which shows a 

favorable disproportionate permeability reduction.  
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Figure 4.4. Gel injection pressure plots 

 

 

 

Figure 4.5. Second water flooding pressure plots 
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Figure 4.6. Peaks of resistance factor during gel injection and the resistance factor 

 

 

 

Figure 4.7. The peaks of residual resistance factor and the residual resistance factor 
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Figure 4.8. Residual resistance factors of water and oil in experiment #C 

 

 

 

Figure 4.9. Residual resistance factors of water and oil in experiment #D 
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Figure 4.10. Residual resistance factors of water and oil in experiment #E 

 

 

Table 4.6 shows the oil recovery factors in experiment #C, #D and #E. The total 

oil recovery increment is higher when permeability is lower. Meanwhile, there were 7.8% 

oil recovery increment during gel injection in experiment #F, which also fit this trend. 

4.2.3. The Effect of Oil Phase on Gel Injection Process. The major 

difference among three experiments in this part is the oil saturation. At the moment of 

microgel injection, the oil saturation in experiment #G, #H and #E are 0, 70.36% and 

36.84% respectively.  

When oil saturation was 0, injection pressure cannot reach peak or stay stable 

even after an injection volume of 20PVs. The injection pressure plot is shown in Figure 

4.11.  As shown in Figure 4.12, when oil saturation was 36.84%, injection pressure 
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reached the maximum value after 2.5PVs of injection volume and then drop to a stable 

value after total 4PVs of microgel being injected. As shown in Figure 4.13, when the oil   

 

 

Table 4.6. Oil recovery factors of different stages 

(W.F.: water flooding; Gel: gel treatment; 2nd W.F.: second water flooding) 

Experiment 
Permeability, 

mD 

Oil recovery factors, % Oil recovery 

increased, % 
W.F. Gel  2nd W.F. 

C 252 57.24 0.26 0.39 0.65 

D 102.5 43.86 3.73 0.47 4.2 

E 71.6 49.03 6.45 0.75 7.2 

 

 

 

Figure 4.11. Gel injection pressure plot of experiment #G 
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Figure 4.12. Gel injection pressure plot of experiment #H 

 

 

 

Figure 4.13. Gel injection pressure plot of experiment #E 
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saturation was 70.36%, only after less than 2PVs of microgel injection volume, the 

pressure reached the peak and then dropped to a stable value when total 5PVs of gel 

dispersion being injected. 

 

4.3. DATA ANALYSIS AND DISCUSSION 

Experiment #C, #D and #E show that Re-crosslinked microgel have better 

performance on both oil recovery improvement and plugging aspects with lower 

permeability. Such result shows re-crosslinked microgel particle is stronger than PAM 

microgel since the former still had good plug efficiency even with a high injection 

pressure. Meanwhile, when PAM microgel was being injected, after injection pressures 

reach the peak, it would drop an average of 38% to a stable value. On the other hand, 

when Re-crosslinked microgel was being injected, injection pressures only drop an 

average of 22% to a stable value. Moreover, when the permeability of core sample was 

12.1mD, it was extremely hard to inject such microgel into the core sample. However, 

with the similar particle/pore size contrast ratio applied to PAM microgel, the microgel 

treatment was easier. 

Meanwhile, the results also indicate when there is oil phase involving in 

experiments, it took much less injection volume to obtain stable injection pressure. The 

results from experiment #G, #H and #E also show that with higher oil saturation, gel 

injection process require less microgel amount. In experiment #E, it took more injection 

volume of microgel to obtain stable injection pressure because the injection flow was 

transferring from two-phase flow (oil and water phase) to relatively one-phase flow (only 

water phase). 
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In both experiment #A and #B, large amount of microgel dispersion was injected 

into core samples and both resistance factors are higher than 100. However, the residual 

resistance factors of two experiments shows big diversity as shown in Table 4.5. the 

plugging efficiency is better with lower rock permeability. 

 

4.4. SUMMARY 

Eight core flooding experiments were run to understand the effect of a newly 

developed re-crosslinked particle gels on plugging and improving oil recovery, and the 

following conclusions can be drawn: 

1. In single-phase condition, it took longer time for the microgel injection to 

reach a stable injection pressure. Meanwhile, a low permeability core resulted 

in high residual resistance factor. 

2. In water/oil two-phase condition, less microgel is needed to reach stable 

pressure. Meanwhile, the microgel had a better performance on both plugging 

efficiency and oil recovery improvement in lower permeability core samples. 

However, when the core permeability was lower to 12.1 mD, the microgel 

injection pressure increased sharply to the upper limit of our designed 

pressure, indicating the microgel cannot propagate in the rocks.  

3. Microgel transported faster in higher oil saturation sandstone than low oil 

saturation sandstone. 

4. Re-crosslinked microgel has a better strength and DPR comparing to PAM 

microgel. 
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5. CONCLUSION 

This research evaluated two types of microgels (PAM microgel and Re-

crosslinked microgel) designed for conformance control by core flooding experiments. 

Both microgels were synthesized in our lab. Following conclusions could be drawn from 

this work. 

1. Six core flooding experiments were performed to understand the effect of 

crosslinker concentration and permeability on PAM microgel plugging and 

improving oil recovery in porous media. Results show that: 

a. PAM microgel synthesized by lower concentration of crosslinker has 

higher swelling ratio. 

b. For the microgel synthesized by same crosslinker concentration, microgel 

treatment would result in low plugging efficiency in lower permeability 

rocks because of the poor strength under high injection pressure.  

c. Within a same permeability range of cores, the microgel synthesized by 

lower crosslinker concentration will have better plugging efficiency. 

2. Eight core flooding experiments using Re-crosslinked microgel were 

performed to study the impact of oil saturation and permeability on gel 

treatment, following conclusions could be drawn: 

a. It took much longer time for microgel injection to reach stable pressure in 

water saturated rocks than in the rocks with oil.  

b. The residual resistance factors are lower in higher permeability sandstones 

when the rocks were only saturated with water. 
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c. In water/oil two-phase condition, microgel had better plugging efficiency 

in lower permeability porous media. 

d. Microgel had better transportation ability in the rocks with higher oil 

saturation. 

3. Comparing both microgels by the experimental results, the following 

conclusions could be drawn: 

a. A smaller particle/pore size contrast ratio, which means bigger particle 

size or lower permeability, is favorable for improving oil recovery. 

b. Re-crosslinked microgel had better plugging efficiency than PAM 

microgel. 

c. Re-crosslinked microgel showed a more favorable disproportionate 

permeability reduction effect comparing PAM microgel. 

 



 

 

61 

6. FUTURE WORKS 

The core flooding results showed that microgels can improve the oil recovery in 

homogenous cores during microgel treatment and following water flooding process. 

However, the mechanisms behind it are not understood yet, which need further study by 

evaluating the interaction of microgels with fluids and rock surface. In addition, microgel 

treatment mainly target on heterogeneous reservoirs; therefore, more experiments are 

needed to be performed using heterogeneous models to evaluate sweep efficiency 

improvement by microgels. 

Experimental results show that the transportation of microgels through porous 

media is strongly affected by oil saturation; however, the mechanism behind this result is 

not clear to us either. More experiments need to be carried out to quantify the effect of 

different parameters on microgel transportation and retention. 
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