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ABSTRACT 

Polymer flooding is one type of chemical flooding which is used to improve oil 

recovery by lowering the mobility of the displacing agent and reducing the oil/water 

interfacial tension. The Gellan solution, used in polymer flooding, is known to transfer 

from solution to gel as it contacts with a porous media saturated with saline water. In 

2014, Kudaibergenov et al. studied the hydrodynamic behavior of a natural 

polysaccharide-Gellan in the saline porous media under lab conditions. They observed an 

oscillation of injection pressure during the filtration of Gellan solution through saline 

porous media. The oscillation behavior is explained by either the sol-to-gel and the gel-

to-sol transitions of the Gellan taking place in saline water or the step by step plugging of 

high permeable channels until all high permeable channels of sand packs are plugged. Oil 

displacement efficiency of Gellan solution in EOR applications under reservoir 

conditions is still largely unexplored. 

This research aims to investigate the effect of Gellan solution towards improved 

oil recovery under reservoir conditions. This was achieved by preparing three 0.1% 

Gellan solution samples. To each sample, certain vol. % of saline water containing 73 g/l 

(73000 ppm) of alkaline and alkaline earth metal ions was added. In order to simulate the 

reservoir conditions, 13.78 Mpa (2000 psig) confining pressure and 3.45 Mpa (500 psig) 

back pressure were applied. The temperature was increased to 55oC (130 F). To 

investigate the effect of polymer adsorption on the flooded unconsolidated sandstone 

sample with permeability of 160 md measured under 13.78 Mpa (2000 psig) confining 

pressure, Residual Retention Factor (RRF) was calculated. RRF is used of measuring the 
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reduction of core sample’s permeability after water and polymer flooding. RRF is a ratio 

of permeability of water before and after the polymer filtration. It is a ratio of 

permeability of water before and after the polymer filtration. 

Results from the experiments indicate that as the percentage volume of saline 

water decreased in the Gellan solutions, the performance of polymer flooding enhanced 

which was noticed by an increase in the oil recovery factor. Furthermore, Gellan solution 

improved the sweep efficiency based on the results shown in chapter 5. In general, results 

showed that Gellan state in presence of 10% saline water gave the highest oil recovery 

comparing to other Gellan solutions in presence of 50% and 90% saline water which gave 

lower oil recovery. Additionally, the plugging effect of Gellan solution showed a strong 

effect on plugging the high permeable channels and consequently, reducing the 

permeability of the porous media. 
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Chapter 1 

Introduction 

1.1 Overview and Background 

Fast depleting oil reserves associated with the rising demand for energy is 

driving the modern technology to its peak. More than twenty years ago, in an article, 

Menard (1981) anticipated that the potentiality of exploring new oil reserves of more than 

100 billion barrels is very low. As we know today, the rate of new discoveries has been 

dramatically reduced. This trend pushes toward employing new production techniques to 

extract more oil from discovered and existing reservoirs. 

Enhanced Oil Recovery (EOR) now days is playing a significant role due to the fast 

draining oil reserves all over the world. Tremendous improvement in production 

technology and high oil prices have increased the number of oil fields, prospective 

candidates for EOR applications. Enhanced oil recovery comes to light when 

conventional means are applied, and they can’t produce the residual oil of original oil in 

place (OOIP) economically.  

Enhanced oil recovery processes are utilized to mobilize the residual oil throughout 

the entire reservoir after primary and secondary recovery processes. Figure (1.1) This can 

be achieved by enhancing microscopic oil displacement and volumetric sweep 

efficiencies. Oil displacement efficiency can be increased by decreasing oil viscosity 

using thermal floods or by reducing capillary forces or interfacial tension with chemical 

floods. Volumetric sweep efficiency can be improved by increasing the drive water 
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viscosity using a polymer flood. In Primary Recovery, oil is displaced from the porous 

media towards the production well by natural reservoir energy such as fluid and rock 

expansion, solution gas drive, gravity drainage, and the influx of water from an aquifer. 

In secondary recovery, water and gas are injected to sweep oil into the wellbore and to 

maintain reservoir pressure.  

 

 

 

 

 

 

 

During the 1950s, waterflooding became a popular practice in order to keep reservoir 

pressure and also to continue to displace oil as more as possible. Since then 

waterflooding has been standard practice, studied and applied to tremendous oil 

reservoirs all over the world. However, A considerable amount of oil would remain 

behind upon completion of waterflooding (secondary recovery). Then, EOR applications 

came to extract the residual oil. Conventional oil production means have kept track of the 

primary process, secondary depletion, and tertiary recovery strategies. Switch from one 

recovery process to another happens when the oil production under the current strategy 

Figure 1. 1 Oil recovery categories (Ahmed, 2001) 
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uneconomical. However, in many scenarios, applying third recovery processes 

immediately upon the primary strategy have shown to be more efficient. EOR can 

substantially improve extraction efficiency. 

Major stages of EOR applications include gas injection, chemical flooding and 

thermal processes. Figure (1.2) summaries oil recovery mechanisms through the life of 

the well and/or reservoir. 

 

 

 

 

 

 

 

 

Nowadays, A large portion of oil produced throughout the world is by water 

flooding, and one of the main issues coupled with water flooding is its poor sweep 

efficiency. Unfavorable mobility ratio leads water to travel through oil spots leaving a 

significant percentage of recoverable oil in the porous media. Efficiency of a waterflood 

process can be effectively enhanced by lowering the water-oil ratio. This is can be 

Figure 1. 2 Oil recovery mechanisms (Lindley, 2001) 
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accomplished by adding a water-soluble polymer to injected water, which decrease its 

mobility. 

Polymer flooding is one of the simplest and most widely applied chemical EOR 

process. Polymer flooding projects have been widely performed with various degree of 

success ever since the process came out 50 years ago. Some of the first prominent work 

on polymer flood process was conducted by authors such as, Pye (1964), Clay and 

Menzie (1966), Gogarty (1967), Armstrong (1967), Burick (1968), Sandifor (1969). 

Significant of polymer flooding is obvious from the fact that, nowadays, more oil is 

recovered by polymer flooding than all of the other chemical EOR process combined 

(Pope, 2011) 

1.2 Objectives of the Study 

The primary objective of the study is to investigate the effect of Gellan solution on 

water flooding performance in high permeability reservoirs. Waterflooding has low oil 

recovery due its poor sweep efficiency. An unfavorable mobility ratio leads water to 

travel through oil spots leaving a significant percentage of recoverable oil in the porous 

media. Efficiency of a waterflooding can be effectively enhanced by lowering the water 

mobility ratio. In our Work, we will accomplish that by adding a Gellan solution to 

certain vol. % of saline water injected. 

The flooding experiments are conducted inside electronic oven to simulate the 

reservoir conditions. Fresh waterflooding is the baseline to compare the oil sweep 

efficiency of the polymer flooding. Finally, we will compare the effect of polymer 

adsorption by calculating the residual resistance factor (RRF) for each polymer flooding. 
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1.3 Overview of Thesis 

Chapter 1 gives a brief overview and background of Enhanced Oil Recovery and 

clarifies the goal of the research. 

Chapter 2 addresses a detailed literature review of major parts of the research. It clarifies 

the idea of EOR, Polymer flooding mechanism, nomenclatures, Polymer flooding 

screening criteria with many case studies and examples, structure and rheological 

properties of polymer, and finally summarized review of previous polymer flooding 

projects.  

Chapter 3 outlines the procedure for Gellan solution preparation.  

Chapter 4 outlines the procedures of the experiments. It explains the materials, 

instruments and steps for performing the flooding experiments. 

Chapter 5 discusses the results obtained from sand pack flooding experiments. Detailed 

discussion on the results from distilled and saline waterflooding is explained with 

addition to Gellan state in presence of oilfield water flood. 

Chapter 6 summaries the thesis with a conclusion of all the experimental results and 

recommendations for future research. 
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Chapter 2 

Literature Review 

2.1 Mechanism of Polymer Flooding 

Polymer flooding is an isothermal EOR process originated to relieve the issue 

coupled with conventional waterflood depletion as a consequence of unfavorable 

mobility ratio Figure 2.1. 

Polymer flooding is a process of adding polymer to the water of a waterflood, in order 

to decrease its mobility. Adding a polymer leads to an increase in viscosity, as well as to 

a decrease in aqueous phase permeability and a lower mobility ratio. The remaining oil 

saturation decreases, due to the increased efficiency of the waterflood, even if the 

irreducible oil saturation is not affected by this technique (Lake, 1989). Schematic of 

polymer flooding mechanism is shown in Figure 2.1. Because oil and water are 

immiscible fluids, none of them can completely sweep the other under reservoir 

conditions.  

Oil is remaining behind in the porous media after waterflood either water bypassed 

oil, or the oil got trapped due to capillary pressure (Dullien, 1979). In order to resweeps 

the remaining oil, the interfacial tension between oil and water phases should be reduced 

to a certain lowered value. This can be done by adding a Surfactant to the displacing 

fluid. However, producing remaining oil by this strategy is the goal of low-tension 

surfactant flooding (Lake, 1989). Polymer flooding could neither lower the interfacial 

tension to adequately low value nor sufficiently rises the viscous to capillary pressure 
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balance between water and oil phases in the displacement process, without which the 

remaining oil cannot be displaced. Therefore, the aim of polymer flooding is to produce 

that percentage of oil that left behind upon waterflood but does not include remaining oil 

(Sorbie, 1991). Even though polymer flooding cannot lower the remaining oil saturation 

(Sor), it’s still a practical method way to attain the Sor more economically (Du and Guan, 

2004). 

According to Needham and Doe (1987), high oil recovery obtained from polymer 

flooding over that of a conventional mean could be achieved through the effects of 

polymer on fractional flow, through more efficient oil displacement in the swept zone, 

and by lowering water-oil mobility ratio. 

In order to completely understand the mechanism of polymer flooding, it is very 

important to review some key concepts related to polymer flooding, such as mobility 

ratio, fractional flow, displacement efficiency, volumetric sweep efficiency, and 

resistance factor. 

 

Figure 2. 1 Polymer flooding mechanism (Lindley, 2001) 
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2.1.1 Mobility Ratio 

Mobility ratio, M, is the faction of mobility of injecting fluid to the to the mobility 

of the displaced fluid. It is defined as follows: 

      𝑀𝑀 =  λw
λo

= Kw/µw
ko/µo

                                                                                   (2.1) 

Where,  

𝛌𝛌w and 𝛌𝛌o are the mobility of water phase, displacing fluid and the mobility of oil phase, 

displaced. 

µo and µw are the viscosities of oil and water respectively 

Ko and Kw are the effective permeabilities of oil and water phases respectively. If a 

mobility ratio is greater than one, water is more mobile than oil. In this case, water 

fingers through the oil zone causing early breakthrough. As a result, low displacement 

efficiency would take place. On the other hand, if the mobility ratio is equal to or less 

than one, it would delay breakthrough time due to what is called favorable motility ratio. 

This is where adding polymer play its role. As discussed earlier, one of the advantages of 

polymer flooding is lowering mobility ratio which would improves sweep efficiency and 

oil displacement over waterflooding. Figure 2.2 demonstrates how mobility ratio 

improves oil recovery. 

As demonstrated in Figure 2.2 (a), The Buckley-Leverett theory of immiscible 

displacement (Buckley and Leverett, 1942) anticipates that at unfavorable motility ratios 

the displacing fluid arrival the producing well faster due to its lower viscosity resulting 

breakthrough with period of two-phase production. Kumar et al. (2008) conducted 
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laboratory experiments to study the performance of waterflood under unfavorable 

mobility ratios. They summarized that the sweep was controlled by viscous fingering, 

with movable water dramatically lowering the oil recovery, and they highly 

recommended lowering the mobility ratio by adding polymer would enhance oil sweep 

and recovery efficiency significantly. When polymer is added to the displacing fluid, the 

mobility ratio would be effectively lowered and resulting in more piston-like 

displacement and higher sweep efficiency. This scenario is depicted in Figure. 2.2 (b). 

 

 

 

 

 

 

 

 

2.1.2 Fractional Flow 

Fractional flow is another key concept related with polymer flooding. In two-

phase immiscible flow, the mobility ratio does not stay constant. It changes as the 

saturation of flowing phase changes. The fractional flow equations for water and oil as 

they flow with one another through a reservoir are written as follows: 

Figure 2. 2 Favorable and unfavorable mobility ratio influences on sweep 
efficiency (Kalifa, O. and Aluhwal, H. 2008) 
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𝑓𝑓𝑤𝑤 =  
𝑞𝑞𝑤𝑤

𝑞𝑞𝑤𝑤 + 𝑞𝑞𝑜𝑜
=

1

1 + 𝑘𝑘𝑟𝑟𝑜𝑜µ𝑤𝑤
𝑘𝑘𝑟𝑟𝑤𝑤µ𝑜𝑜

=
1

1 + 1
𝑀𝑀

                                                             (2.2) 

𝑓𝑓𝑜𝑜 =  
𝑞𝑞𝑜𝑜

𝑞𝑞𝑤𝑤+𝑞𝑞𝑜𝑜
=

1

1 +  𝑘𝑘𝑟𝑟𝑤𝑤µ𝑜𝑜𝑘𝑘𝑟𝑟𝑤𝑤µ𝑜𝑜

                                                                                 (2.3) 

As explained earlier, adding polymer to the displacing water, would increase water 

viscosity, µw, and lower the relative permeability to water. This can be explained more 

through the denominator in Eq. 2.2. As the value of denominator increases, the fractional 

flow of water decreases, which will enhance the oil recovery efficiency.  

2.1.3 Resistance Factor 

The resistance factor is a term that represents the resistance in the flow of polymer 

solution due to the decrease in the number of flow paths by polymer retention. For 

example, a resistance factor of 10 times means that it is 10 times harder for polymer 

solution to flow through porous media than plain water. While water has a viscosity of 1 

cp in the standard conditions, polymer solution has an apparent viscosity higher than the 

actual viscosity measured in viscometer. Resistance factor provide a good estimation of 

the apparent viscosity of polymer solution (Lyons, 2009)  

Resistance factor, Rf, is defined as the fraction of mobility of water to the mobility of a 

polymer solution (Eq. 2.4). Whereas the residual resistance factor, Rrf, is the ratio of the 

permeability of water before the filtration of a polymer solution to that of after a polymer 

solution (Eq. 2.5) 

         𝑅𝑅𝑓𝑓 =  
𝑘𝑘𝑤𝑤/µ𝑤𝑤
𝑘𝑘𝑝𝑝/𝜇𝜇𝑝𝑝

                                                                                                   (2.4) 
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          𝑅𝑅𝑟𝑟𝑓𝑓 =  𝑘𝑘𝑤𝑤(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑘𝑘𝑤𝑤(𝑖𝑖𝑓𝑓𝑖𝑖𝑎𝑎𝑟𝑟 𝑝𝑝𝑜𝑜𝑖𝑖𝑝𝑝𝑝𝑝𝑎𝑎𝑟𝑟 𝑓𝑓𝑖𝑖𝑜𝑜𝑜𝑜𝑑𝑑)

                                                                    (2.5)   

The residual resistance factor measures the ability of the polymer to absorb into 

the pores throats till partly block the porous medium. This provides a sing that resistance 

factor has a significant effect on the permeability of the porous medium. According to 

studies by several authors, (Chaubeteau 1982, Cannnella et al. 1988, Seright 1991), the 

permeability depends on resistance factor and that has been proved through correlations. 

This influence is a required phenomenon in flooding processes as it shows the advantages 

of the polymer flood. (Littmann, 1988). 

2.1.4 Sweep Efficiency 

Sweep efficiency is an important factor that, in coupling with mobility ratio, 

determines the success of a flooding process. The total efficiency factor, E, symbolize the 

ratio of initial oil in place at the start of a secondary or tertiary displacement process, that 

can be produced. (Craft et al. 1991) (Neil et al 1983). 

E = ED.EAS.EVS                                                                      (2.6) 

Figure. 2.3 represents all three efficiencies. Where: 

ED: displacement efficiency 

EAS: Aerial sweep efficiency 

EVS: vertical sweep efficiency  
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2.1.4.1 Displacement Efficiency (ED) 

Displacement efficiency, known as microscopic sweep efficiency, is defined as 

the ratio of the portion of oil displaced from the swept zone by the injected fluid. In 

waterflooding and polymer flooding operations, ED is calculated using water saturation 

(Sw) behind the front at the time of breakthrough and initial water saturation (Swi). 

ED =  
sw−swi
1 − swi

                                                                                        (2.7) 

2.1.4.2 Volumetric Sweep Efficiency (Ev) 

Volumetric sweep efficiency is the ratio of total reservoir volume that is swept by 

the displacing fluids (water or polymer). Volumetric Sweep Efficiency is the total of the 

aerial sweep efficiency and vertical sweep efficiency (Eq. 2.8) 

         EA = EAS + EVS                                                                                     (2.8) 

Figure 2. 3 Sweep efficiencies (Cosse, 1993) 
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2.1.4.3 Aerial Sweep Efficiency (EAS) 

It is defined as the fraction of the area swept to total area that is contacted by the 

displacing fluid. It is function of time, volume injected, well pattern, and mobility ratio. It 

increases steadily from the start of water flood till the breakthrough, and then it continues 

to increase with slow rate. Figure 2.4 demonstrates the aerial sweep efficiencies at three 

different periods of a waterflood operation.  

The aerial sweep efficiency equations at different stages of a waterflood operation can be 

written as following:         

             𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴  =  𝐴𝐴𝑖𝑖
𝐴𝐴𝑟𝑟𝑎𝑎𝑖𝑖 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 

        𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴 =  𝐴𝐴𝑏𝑏
𝐴𝐴𝑟𝑟𝑎𝑎𝑖𝑖 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

             𝐸𝐸𝐴𝐴𝐴𝐴𝑖𝑖 = 𝐴𝐴𝑎𝑎
𝐴𝐴𝑟𝑟𝑎𝑎𝑖𝑖 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

      (2.9)        

2.1.4.4 Vertical (or invasion) Sweep Efficiency (EVS) 

It is defined as the ratio of vertical height swept to the total vertical pay zone 

height. It is functional of the vertical heterogeneity which include different permeability, 

strata, drains and fractures of the reservoir. These factors prevent the uniform movement 

of the front and are mischievous to sweep (Cosse, 1993). In many situation, vertical 

sweep efficiency dominates the efficiency of a waterflood more than any other factors. 

One of the major kind of Heterogeneity is where high permeability strata be next 

to much lower permeability layers. This kind of heterogeneity causes an early water 

breakthrough and consequently poor vertical sweep efficiency (Sorbie, 1991). The 

purpose of polymer in flooding process is to lower the mobility ratio to favorable value, 

which enhances the vertical sweep because of viscous cross-flow influences (Clifford and 

Sorbie, 1985) 
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2.2 Selection of an EOR Process and Polymer Screening Criteria. 

           All the strategies explained in this search have limitations in application. These 

restrictions have been obtained partly from theory, partly from laboratory experiments, 

and partly from field experiences. Prospect screening composes of the following: 

1. Evaluating available information about the reservoir, oil, rock, water, geology, 

and previous performance. 

2. Supplementing available information with certain brief laboratory screening 

tests. 

3. Selecting those processes that are potentially applicable and eliminating those 

that definitely are not. 

A potential reservoir for one or more enhanced oil recovery processes should not be 

rejected because it does not fulfill one or two criteria. Each prospect should be studied on 

its own eligibility by analyzing the many reservoir operational and economic variables. 

Figure 2. 4 Aerial sweep efficiency for a five-spot pattern waterflood operation 
(Cosse, 1993) 
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Screening is the prime footstep in the enhanced oil recovery application series. The next 

stage would be a further estimation of potential processes if more than one fulfills the 

screening criteria. Following steps could compose a pilot test design, pilot test 

application, pilot test evaluation, and a commercial project. Table 2.1 presents screening 

criteria based upon oil properties for application of different enhanced oil recovery 

strategies. The criteria compose the gravity, viscosity, and saturation of the oil. 

Table 2. 1 Screening criteria for Enhanced Oil Recovery processes based on oil properties 
(Aladasani and Bai, 2010) 

Process 
Gravity 

(°API) 

Viscosity 

(cp) 
Composition Oil Saturation 

Water 

flooding 
> 25 < 30 N.C. 

>10% PV 

mobile oil 

Hydrocarbon > 35 < 10 
High % of 

C2–C7 
> 30% PV 

Nitrogen and 

Flue gas 

> 24 Nitrogen 

> 35 Flue Gas 
< 10 

High % of 

C1–C7 
> 30% PV 

Carbon 

dioxide 
> 26 < 15 

High % of 

C5–C12 
> 20% PV 

Surfactant/ 

Polymer 
> 25 < 30 

Light to 

intermediate 

desired 

> 30% PV 

Polymer 

 
 

> 25 < 150 N.C. 
> 10% PV mobile 

oil 
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Table 2. 2 Screening criteria for Enhanced Oil Recovery processes based on oil properties 
(Aladasani and Bai, 2010) 

Alkaline 13–35 < 200 
Some organic 

acids 

Above 

waterflood 

residual 

Combustion 
< 40 

(10–25) normally 
< 1,000 

Some 

asphaltic 

components 

> 40%–50% 

PV 

Steam 

flooding 
< 25 < 20 N.C. 

> 40%–50% 

PV 

Note: PV = Pore Volume; N.C. = Not Critical. 

Steam flooding is mainly used to viscous oils in massive, high permeability 

sandstones or unconsolidated sands. It is restricted to shallow formations due to heat 

losses from the wellbore. Heat is also transferred to the adjacent formations once steam 

contacts the oil-bearing formation. Therefore, adequately high steam injection rates are 

required to offset for heat losses. 

The minimum miscibility pressure for effective CO2 flooding ranges widely. The 

required pressure can be 1,200 psi for high gravity oil (more than 30 °API) at lower 

temperatures to more than 4,500 psi for heavy crudes at higher temperatures. To satisfy 

this requirement, the reservoir has to be deep enough to achieve the minimum miscibility 

pressure. For an example, the minimum miscibility pressure for West Texas CO2 floods 

is around 1,500 psi at depths of more than 2,000 ft. On the other hand, more than 4,500 ft 
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deep reservoirs are needed for effective NO and high-pressure hydrocarbon miscible 

floods. 

Table 2.2 presents screening criteria based upon reservoir characteristics for 

application of the various enhanced oil recovery processes. The criteria include formation 

type, net thickness, average permeability, depth, and temperature. 

Table 2. 3 Screening criteria for Enhanced Oil Recovery processes based on reservoir 
properties. (Aladasani and Bai, 20101) 

Process 
Formation 

Type 

Net Thick. 

(ft) 

Average 

Perm. (mD) 

Depth 

(ft) 

Temp. 

(°F) 

Waterflooding 

Sandstone 

or 

carbonate 

N.C. N.C. N.C. N.C. 

Hydrocarbon 

Sandstone 

or 

carbonate 

Thin unless 

dipping 
N.C. >2,000 () N.C. 

Nitrogen and 

Flue gas 

Sandstone 

or 

carbonate 

Thin unless 

dipping 
N.C. > 4,500 N.C. 

Carbon 

dioxide 

Sandstone 

or 

carbonate 

Thin unless 

dipping 
N.C. > 2,000 N.C. 

  Note: N.C. = Not Critical. 
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Table 2. 4 Screening criteria for Enhanced Oil Recovery processes based on reservoir 
properties. (Aladasani and Bai, 20101) 

Polymer 

Sandstone 

preferred; 

carbonate 

possible 

N.C. 
> 10 

(normally) 
< 9,000 < 200 

Alkaline 
Sandstone 

preferred 
N.C. > 20 < 9,000 < 200 

Combustion 

Sand or 

sandstone 

with high 

porosity 

> 10 > 100 > 500 
> 150 

preferred 

Steam flooding 

Sand or 

sandstone 

with high 

porosity 

> 20 > 200 300–5,000 N.C. 

Note: N.C. = Not Critical. 

Thermal floods are mainly used with heavy viscous oils. Steam floods are used for oil 

with gravity less than 25 °API, viscosity more than 20 cp, and oil saturation more than 

40% PV. Higher viscosity with less than 100 cp may be applied for combustion floods. 

Hydrocarbon, nitrogen, carbon dioxide, and surfactant floods are usable to higher oil 

gravities and lower oil saturation than that for steam floods. Evaluating of those 

operations that are possibly applicable for enhanced oil recovery methods is a substantial 
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step, as a result excluding those that absolutely are not. A candidate reservoir for one or 

more enhanced oil recovery methods should not be rejected because it does not match 

with one or two standards. Each prospect should be estimated on its own eligibility by 

analyzing several oilfield operational and economic variables (Aladasani and Bai, 2010). 

Figure 2.5 shows a proposal from Kaminsky et al. who organized a process for EOR 

application analysis and development. 

After a decision to go ahead and apply polymer flooding, all possible EOR 

polymers should be evaluated and screened. Because not all polymers are applicable for 

every oilfield, it is very necessary to perform a detailed feasibility study before choosing 

a polymer for the given reservoir conditions. In Figure 2.6 detailed Screening parameters 

for polymers are shown. 

Figure 2. 5 Organized process for EOR application analysis and development 
(Kamisnky et al., 2007) 
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Polymer screening is the prime step in a polymer flooding project. Once the first 

screening is achieved, a detailed project evolution is performed. In 2007, Kaminsky et al 

concluded an organized process for polymer flood evaluation and development and it is 

shown in Figure. 2.7 

   

 
Figure 2. 6 Technical screening criteria for polymer process (Taber et al., 1997) 
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Figure 2. 7 Polymer project evaluation and development steps (Kamisnky et al., 2007) 

2.3 EOR Polymers 

The most usable types of polymers for EOR applications are the synthetic polymers – 

poly(acrylamide) (PAAm) or partially hydrolyzed PAAm (HPAAm) and polysaccharides 

such as Xanthan and Gellan. Within the scope of this thesis, only Gellan has been 

discussed in detail. 

2.3.1 Gellan Gum 

Kelco Divison, Merck and Co named the commercial term of ‘Gellan gum’ to a 

deacetylated extracellular polysaccharide from the bacteria Pseudomonas elodea 

(Nishhinari, 1999). The Gellan gum has become a material of interest sine its discovering 
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in 1980 because of its capability to form diaphanous gels even at low concentrations 

(Rodriguez-Hernandez et la., 2003). Furthermore, conventional gelling agents such as 

agarose and carrageenan demonstrate lowered gelling capability at low Ph, while Gellan 

gum can form hardened gels (Moritaka et al., 1995; Yamamoto & Cunha, 2007).  

2.3.2 Features of Gellan Gum 

Gellan gum looks like an off-white powder and it has ability to be soluble in 

water. Its molecular weight in the average of 70,000 Daltons to 95 percent over 500,000 

Daltons. The addition of positively charged ions such as cations motivates its gel-shaping 

capability. Its melting temperature varied below or above 100oC. controlled integrating of 

calcium, potassium, magnesium, and sodium salts can help shape the thickness and 

texture of Gellan gum in various products (Mao et al. 2000). 

Gellan gum is an additive applicable in food industry for thickening or gelling. A good 

example of food products are daily products, microwavable foods, bakery filings, 

structured foods, sauces, frostings, confections, icings, dessert gels, jams, jellies, glazes, 

low-fat spreads, toppings and puddings (Saha & Bhattacharya, 2010). Gellan gum 

appears as whitish powder having no certain flavor or smell. It can disintegrate at 150 oC, 

Gel is formed from Gellan gum if it heated before any other process. Also, the Gellan 

gum solution contains a certain percent of cations, which leads it form gel after the 

solution cools down. 

Formation temperature and the melting of the gel is function of the quantity and kind of 

cations present (Tang et al., 1994, Lau et al., 2000) Table 2.1 presents the properties and 

efficiency of low acyl Gellan gum. 
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Table 2. 5 Demonstrates the properties and efficiency of low acyl Gellan gum (Williams, 
2006; Saha & Bhattacharya, 2010) 

Characteristics Efficiency 

Produces very competent gel with low 

concentrations up to 0.05~0.25% 

Gellan gum offers proficient gelling 

Quite stable at high temperatures and has a 

low pH value 

Gel strength is not greatly affected 

by 

heating or sterilization, acid gel has 

relatively longer shelf life 

Gel produced by Na+ as well as K+ can be 

replenished by heating, whereas that 

produced by Mg2+ and Ca2+ cannot be 

renewed 

Can formulate both reversible and 

irreversible gel 

Possesses outstanding ability to discharge 

flavor 

Enhances the quality of the product 

Can be utilized in combination with other 

gums such as starch, mixture of xanthan 

gum/locust bean gum 

Gums produced with the help of 

Gellan gum have structures that can 

be altered from brittle to elastic 
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2.3.3 Gellan Gum Structure 

Gellan gum is consisted of a repeated tetrasaccharide unit, and it composes of two β-

D, one β-D-glucuronic acid and one α-L-rhamnose residue. These molecules are linked to 

shape the structure shown in Figure 2.8. Gellan gum is found in high acyl Gellan (H) as 

original form and it’s including O-5 acetyl and O-2-glyceryl groups on the (1-3)-linked 

glucose residue as demonstrated in Figure 2.8 (a). However, Gellan gum becomes 

deacylated when Gellan gum is processed with alkali ans high temperature. Through this 

process, the acyl groups are hydrolyzed and low acyl Gellan gum (L) is gained. 

 

 

Figure 2. 8 The chemical structure of Gellan gum: (a) original form (High acyl); 
(b) deacylated form (low acyl) (Saha and Bhatacharya, 2010) 
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2.4 Polymer Flooding Field Projects: 

2.4.1 Pilot Tests at “Kumkol” Oilfiled 

On kumkol Oilfield, two injection wells were injected by aqueous solution of 

Gellan. 234 m3 is the total volume of injected solution into well No.3383, while 160 m3 is 

the total volume of injected solution into well No. 3065. One ton of dry polymer powder 

was used for every well. In the case of injection of Gellan solution, the pressure has been 

observed to increase from 55 to 90-95 atm as a result of permeability reduction inside of 

the porous media. The performance of the polymer treatment was observed through 6 

producing wells located near of the two injector wells. They efficiency of the technology 

was evaluated 6 months after the treatment started. The last three months of flow rates 

were set as a base line for comparison of the incremental oil recovery for each well. Base 

line oil flow rate value is predicted in advance for 6 months after the treatment, and then 

the total oil produced during the polymer treatment is deducted from the extrapolated 

value. The producing well No.2115 showed the highest incremental oil recovery, 1129.2 

Tons, compared to the base line Figure 2.9. The incremental oil recovery for every oil 

well is shown in Figure 2.10. The well No.2342 showed negative increment, and that is 

because the reservoir had been on waterflood for more than 20 years before the treatment 

is performed. (Gussenov et al., 2014). The performance of Gellan injection was estimated 

by comparing the other technologies with existing technology. 
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Figure 2. 9 Results of the production Well No. 2115 after the injection 
of Gellan solution (Gussenov et al., 2014) 

Figure 2. 10 Tons of incremental oil recovery for every well (Gussenov et al., 2014) 
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As seen from Figure 2.11 the technological efficiency of Gellan was 1895 

tons/ton, while the same amount of dry polymer of other technology produces 88-380 

tons of incremental oil. The technological efficiency of polyacrylamide, 380 tons/ton, 

was known as the better one among the world projects. However, the technological 

performance of Gellan injection is 5 times higher the PAAm in spite of the fact that 

Gellan costs 2-3 times more than PAAm. Therefore, the pilot test of Kumkol oilfield in 

Kazakhstan shows the outstanding ability of Gellan in high saline oilfield water for water 

shut off and plugging of high permeable channels. (Gussenov et al., 2014)   

 
Figure 2. 11 Comparative Evaluation of the effectiveness of Gellan solution with tested 
polymer process technologies (Gussenov et al., 2014) 
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Chapter 3 

Gellan Solution Preparation  

3.1 Polymers Used 

Gellan gum is the type of polymer was used in this research. it was bought from 

Zhejiang DSM Zhongken Biotechnology, they manufactured it from biomass resulting 

from acerbic fermentation of the micro-organism sphingomonas elodea. 

3.2 Procedure for Preparation of Gellan Solution 

The Gellan solution were prepared by adding calculated quantity, 0.1 wt% of Gellan 

gum to deionized water. Quite similar to preparing the Gellan solution, the salt solution 

was prepared by in deionized water. The salt solution was prepared to represent the 

oilfield water.  

This brine with density 1.05 g cm-3 and pH 6.68 consists of 22.5g L-1 of Na+ and K+, 

3.8g L-1 of Ca2+, 0.85 g L-1 of Mg2+ and 43.9 g L-1 of Cl- ions. The total concentration of 

the saline water is 73 gm/l (73000 ppm). 

The next step it was to prepare three solutions of state of Gellan in presence of 

different concentration oilfield water. In The first solution, 450 ml of Gellan solution 

were mixed with 50 ml of the saline water. Figure 3.1 (a) show the Gellan state in 

presence of 10% oilfield water. The second solution, 250 ml of Gellan solution were 

mixed with 250 ml of the saline water. Figure 3.1 (b) demonstrates the Gellan sate in 

presence of 50% oilfield water. The last solution, 50 ml of Gellan solution were mixed 

with 450 ml of the oilfield water. Figure 3.1 (c) shows the state of Gellan in presence of 

90% oilfield water. 
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Figure 3. 1 Gellan state in presence of 10% oilfield water (a), 50% oilfield water (b), 90% 
oilfield water (c). 
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Chapter 4 

Core Flooding Experiments 

4.1 Material Used 

4.1.1 Crude Oil 

The crude oil used in the experiments have the physical properties as shown in 

Table 4.1 

Table 4. 1 Physical properties of crude oil 

Property Description 

Physical state Liquid 

Appearance Black 

Viscosity @ 21 oC 8 cp 

Viscosity @ 55 oC 3 cp 

Density 0.82 gm/cc 

API Gravity 42 

 

4.1.2 Porous Media 

Sand packed were used as porous media in all flooding experiments. Sand has a 

particle size distribution of 30-50 microns. The absolute permeability of the porous 

medium was almost 200 md at laboratory condition and 160 md at modeled reservoir 

condition of pressure and temperature. 
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4.1.3 Experimental Setup 

The major components of the experiment compose of a core holder, Qx pump, Oven 

(VWR 1645D), a pressure transducer for pressure measurements, USB cables to record 

pressure measurements on a computer, and graduated cup to collect the oil and water. 

Figure 4.1 demonstrates the experimental set up. The core holder was placed inside an 

oven (VWR 1645D) Figure 4.4 

 

 

 

 

 

 

 

Figure 4. 1 Photo of the experimental set up 

4.1.4 Core Holder 

All experiments were performed in core holder that have confining pressure 

applied to the core sample. The core holder has a height of 13 cm. Sand was packed in a 

rubber sleeve with diameter of 3.8 cm and height of 7.5 cm and placed inside the core 

holder. It has one injection well in one of its end plug and a one producing well in the 

other end plug. Also, it has one confining pressure port and other port for a gauge. Both 
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Injection and production lines has a radius of 0.2 cm. In Figure 4.2, a photograph of the 

core holder. This core holder is routinely used for any core flooding experiments.  

 

 

4.1.5 Quizix Pump 

A Quizix series pump was used for saturating the sand packed with crude oil and 

then for polymer flooding experiments. The pump with maximum pressure of 68.95 Mpa 

(10000 psi) and maximum rate of 50 ml/min has two pump cylinders working 

independent or pair. Figure 4.3 shows a photograph of Quizix pump for core flooding 

experiments.  

4.1.6 VWR 1645D (Oven) 

It’s an electric oven for routine laboratory heating and drying procedures. It can 

be heated up to 300 oC (572 F) and it has a digital control panel Figure 4.4 

 

 

Figure 4. 2 Core holder used for the flooding experiments 
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  Figure 4. 3 Quizix pump for core flooding experiments 

 Figure 4. 4 Electric oven for routine laboratory heating and drying procedures 
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4.1.7 Data Acquisition System 

The data acquisition system used in all the experiments consist of two pressure 

transducers connected to the computer through the data logging system. Omega Digital 

transducer application was used to record the pressure data and transferred the readings to 

the computer. Then, these pressure measurements were plotted and interpreted using an 

excel sheet. 

4.2 Experimental Procedure  

4.2.1 Procedure for packing the Core Holder 

The sleeve and end caps remain in place within the core holder, and the sand was 

Poured packed in the sleeve. Then, the other end plug is placed right after the sand has 

been packed to close the radial core holder. After that the confining pressure is applied to 

3.45 Mpa (500 psig) to measure the absolute permeability fist and then saturate the 

sample with crude oil. 

4.2.2 Porosity Measurement 

The pore volume of the porous medium was measured by subtracting the 

cumulative volume of water in the graduated cup, and water volume in injection and 

producing lines from the total volume of the injected water. Therefore, the volume of 

water that had been injected into the core holder was recorded and the volume of injected 

and producing lines were measured accurately. The porosity was 30% of the bulk volume 

of the sand packed. 
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4.2.3 Permeability Measurements 

Permeability measurements performed by injection water at a certain flow rate 

into the core holder initially packed with sand. The pressure difference was recorded for 

every experiment.  

The absolute permeability of the sand packed was calculated using Darcy’s law Eq. 

 𝑞𝑞 =  𝐴𝐴 𝐾𝐾 𝛥𝛥𝛥𝛥
µ 𝐿𝐿

                                                                                                                      (4.1) 

Where, 

Q: flow rate cm3/s 

K: the absolute permeability of the porous medium, Darcy 

Δp: pressure difference across the porous medium, atm 

A: Area of the porous medium, cm2 

µ: the dynamic viscosity of water, cp 

L: the length of the porous medium, cm 

 

First, the permeability was calculated at the lab conditions. We have T = 21oC 

(70F), back pressure = 0.69 Mpa (100 psi), and confining pressure = 3.45 Mpa (500 psi). 

From Figure 4.5 the pressure difference across the porous medium is about 0.04 (6 psi). 

Using Darcy law, we calculated the permeability of the porous medium 

q=5ml/min=0.1cc/s 

L=7.7 cm 

A=11.66cm2 

µ =1 
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∆P = 0.034 = 0.34 atm 

 

𝐾𝐾 =  
0.1 ∗ 1 ∗ 7.7
11.66 ∗ 0.34

= 194 𝑚𝑚𝑚𝑚     

  

 

 

 

 

 

 

Figure 4. 5 Pressure difference across the porous medium during measuring absolute 
permeability. 

Second, the permeability was calculated at the reservoir conditions. We have T = 

55oC (130 F), back pressure = 3.45 Mpa (500 psig) and confining pressure = 13.78 Mpa 

(2000 psig). From Figure 4.6 the pressure difference across the porous medium is about 

0.02 Mpa (3 psi.) 

Using Darcy law: 

q=5ml/min=0.1cc/s 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 5 10 15 20 25 30 35

Δp
, M

pa

t, min

Δp



Texas Tech University, Amir Ghwel, May 2018  

37 

L=7.7 cm 

A=11.66cm2 

µ =1 

∆P = 0.02 Mpa = 0.204 atm 

𝐾𝐾 =  
0.1 ∗ 0.5 ∗ 7.7
11.66 ∗ 0.204

∗ 1000 = 162 𝑚𝑚𝑚𝑚     

 

Figure 4. 6 Pressure drop during measuring absolute permeability at reservoir condition.  

4.3.4 Flooding Procedure 

Five flooding experiment were performed as following: 

1. Fresh waterflooding (No polymer in presence). 

2. Saline waterflooding. (No polymer in presence) 

3. Gellan state in presence of 90% saline water  

4. Gellan state in presence of 50% saline water  
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5. Gellan state in presence of 10% saline water  

During the experiments, the injection was with a constant flow rate of 1 ml/min using 

the Quizix pump. Also, during the injection, pressure difference was recorded using 

pressure transducers logged to a computer. 

The oil and water produced were collected in graduated cup and were measured 

separately using syringe with needle. Flooding continued until the water oil ratio reached 

more than 95% and oil production was too low. The Volume of polymer injected was 

about 0.65 PV. 
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Chapter 5 

Core Flooding Experiments: Results and Discussion. 

In this chapter, detailed study of core flooding experimental results is provided. 

5.1   Core Flooding Experimental Results 

5.1.1 Oil Recovery Performance 

The variation of oil recovery factor as a function of water and polymer flooding 

time is shown in Figure 5.1. From all flooding experiments, Gellan state in presence of 

10% saline water flooding, which has the highest viscosity, resulted in the highest oil 

recovery of 46%. Whereas the fresh waterflooding, which has the lowest viscosity, 

resulted in the lowest oil recovery of 20%. The mobility ratio of Gellan state in presence 

of 10% saline water flooding is lower than that of fresh waterflooding.  

            Table 5.2 and Table 5.3 summarize the results the effect of Gellan solutions on 

breakthrough time and oil recovery factor at breakthrough. The recovery performance of 

these three Gellan state solutions are in the descending order of 10%, 50%, 90% saline 

water. For freshwater flooding, 17% crude oil recovery achieved at the breakthrough 

time. The breakthrough happened after 10 minutes of Waterflooding. When water oil 

ratio reached 99 %, the ultimate oil recovery was 21% of the original oil in place. On 

saline water flooding, 21% crude oil recovery achieved at breakthrough. The 

breakthrough happened after 11 minutes of waterflooding. When water oil ratio reached 

93 %, the ultimate oil recovery was 23% of the original oil in place. While in case of 

Gellan state in presence of 90% saline water, 23 % crude oil recovery achieved at 

breakthrough. Whereas breakthrough was delayed 2 minutes compared to the baseline, 
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freshwater flooding. When water oil ratio reached 97%, the ultimate oil recovery was 

27% of the original oil in place. In case of Gellan state in presence of 50% saline water, 

27% crude oil recovery achieved at breakthrough. While breakthrough happened at 16 

minutes of polymer flooding. When water oil ratio reached 97%, the ultimate oil recovery 

was 33% of the original oil in place. For Gellan state in presence of 10% saline water, 

40% crude oil recovery achieved at breakthrough. Whereas breakthrough happened at 20 

minutes of polymer flooding, the ultimate oil recovery was 47% of the original oil in 

place. 

 

Figure 5. 1 Recovery factor of all experiments versus time 
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Figure 5. 2 Recovery factor of all flooding experiments at breakthrough time. 

 

 

Figure 5. 3 Time at breakthrough of all flooding experiments 
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 Figure 5. 4 The ultimate RF. of all flooding experiments.  

5.1.2 Pressure Drop During Flooding Experiments 

Pressure differences during the flooding experiments are shown in Figure 5.5. The 

Gellan state in presence of 10% saline water witnessed greater pressure drop than the 

other cases. In case of polymer flooding, higher pressure drop refers to flow resistance 

due to high viscosity and polymer adsorption effect. As the concentration of saline water 

decreased, the pressure difference increased. This is because of the Gellan solution ability 

to plug the high permeable channels until all high permeable channels of sand packs are 

plugged. As a result, plugging of high permeable channels, improved the areal sweep 

efficiency. However, the pressure drops plot does not indicate the breakthrough time 

during any of the flooding experiments.  
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Figure 5. 5 Pressure drop during the flooding experiments 

5.1.3 The Polymer Absorption on the Rock Surface 

The oil recovery factor of three Gellan states at different concentration of saline 

water are shown in Figure 5.1. It was found that as the Vol.% of saline water increased in 

the Gellan solution, difference pressure decreased. This phenomenon is commonly 

related to reduction in solution viscosity and polymer adsorption on the sand particles. 

The adsorption layer thickness decreases with a decrease in adsorption. The addition of 

Vol% of saline water greater than 50% decreases the gel strength, thereby the adsorption 

decreases. As water penetrates over polymer, the film swells, decreasing the effective 

permeability, and in presence of oil, the swelling doesn’t happen. As a result, the 

potential oil recovery is improved (Saurabh 2014).  As a measure of permeability 

reduction, the Residual Retention Factor (RRF) is calculated. RRF is a ratio of 

permeability of water before and after the polymer filtration. The absolute permeability 
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and the residual permeability were measured by Darcy’s law and the results are 

demonstrated in Figure 5.6. The value of initial permeability decreases 10.8 times when 

the sand packed filtrated by the state of Gellan in presence of 10% saline water Figure 

5.7. Whereas the state of Gellan in presence of 50 % saline water showed 4.05 times of 

RRF see Figure 5.7. Polymer adsorption effect was noticed even at 90 % saline water. 

The value of RRF for the state of Gellan in presence of 90% saline water is 1.35 times 

Figure 5.7 

 

Figure 5. 6 comparison absolute permeability with formation permeability after filtration 
of Gellan solution 
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Chapter 6 

Conclusions and Recommendations 

6.1  Conclusions 

             The main objective of this research study was to study the effect of Gellan 

solution on improving water-flooding performance in high permeability formations. The 

objective was successfully achieved through preparing three 0.1 % Gellan solution 

samples. For each sample, certain vol. % of saline water was added. In order to mimic the 

reservoir conditions, we applied 13.78 Mpa (2000 psig) confining pressure, 3.45 Mpa 

(500 psig) back pressure, and we increased temperature to 55oC (130 F). Results from 

these experiments were concluded as follows: 

• For freshwater flooding, 17% crude oil recovery occurred at the breakthrough time. 

The breakthrough happened after 10 minutes of Waterflooding. After water oil ratio 

reached 99 %, the cumulative oil recovery was 21% of the original oil in place. 

• For saline water flooding, 21% crude oil recovery occurred at breakthrough. The 

breakthrough was delayed 1 minutes compared to the baseline, freshwater flooding. 

After water oil ratio reached 93 %, The cumulative oil recovery was 23% of the 

original oil in place. 

• For Gellan state in presence of 90% saline water, 23 % crude oil recovery occurred at 

breakthrough. Whereas breakthrough was delayed 2 minutes compared to the 

baseline, freshwater flooding. After water oil ratio reached 97%, the cumulative oil 

recovery was 27% of the original oil in place. 
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• For Gellan state in presence of 50% saline water, 27% crude oil recovery occurred at 

breakthrough. While breakthrough was delayed 6 minutes compared to the baseline, 

freshwater flooding. After water oil ratio reached 97%, the cumulative oil recovery 

was 33% of the original oil in place. 

• For Gellan state in presence of 10% saline water, 40% crude oil recovery occurred at 

breakthrough. Whereas breakthrough was delayed 10 minutes compared to the 

baseline, freshwater flooding. After water oil ratio reached 98%, The cumulative oil 

recovery was 47% of the original oil in place. 

• During injecting Gellan solution, The Oscillation behavior of pressure difference is 

explained by step by step plugging of high permeable zones until the next injected 

Gellan solution finds another high permeable flow path and breaks through.  

• The value of Residual Retention Factor (RRF) after filtration of Gellan state in 

presence of 90% saline water is 1.35 times. 

• The value of Residual Retention Factor (RRF) after filtration of Gellan in presence of 

50% saline water is 4.05 times. 

• The value of Residual Retention Factor (RRF) after filtration of Gellan in presence of 

10% saline water is 10.8 times. 

  These results indicated that Gellan solution improved water-flooding performance in 

high permeable formations. As the volume percentage of saline water decreased, the oil 

recovery factor increased and breakthrough delay time increased. The values of RRF 

showed the plugging effect of Gellan solution. The plugging ability of Gellan solution 

reduced the flow capacity of high permeability channels, and the Gellan solution 

penetrated through the less permeable zones. As a result, the pressure difference 
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increased When Gellan solution plugged the high permeable channels; Therefore, the oil 

was extracted from the poorly swept zones.  

6.2  Recommendations: There is still area for more research: 

• Gellan concentration should be measured after the flooding experiments for a better 

understanding of adsorption mechanism of Gellan. 

• Sandstone sample with heterogonous layers should be used in polymer flooding to 

measure the vertical sweep efficiency Ev.   
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