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Abstract 

 

The Development and Evaluation of Polymers for  

Enhanced Oil Recovery 

 

Vincent Bing Lee, M. S. E. 

The University of Texas at Austin, 2015 

 

Supervisor:  Gary A. Pope 

 

The main purpose of this research was to develop, test and evaluate polymers for 

enhanced oil recovery. Commercially available hydrolyzed polymacrylamide polymers 

were characterized in filtration tests and corefloods. Scleroglucan biopolymers were 

studied and developed as an alternative to synthetic polymers for enhanced oil recovery 

Strategies for preparing filterable solutions of scleroglucan were tested on Cargill 

CS-11 scleroglucan. As a result, an improved method was developed and the transport 

behavior of the filterable solution was characterized in corefloods without the presence of 

oil. Experiments showed that although the improved pH-treatment method produced 

solutions with excellent filtration ratios, the solution did not transport well through 

Bentheimer cores. 

A new prototype EOR-grade liquid scleroglucan sample, AD-10, was provided by 

Cargill.  Filtration results were good and the AD-10 showed excellent viscosifying power 
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in harsh conditions of high salinity, high hardness, and elevated temperature. Solutions of 

the AD-10 were tested in coreflood without oil through Bentheimer and Berea sandstones 

at room temperature and one coreflood at 100 °C. Polymer retention was lower at higher 

temperature for cores of similar permeability. Shear correction factors of 1.3-1.6 were 

determined for AD-10 scleroglucan solutions through sandstone at 25 °C.  

BASF Aspiro™ hydrolyzed polyacrylamide polymers, 4211x, 4261x, 4231, 4251, 

were tested for filterability. The higher the molecular weight of the HPAM polymer, the 

less consistently the polymer could be prepared to pass filtration tests. The Aspiro 4211x 

and 4261x polymers were tested in subsequent corefloods without the presence of oil 

through Bentheimer sandstones. Shear correction factors of 2.1 were determined for 

solutions of Aspiro 4211x and 4261x through Bentheimer sandstones at 25 °C. 

Polymer flood oil recovery experiments were performed with Hengju Hengfloc 

63026 hydrolyzed polyacrylamide (HPAM) through reservoir sandpacks, as part of a 

blind study with other HPAM polymers. 
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Chapter 1: Introduction 

The main objective of this research was to develop, test and evaluate polymers for 

enhanced oil recovery.  

Currently, the most widely used polymers for EOR are hydrolyzed 

polyacrylamide polymers (HPAM), however their economic and technological viability is 

limited by harsh conditions of high salinity, hardness, and high temperature, and by their 

vulnerability to mechanical shear degradation. Biopolymers are studied as an alternative 

to synthetic polymers for enhanced oil recovery (EOR). 

The biopolymer, xanthan gum, has been studied and used for EOR for decades. In 

some reservoirs, the better tolerance of xanthan to shear degradation, high salinity and 

hardness offsets the higher cost of xanthan compared to HPAM. However, xanthan gum 

is not without technical limitations, and is limited to temperatures below 70-80°C (Ash et 

al. 1983; Kalpakci et al., 1990; Ryles, 1988; Seright & Henrici, 1990; Wellington, 1983). 

There is a need for a polymer that is viable at harsh reservoir conditions above this limit. 

Scleroglucan and schizophyllan are biopolymers which are alternatives to xanthan 

gum that may have better stability at high temperature.  Scleroglucan and schizophyllan 

are produced by different species of fungi, but their chemical structure is the same for all 

practical purposes.  Literature has shown that they have high viscosifying power at high 

temperatures, salinity and hardness.  

Literature has reported the use of schizophyllan in the oil field for polymer 

enhanced oil recovery, however, this commercial product was not available for this study. 
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Scleroglucan is currently used as viscosifying agents in different applications such as 

cosmetics, personal care products, and oil field drilling fluids, and there are scleroglucan 

commercial products available on the market, however, the applications for which they 

are designed do not require as high quality a product as would be needed for EOR. The 

main challenge of these commercially available grades of scleroglucan has been their 

poor filterability and transport through porous media.  

In the research presented in this master’s thesis, Experiments with hydrolyzed 

polyacrylamide polymers were performed. Hengju Hengfloc™ 63026 HPAM polymer 

was studied in secondary and tertiary polymer flooding oil recovery experiments. BASF 

Aspiro™ HPAM polymers were studied for filterability and then tested in corefloods to 

evaluate their transport behavior. 

Scleroglucan biopolymers were developed and studied as an alternative to 

synthetic polymers for enhanced oil recovery. An improved method of preparing a 

filterable scleroglucan solution from a commercially available product, CS-11, was 

developed and tested in subsequent coreflooding. Next, a prototype EOR-grade 

scleroglucan liquid product, AD-10, was provided by Cargill, and was evaluated in 

filterability and coreflood tests. 
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Chapter 2: Background and Literature Review 

The purpose of this literature review is to review the most relevant biopolymer 

concepts related to enhanced oil recovery. It is not intended to be an exhaustive review of 

biopolymers. The focus is on concepts pertaining to the viscous stability and flow 

properties of the biopolymers in porous media and to the application of the biopolymers 

for EOR.  

Because scleroglucan and schizophyllan biopolymers have many similarities to 

xanthan, it is beneficial to review and learn from the experience with xanthan to better 

understand scleroglucan and schizophyllan. These biopolymers are all polysaccharides 

that are in multi strand ordered conformations held together by hydrogen bonding; thus 

their conformational state and transition must be considered. Their rheological behavior 

is more similar to each other than to hydrolyzed polyacrylamide (HPAM) polymers; the 

biopolymers are insensitive to salinity and hardness, resistant to shear degradation, and 

show no viscous dilatancy in porous media. The thermal stability of xanthan, 

scleroglucan and schizophyllan are affected by chemical reactions that occur with 

polysaccharides indiscriminately.  Xanthan, scleroglucan, and schizophyllan are products 

of a liquid fermentation process and thus their filterabilities are affected by similar 

clarification, handling and preparation processes. Thus a review of the literature on 

xanthan used for EOR is pertinent to the application of scleroglucan and schizophyllan 

for EOR. 

The conformation of the polysaccharide molecules is the main factor determining 

the viscosity of biopolymers, thus I will review the effect of temperature, salinity, and pH 
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on the conformation of the xanthan, scleroglucan and schizophyllan molecules. Then, I 

will review literature about the long-term thermal stability, filterability, and coreflood 

experiments performed using these biopolymers. 

XANTHAN 

Xanthan is an anionic polysaccharide produced by bacteria of the genus 

Xanthomonas. Xanthan has been studied for decades, starting with its laboratory 

production in the 1950’s (Lilly et al., 1958). Very soon afterwards, the United States 

Department of Agriculture at Northern Regional Research Laboratory cultivated the 

Xanthomonas Campestris  “NRRL B-1459” strain, to produce xanthan at a practical scale 

(Jeanes et al., 1961; Sloneker & Jeanes, 1962) 

Chemical structure 

Xanthan gum has a cellulosic backbone with a trisaccharide side chain attached to 

every other backbone glucose unit. The trisaccharide side chain consists of a 

mannose/glucuronic-acid/mannose sequence.  The inside mannosyl unit has an acetate 

group and the end mannosyl unit may contain a cyclic pyruvate moiety  (Jansson et al., 

1975; Melton et al., 1976).  The acetate and pyruvate content of xanthan varies depending 

on the particular culture of bacteria and the fermentation conditions  (Lecourtier et al., 

1986; Milas, 1990). The chemical structure is shown in Figure 2-1. 

 



5 

 

 

 

 

Figure 2-1: The repeating chemical structure of xanthan (Viebke, 2005) 

The glucuronosyl unit and the pyruvate moiety on the side chain contributes to the 

anionicity of xanthan gum, however the presence of just a small concentration of 

electrolytes is enough to shield electrostatic interaction.  For example, as shown in 

Figure 2-2, above a background salinity of as little as 500 ppm NaCl, the viscosity of 

1000 ppm xanthan solution is insensitive to change in salinity. 

 



6 

 

 

 

Figure 2-2: Effect of NaCl concentration on solution viscosity for various xanthan 

concentrations. (Kang & Pettitt, 2012) 

Molecular weight 

Viebke (2005) has reviewed the molecular weights reported from various 

literature sources. Most molecular weight measurements reported for xanthan are in the 

range of 2-6 million Daltons. 
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Ordered and Disordered Conformations 

Native xanthan gum refers to xanthan gum that has not yet been exposed to high 

temperature or dilution of electrolytes. Native xanthan gum has an ordered double helical 

rigid-rod like conformation that gives the macromolecule its high viscosity and tolerance 

to shear degradation (Viebke, 2005). 

Upon heating from native state, xanthan gum in dilute concentration will denature 

and undergo a transition from an ordered to a disordered conformation. The viscosity is 

reduced (Viebke et al., 2001), molecular weight of a macromolecular structure decreases 

(Capron et al., 1997), and the optical reflectance is increased  (Foss et al., 1987).  

Upon cooling from denatured state, xanthan gum will re-nature back from a 

disordered state to an ordered state. There is still discussion whether the re-natured state 

is a single-stranded or double-stranded helix.  Morris et al. (1977) suggested a single 

helix ordered structure, while others (Moorhouse et al., 1977; Okuyama et al., 1980) 

found evidence for the double stranded intertwined helix. Some have suggested also a 

side-by-side, lateral association (Norton et al., 1984). In dilute concentration, the strand 

may fold back on itself associating with itself. At high concentration, the re-natured 

xanthan will form a gel network. 

Conformational Transition with Temperature 

The conformational transition is not “a simple two-state, all-or-none process”, 

meaning that the transition is gradual and both conformations can co-exist within the 

same macromolecular structure  (Norton et al., 1984). 
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The temperature at which the transition begins is a function of the salinity. The 

higher the background salinity, the higher the temperature at which the transition begins. 

Holzwarth (1976) observed the conformation transition of a 600 ppm xanthan solution at 

neutral pH, by observing the change in optical rotation, and demonstrated that varying the 

NaCl and CaCl2 concentration shifted the transition temperature.  Milas & Rinaudo 

(1979) observed similar results with xanthan solutions at 0.4-30 g/L polymer 

concentration. 

Seright & Henrici (1990) used the data from Milas & Rinaudo (1979) and 

Holzwarth (1976)  to describe the midpoint temperature of the conformation transition as 

a function of NaCl and CaCl2 concentrations, and ionicity. Using the data of Holzwarth, 

the midpoint transition temperature, Tm, in Celsius, as function of molar sodium 

concentration or calcium concentration was estimated as follows: 

Tm = 122 + 30 log [Na+] 

Tm = 310 + 70 log [Ca++] 

Using the data of Milas & Rinaudo, the midpoint transition temperature in Celsius as 

function of molar sodium concentration was estimated as follows: 

Tm = 122 + 43 log [Na+] 

Using these equations, Tm for a solution with 30,000 ppm NaCl is about 110°C. The onset 

of the transition would be at about 90 °C. 
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Effect of Acetyl and Pyruvate Functional Groups on conformational stability 

Acetyl groups of the xanthan molecule stabilize the ordered conformation by 

promoting association of side chains with the backbone. Intramolecular hydrogen 

bonding supports a more rigid conformation. Tako & Nakamura (1988, 1989) suggested 

that the acetyl groups of the side chain hydrogen bond with the oxygen atom of the D-

glucosyl on the backbone, while Kitagawa et al. (1985) and Okuyama et al. (1980) 

suggested multiple hydrogen bonds per repeating unit. The alignment of the side chains 

cover the main chain and protect the more labile main chain hydrogen bonds. However, 

acetyl groups can be irreversibly removed by high temperature or above pH 9 (Callet et 

al., 1987). 

Pyruvate destabilizes ordered conformation (Callet et al., 1987; Holzwarth & 

Ogletree, 1979; Smith et al., 1981). The electrostatic repulsion of the pyruvate groups on 

neighboring side branches is minimized when the side chains extend away from the 

backbone (Tako & Nakamura, 1988). In pyruvate-free xanthan, the temperature at which 

the conformational transition begins is increased and the transition is sharper, i.e. the 

temperature difference from onset of transition to completion of transition is smaller 

(Holzwarth & Ogletree, 1979). 

SCLEROGLUCAN & SCHIZOPHYLLAN 

Scleroglucan polysaccharide is produced by fungi of the genus Sclerotium, 

whereas schizophyllan polysaccharide is produced by Schizophyllum commune. Although 

they are produced from two different genera of fungi, they have the same chemical 

structure (Yanaki & Norisuye, 1983). 
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Chemical structure 

Scleroglucan and schizophyllan are neutral polysaccharides composed of (1-3)-

linked β-D glucopyranosyl units with a (1-6)-linked β-D-glucopyranosyl side unit at 

every third main chain unit.  

 

 

Figure 2-3: The repeating chemical structure of Scleroglucan and Schizophyllan 

Scleroglucan and schizophyllan in their native state are found in an ordered triple 

strand helix conformation. At high pH or high temperature, the hydrogen bonds holding 

the three strands of polysaccharides together are interrupted and the triple helix structure 

transitions to a disordered conformation (Bo et al., 1987; Zentz et al., 1992). 

Molecular Weight 

The literature reports molecular weights for scleroglucan and schizophyllan to be 

on the order of a few million Dalton.  Leonhardt et al. (2014) reports the molecular 

weight of schizophyllan to be 2-6 million Dalton, which is consistent with Rivenq et al. 
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(1992), Zentz et al., (1992), and Broseta et al. (1995), who reports 5.3 million, 5 million, 

and 5.4 million Dalton respectively, for scleroglucan. 

Conformational Denaturation with pH 

The literature reports the pH-denaturing of scleroglucan and schizophyllan at pH 

greater than 12.  Kashiwagi et al. (1981) report that schizophyllan maintains its triple 

helix in the presence of up to at least 0.02 N NaOH at 25°C, which corresponds to about 

pH 12.3.  Bluhm et al. (1982) report the transition at pH 12 (with NaOH) for 0.49 g/L 

scleroglucan in 0.008 M NaCl (0.468 g/L NaCl).  Zentz et al. (1992) reports the 

coexistence of triple helices and single chains with 0.05 M NaOH (corresponding to a pH 

of 12.7) for 1250 ppm schizophyllan in 20 g/L NaCl at room temperature. 

Conformational Denaturation with Temperature 

The literature reports the thermal denaturing of pH-neutral solutions of 

scleroglucan and schizophyllan at a temperature of 130-135°C.  Zentz et al. (1992) 

reports the transition at 135°C for 0.1-0.3 g/L schizophyllan in 20 g/L NaCl.  Noïk & 

Lecourtier (1993) observed scleroglucan to behave like a rigid rod up to 130 °C. They 

calculated an Arrhenius apparent activation energy of the destabilization to be in the 

same the order of magnitude as the hydrogen bonds stabilizing the triple-helix 

conformation. Leonhardt et al. (2011) reported a 90% reduction in viscosity at 

temperatures between 60-135°C for 3000 ppm schizophyllan in fresh water, after which 

the viscosity decreased severely upon rapid denaturation of the triple helix. 
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LONG TERM THERMAL STABILITY OF BIOPOLYMERS  

There is a distinction between conformational stability and long-term thermal 

stability of the biopolymer. Although both conformational denaturation and thermal 

degradation cause a reduction of viscosity, the nature of the two phenomena are different. 

Conformational denaturation is caused by the interruption of the hydrogen bonds between 

the intertwined polysaccharide strands, unravelling the helical structure. Thermal 

degradation is the breaking of covalent bonds on the backbone of the polysaccharide, 

causing scission of the polysaccharide into shorter lengths. 

Conformational denaturation occurs at much faster rates than thermal degradation. 

For example, schizophyllan denaturation is complete after 10 minutes of heating at 

temperatures above 135 °C, or the addition of 0.2 M NaOH (Zentz et al., 1992), whereas 

thermal degradation is quantified by viscosity-half-lives on the order of days and months.  

Literature suggests that thermal degradation is initiated by a free radical 

mechanism, as well as by acid or base catalyzed fragmentation hydrolysis. Kalpakci et al. 

(1990) describe the ability of acetal carbons in the polysaccharide to stabilize a free 

radical, making it particularly susceptible to oxidative hydrolysis. The glycoside bonds 

between glucose units are also susceptible to acidic hydrolysis (Seright & Henrici, 1990) 

again due to the acetal link.  

There are numerous pathways for free radicals to be generated, because any 

transition metal can generate a free radical in the presence of oxygen (Larson & Weber, 

1994; Wellington, 1983).  Levitt (2009) and Ramsden & McKay (1986) describe a multi-
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step process whereby iron catalyzes the generation of peroxidates in a multi-step process, 

without the consumption of the Fe3+.  

Wellington (1983) describes various pathways of generation and propagation of 

free radicals, and their interactions with antioxidants. The results of his thermal stability 

work is the well-known ‘Wellington package’ of IPA, thiourea and an oxygen scavenger, 

which is widely used to improve the thermal stability of biopolymers. 

 Seright & Henrici (1990) performed thermal stability studies on xanthan (which 

also has acetal links as well as cleavable groups) and determined viscosity decay 

constants for solutions at various pH values. They found that maximum thermal stability 

was observed for xanthan solutions at near-neutral pH values between 7 and 8. The acids 

and bases catalyze fragmentation reactions that affect the thermal stability are not specific 

to xanthan and apply to polysaccharides in general, thus, it follows that scleroglucan and 

schizophyllan would also be expected to be most thermally stable at pH values between 7 

and 8. This is consistent with Zentz et al. (1992), who performed thermal degradation 

studies of schizophyllan and found that half-life times for alkaline pH samples were 

significantly shorter than those in neutral pH.  

Results from various authors show that unbuffered biopolymer solutions, both 

xanthan and scleroglucan, equilibrate to acidic pH values. Kalpakci et al. (1990) reported 

that xanthan solutions with initial pH values of 4.5, 5.5 and 7.5 at various elevated 

temperatures all changed to acidic pH values of 5- 6.5 within 152 days at elevated 

temperature. Wellington (1983) notes that the by-products of oxidative-reductive 

depolymerization reactions are acidic and would catalyze further polysaccharide 
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hydrolysis if not tempered by a buffer. Kalpakci et al. (1990) also suggested that ester 

impurities hydrolyze to carboxylic acids and would contribute to a lower pH. 

There is disagreement in the literature about whether the conformation has an 

effect on the degradation rate. Zentz et al. (1992) showed that degradation rates for 

schizophyllan did not depend on the conformation, while Lambert & Rinaudo (1985) and 

Seright & Henrici (1990) observed slower degradation rates of xanthan in the ordered 

conformation. Given that one possible mechanism of the thermal degradation of 

polysaccharides is free radical oxidation, the dependence of thermal stability on 

conformation is consistent with the better thermal stability of scleroglucan and 

schizophyllan compared to xanthan. Kalpakci et al. (1990) suggested that because 

scleroglucan and schizophyllan are in triple helix conformations, instead of xanthan’s 

double helix, the geometry of the triple helix structure imposes a higher energy 

requirement to initiate stabilization of a free radical. Also, an additional strand in the 

helix would require more scissions of the polysaccharide strands in the same location to 

break the helix as a whole.  

 Numerous thermal stability studies have been done on xanthan. Taking into 

account the literature, xanthan prepared with a protection package and buffered at a pH of 

7-8 and moderate to high salinity (3% TDS and above) should retain at least 80% of its 

original viscosity for several months at 70 °C and maintain at least 50% of its original 

viscosity for a period of 5 years at 75-80 °C (Ash et al. 1983; Kalpakci et al., 1990; Ryles, 

1988; Seright & Henrici, 1990; Wellington, 1983). 
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Long term thermal stability studies of scleroglucan have been performed by 

Akstinat (1980), Davison & Mentzer (1982), Kalpakci et al. (1990), and Lecourtier et al. 

(1987). The results from different authors show that with careful preparation and in 

anaerobic conditions, scleroglucan solutions can retain its viscosity at 93 °C from several 

months to several years. At even higher temperatures, Kalpakci et al.(1990) reported that 

scleroglucan lost little to no viscosity at 100 °C for over 2 years, and retains 80-90% 

viscosity at 105 °C. 

 

CLARIFICATION OF BIOPOLYMERS 

The main challenge with biopolymers has been their poor filterability and 

plugging during flow through porous media. The problem is attributed to the presence of 

organic material such as proteins or other cellular debris and also polymer aggregates or 

microgels that may be a result of the particular process used to isolate the polymer from 

the fermentation broth (Carter et al. 1980). 

Of the various methods used in the literature to clarify the biopolymers, the most 

direct method is to filter the biopolymer through microporous filter paper such as is done 

by Fletcher et al.(1991), Kohler & Chauveteau (1981) and Kulawardana et al. (2013). 

This type of process, however, may require multiple filtrations through successively 

smaller filter pore sizes at elevated temperature. Also, very often, reduced filtration rate 

and plugging of the filter paper occur after just a small amount of throughput. 

Other methods of clarifying biopolymer include filtering through diatomaceous 

earth (Yost & Stokke, 1975), mixing with surfactants (Pirri et al. 1993), enzyme 
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treatment (Colegrove, 1976; Lipton, 1974; Patton, 1973; Wellington, 1978), and pH 

treatment (Mazoyer & Lhonneur, 2015).  

No matter how successful a process may be at the laboratory scale, these methods 

must ultimately be cost effective and practical at the pilot or field scale. Frequent 

replacement of filtration media and/ or the high cost of process chemicals add to the cost 

of using the biopolymer. 

 

BIOPOLYMER FLOW THROUGH POROUS MEDIA 

Any polymer that is intended for enhanced oil recovery must be thoroughly 

evaluated, first in filterability tests, and then in core flood experiments with and without 

the presence of oil. 

Coreflood experiments are needed to qualify a polymer for EOR. The quantitative 

determination of polymer properties such as polymer retention, apparent viscosity, 

resistance factor and shear correction factor is essential as a first step in evaluating a 

polymer for EOR. For those polymers that qualify (meet certain minimum standards of 

transport, stability, etc.), these and other properties are also needed as input for numerical 

simulation studies used to scale up the corefloods to reservoir scale. The simulations are 

then used to optimize the polymer concentration and injection rates among other factors 

that affect the economics of a polymer flood as well as other EOR processes such as ASP 

and ACP flooding. Additional requirements such as compatibility with the surfactants 

and alkali must be met for the latter processes.  
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Filtration test 

A simple and quick first step in evaluating a polymer without the use of valuable 

reservoir core or fluids is to do a filtration test.  The polymer solution is filtered through 

filter paper at constant pressure and the volumes filtered versus time is measured 

(Kulawardana et al., 2013). Alternately, a constant filtration rate is applied and the 

pressure drop across the filter paper versus filtered volume is measure (Chauveteau & 

Kohler, 1984). 

Any observed reduction of permeability of the filter paper, i.e. increased pressure 

drop, or decreased filtration rate, indicates the plugging of the filter and removal of mass 

from the polymer solution.  If a polymer solution does not filter without reducing the 

filter permeability, then a reduction in injectivity and/or poor transport in the reservoir are 

likely. Furthermore, a polymer solution that does not plug the filter paper may still reduce 

the permeability of the reservoir. Such filtration tests are therefore considered necessary 

but not sufficient to qualify the polymer use in a reservoir. . 

In their filtration studies, Kohler & Chauveteau (1981) found that xanthan 

solutions prepared from powdered xanthan filtered under 100 kPa (14.5 psi) through 0.8 

µm filters still plugged during repeated filtering at a lower filtration rate of 0.25 m/d 

(0.0762 ft/d). They suggested that the microgels deformed under a high pressure so that 

they can pass through the 0.8 µm filter size, but do not deform at the lower velocity, 

plugging the filter. They concluded that the use of liquid sources of xanthan, specifically 

prepared for enhanced oil recovery, were preferred over xanthan solutions prepared from 

a solid powder. 
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Corefloods with Biopolymers 

If a polymer filters without difficulty, its transport properties through porous 

media are tested by in coreflood experiments.  These corefloods are usually performed 

first in a sand pack or standard outcrop core such as Berea sandstone or Bentheimer 

sandstone, but the polymer should ultimately be tested in a core that has similar 

mineralogy, permeability and porosity as the target reservoir, and preferably a native state 

or restored state reservoir core. Multiple coreflood experiments are often done through 

cores of successively lower permeability as a progressively stringent test parameter. 

Polymers that transport well show pressure drops that reach steady state and 

effluent viscosities that match injection viscosity within a reasonable number of injected 

pore volumes i.e. they do not plug the core.  Polymer rheology through porous media is 

different from viscosity and rheology when measured as a bulk phase in a rheometer, thus 

apparent viscosity in the core, shear correction factor, and polymer retention must be 

measured. The pH of the effluent is monitored to observe the buffering capacity of the 

rock on the injection solution, which may be particularly important for injection solutions 

sensitive to pH.  Polymer concentration in the effluent must be measured to determine the 

retention from a mass balance.  

Polymer floods are often conducted first in the absence of oil to conserve oil as 

well as for many other reasons and then later more tests are done with oil.. For the 

purposes of validating a polymer for EOR, polymer floods are done with oil, not only to 

observe the effect of oil on the polymer apparent viscosity, but also to ensure chemical 

compatibility of the oil with the polymer solution. The measurement of apparent 
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viscosity, shear correction factor, and polymer retention are critical input parameters for 

the successful design, simulation, cost estimation and field implementation of a polymer 

EOR project. 

Polymers that do not perform well in corefloods have high polymer retention and 

require more injected pore volumes to reach steady state pressure drops (if it ever does). 

This behavior manifests itself as a permeability reduction factor that may not scale up to 

larger dimensions or may not apply to most of the flow in the reservoir, and is therefore 

misleading and should not be input to simulators. This behavior may indicate a 

biopolymer solution that is not thoroughly clarified.  For example, the inability to reach 

steady state pressure drop, the late breakthrough of polymer after 4 PV, and the high 

polymer retention of  >84 µg/g indicated plugging and poor performance of a 

scleroglucan solution through sand packs of 61 mD and 300 mD (Huang & Sorbie, 1993), 

while for a carefully clarified solution of xanthan free of microgels (Kohler & 

Chauveteau, 1981), steady state pressure drops reached at 2-3 PV, with no permeability 

reduction indicating good performance. 

Lower apparent viscosities and higher shear rate correction factors are observed 

for biopolymer floods at residual oil reported by Fletcher et al. (1991), Lange et al. 

(1989) and Wreath (1989). This is consistent with the behavior of HPAM as observed by 

(Koh, 2015). 

Rivenq et al. (1992) performed floods using scleroglucan at 30, 60, and 90 °C and 

observed lower polymer retention at higher temperatures. This was also observed by Koh 
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(2015) and Kulawardana et al. (2013), who performed scleroglucan floods at 25, 50, 85 

and 100 °C. 

The literature is unclear about the effect of clay content and the presence of oil on 

polymer retention. Fletcher et al. (1991) attributed higher polymer retention to higher 

clay and iron content, while Lund et al. (1991) reported no effect of clays on retention.   

Lund et al. (1991) conducted polymer floods with and without oil saturation and reported 

lower xanthan polymer retention in the presence of residual oil saturation, however the 

opposite trend was observed with xanthan by Hughes et al. (1990). 

There is a wide range of biopolymer retention values reported in the literature, but 

there is no clear difference in polymer retention between xanthan and scleroglucan 

(Audibert et al. 1991; Broseta et al., 1995; Fletcher et al., 1991; Huang & Sorbie, 1992 & 

1993; Hughes et al. 1990; Lotsch et al., 1985; Lund et al., 1990; Rivenq et al., 2013).  

Most retention measurements are less than 50 µg/g with some values as low as 10 µg/g. 

Some exceptions are greater than 70 µg/g. The ability to adequately qualify, interpret and 

compare the results from the different papers is complicated by the various sources and 

forms of the biopolymer (powdered or liquid sample), and by the methods of preparing 

the biopolymer. Also, not all the papers provide data on the effluent such as polymer 

concentration or effluent viscosity, and it is unclear how some authors determine polymer 

retention. 
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ANALYTICAL METHODS OF MEASURING BIOPOLYMER CONCENTRATION 

There are multiple methods of measuring biopolymer concentration; however, 

each method has limitations that must be considered depending on the experimental 

conditions. 

A phenol-sulfuric acid method is widely used in the literature to measure 

polysaccharide concentration (DuBois et al. 1956; Sorbie, 1991). The extremely acidic 

solution hydrolyses (degrades) the long chain polysaccharide into individual sugar 

molecules and the phenol reacts with the sugars to create a color near the range of 480-

500 nm.  The safe use of highly corrosive sulfuric acid must be considered, and the 

advantages and disadvantages of using this method over others should be weighed. 

Furthermore, the phenol-sulfuric acid method is not ideal for biopolymer 

solutions that are made directly from fermentation broths, because the broths contain 

residual sugars. Resulting broths at the end of the fermentation process still contain some 

residual simple sugars, such as glucose, sucrose, or starch, that were added as nutrients 

for the fermentation organism. The fermentation process is stopped before all the sugars 

are consumed. This is for industrial microbiological reasons, to optimize the fermentation 

yield. The presence of these residual sugars will complicate the interpretation of 

corefloods by affecting the concentration data. The residual sugars are much smaller 

molecules than the polysaccharide biopolymer molecules.  Using the phenol sulfuric acid 

method to measure effluent polymer concentration might result in an apparent early 

breakthrough time of the biopolymer molecule. 
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The Congo Red method is describe in a number of  papers (Fariña et al. 2001; 

Ogawa et al. 1973; Semedo et al. 2015). The Congo Red dye forms a complex with the 

triple helix structure of the (1→3)-β-D-glucans. The more complexes are formed, the 

higher the shift of the peak of UV absorbance. However, since this method is sensitive to 

conformation of the glucan, this method is not ideal for measuring samples with varying 

pH values. 

 (Taylor & Nasr-El-Din, 1993) reviewed the literature for methods to determine 

xanthan concentration and methods to measure acetal and pyruvate content of the 

xanthan. 

The simplest method of estimating polymer concentration is to develop a 

correlation between viscosity and polymer concentrations. The viscosity of polymer 

solutions can be correlated to polymer concentration by the Flory-Huggins equation,  a 

monotonically increasing polynomial function (Flory, 1953; Lake, 1989). In practice, a 

second or third order polynomial is an adequate correlation for most polymer solutions. 

This method is complicated by thermal or chemical degradation, or varying pH 

conditions that will affect the viscosity of scleroglucan and schizophyllan, so the use of a 

pH buffer and precautions to prevent degradation are advised. 
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Chapter 3: Methods and Procedures 

Darcy Velocity, u 

Darcy velocity, u, or superficial velocity, is the volumetric flow rate, q, divided by the 

bulk cross-sectional area of flow, A. It is in units of length per time and the common unit 

is feet per day. 

𝑢 =
𝑞

𝐴
 

Interstitial Velocity, v 

Interstitial velocity, v, or frontal velocity, is the volumetric flow rate, q, divided by the 

bulk cross-sectional area of flow, A, divided by porosity, 𝝓. Equivalently, interstitial 

velocity is darcy velocity divided by porosity:  

𝑣 =
𝑞

𝐴𝝓
=

𝑢

𝝓
 

Resistance Factor, RF 

Resistance factor at a given point in time during polymer injection is calculated from the 

flow rates and pressure drops during polymer injection and brine flood (during brine 

permeability measurement) as follows: 

𝑅𝐹 =
∆𝑃𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑞𝑏𝑟𝑖𝑛𝑒

∆𝑃𝑏𝑟𝑖𝑛𝑒 𝑞𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 

Brine permeability should be measured at the same temperature as the polymer flood. 
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Stir-plate Mixing Procedure for HPAM powders 

The polymers received as dry powder are mixed at room temperature under argon 

blanket: 

I. While stirring brine on magnetic stir-plate at 350 rpm (with a long magnetic 

stir bar), sprinkle in dry polymer powder at a slow and consistent pace, into 

the shoulder of the vortex. Make sure to maintain vortex shape by increasing 

rpm as needed while adding polymer. 

II. Continue stirring at 350 rpm for 20 min or until stir bar starts to jump around, 

whichever comes first. 

III. Reduce speed to 125 rpm. 

IV. If ‘fish-eyes’ or cloudy gels are observed, solution is discarded and a new 

batch is made, taking care to sprinkle in polymer so it contacts the brine as a 

dispersed fine powder. Keep in mind that it is difficult or sometimes not 

possible to prepare microgel-free solutions from some lower quality polymers. 

V. Continue mixing for at least 48 hrs. 

VI. Re-blanket with argon before storing in refrigerator. 

 

UT Filtration Ratio Test procedure 

Filter polymer with 15 psig argon through 1.2 µm Millipore mixed cellulose ester 

membrane filter paper into 250 mL graduated cylinder, at room temperature. 

I. Start timer at 0 mL filtered. 
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II. Record the times at 60 mL, 80 mL, 180 mL, and 200 mL filtered. 

III. Filtration Ratio is the difference in time between 200 mL and 180 mL, divided by 

the difference in time between 80 mL and 60 mL: 

𝐹𝑅 =
𝑡200𝑚𝐿 − 𝑡180𝑚𝐿

𝑡80𝑚𝐿 − 𝑡60𝑚𝐿
 

 

IV. Filtration Ratio less than 1.2 is considered passing. 

 

Coreflood Setup 

Coreflood procedure and setup is different depending on the purpose and requirements of 

each coreflood experiment. Standard coreflood setup and procedures have been described 

by Fortenberry (2013), Koh, (2015), Unomah (2013). In general cores are either or potted 

in epoxy if for low temperature coreflood, or setup in a Hassler-type steel coreholder if 

the experiment is to be performed at high temperatures and high pressures. Figure 3-1 

shows the plumbing diagram generally used for coreflood experiments done in this 

laboratory.  A core at least 1 foot long is needed to minimize the effects of dispersion and 

capillary pressure and to enable accurate measurements of the pressure gradient along the 

core..  Three pressure taps along the length of the core, separating the core into 4 sections 

is standard practice. Rosemont™ pressure transducers are used.  Pressure data are 

recorded by a National Instruments Labview™-controlled, data acquisition system. 

Effluent is collect in fractional samples using a Teledyne Isco Retriever™ 500. If the 

coreflood experiment is to be performed at elevated temperature or with volatile fluids, a 
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backpressure regulator is plumbed to the outlet line to maintain an elevated pore pressure 

in the core.  

 

 

 

Figure 3-1: Standard Coreflood Set-up 
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Salinity Tracer Test 

The main purposes of a salinity tracer test are, (1) to determine the aqueous 

volume in the core, and (2) to determine the degree of heterogeneity of the core. For a 

core that is 100% brine saturated, the aqueous volume is then equivalently the pore 

volume. For a core that is, for example, at residual oil saturation, the aqueous volume is 

the pore volume times the water saturation. 

A salinity tracer test is performed at the beginning of a coreflood after the core 

has been initially vacuum saturated with brine. The purpose of performing this test at this 

stage of the core flood is to determine if the core is of a high enough quality to use for the 

rest of the coreflood experiment, i.e., to make sure the core is not fractured or layered 

with anomalous high permeability, or low permeability zones. 

To perform a salinity tracer test, the aqueous phase of the core is initially of a 

homogenous salinity. A brine of a different salinity is injected to displace the initial brine. 

The salinity of the effluent is collect in fractional samples by a fractional collector, and 

the volume and the salinity in each fractional sample is measured. The brine is injected 

until the effluent salinity is steady-state, matching the injection salinity. 

The dimensionless normalized effluent salinity is the difference between the 

effluent salinity and initial brine salinity in the core, divided by the difference between 

initial brine salinity in the core and injection salinity. Normalized effluent salinity is 

plotted versus aqueous volumes collected. Figure 3-2 shows an example of the 

normalized effluent salinity profile during the tracer test.  
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Figure 3-2: Example, Normalized Effluent Salinity during Brine Flood. Initial and final 

salinities given in units of parts per thousand (ppt) TDS. 

The aqueous volume in the core is determined by mass balance.  After the effluent 

salinity has reached steady-state matching the injection salinity, the aqueous volume is 

determined as follows: 

Vaqueous  = 
nD n

n

((1 S )(V ))  

where Vaqueous is the aqueous volume, SDn is the normalized effluent salinity for the nth 

effluent sample, Vn is the volume of the nth
 effluent sample, and the summation is over all 

the effluent samples.  
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Core Reduction and Conditioning 

The purpose of reducing and conditioning a core is to bring the core to a state that 

is closer to the EH-reduced environment underground, in the reservoir. The development 

and description of this process is described in the literature (Rajapaksha et al., 2014; 

Unomah, 2013). This reducing and conditioning process reduces the core to a low Eh 

(oxidative reductive potential, ORP), and removes oxidized amorphous iron. 

When preparing any solution with a reducing agent, e.g. sodium dithionite or 

sodium isoascorbate, bubble the solution with argon for 30-60 minutes to remove 

dissolved oxygen from the solution before adding the reducing agent. After addition of 

reducing agent, the solution must be protected from exposure to air in order to prevent 

decomposition of reducing agent. After the core is reduced and conditioned, all solutions 

to be injected to the core must be bubbled with argon to remove oxygen and a reducing 

agent included. 

The procedure to reduce and condition the core is as follows: 

I. The clean and dry core is potted in epoxy or setup in coreholder. 

II. Vacuum saturated with a high salinity brine (e.g. 50,000 ppm NaCl) 

III. Inject with 40,000 ppm NaHCO3, 10,000 ppm tetra-sodium EDTA, 10,000 ppm 

Na2S2O4 until steady state Fe2+ concentration. Experience has shown that iron 

effluent concentration typically reaches a steady state level of less than 25 ppm 

Fe2+. 

IV. Next, inject with 40,000 ppm NaHCO3, 10,000 ppm Na2S2O4 (same composition 

as previous solution but with sodium EDTA excluded) until steady state Fe 

concentration near zero. 
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V. If the formation brine that the core is intended to be saturated with contains 

hardness, i.e. calcium or magnesium ions, displace the previous brine with 50,000 

ppm NaCl for at least 2 PV before injecting with the intended formation brine. 

This is to prevent precipitation of the carbonate of calcium or magnesium causing 

permeability damage to the core. 

 

Determining Shear Correction Factor, C 

 To determine the shear correction factor, the viscosity vs. shear rate of the 

injection solution as measured in the rheometer is plotted with the apparent viscosity and 

equivalent shear rate during the polymer flood, using the shear correction factor as a 

fitting parameter. 

 Apparent viscosity of the polymer in the core at each flow rate was calculated 

from the pressure drop using Darcy’s law. 

 Equivalent shear rate at each flow rate is calculated using the following equation, 

where n is the power law exponent, u is the darcy velocity, k is the permeability (in units 

of area), kr is relative permeability, 𝝓 is the porosity, and Sw is aqueous phase saturation: 

 

Exercise careful judgement in fitting data when viscous shear thickening/ dilatant 

behavior is present, as is often the case with HPAM polymer solutions. An example, 

taken from the 4261x coreflood discussed later in Chapter 4, is shown in Figure 3-3. 

𝜸𝒆𝒒 = 𝑪(
𝟑𝒏 + 𝟏

𝟒𝒏
)

𝒏
𝒏−𝟏

𝟒𝒖

√𝟖𝒌𝒌𝒓𝝓𝑺𝒘
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Notice the presence of viscous shear thickening and dilatancy above a shear rate of 20 s-1. 

In this example, a shear correction factor of C = 2.1 ± 0.3 was determined to best fit the 

coreflood apparent viscosities to the rheometer-measured viscosities. 

 

 

Figure 3-3: Example, Determining Shear Correction Factor 

 

Determining HPAM Concentration by UV turbidity method 

This method is designed to measure HPAM polymer concentrations in the range of 0 to 

500 ppm HPAM. If you are trying to measure concentrations higher than 500 ppm, you 

must dilute each sample to within the 0 to 500 ppm range. 
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I. Combine 5 mL of each diluted HPAM sample with 5 mL of 5N acetic acid and 

leave the entire set rocking/mixing overnight.   

II. 5 mL of 1.25% NaOCl (bleach) is added exactly 1 minute before you intend to 

scan an individual sample. 

III. The NaOCl is added and then mixed on a magnetic stirrer for exactly 1 minute. 

IV. After mixing for 1 minute, immediately transfer some of the now 15 mL sample 

to the cuvette sample holder for the UV photospectrometer and start the UV 

absorbance scan.  

Samples with known polymer concentrations of 0, 100, 200, 300, 400 & 500 ppm are 

diluted from polymer sampled from the injection column. These known samples are 

prepared and measured on the UV spectrophotometer.  

Polymer concentration vs. UV absorbance at 520 nm of the standards is correlated by 

a linear function. An example is shown in Figure 3-4.  The polymer concentration of 

each effluent sample is calculated using such a concentration vs. absorbance correlation.  

Here are some best practices for using this method: 

 The measured UV absorbance is affected by the amount of time from addition of 

NaOCl to transferring the sample to the cuvette, to starting the UV absorbance 

scan; thus developing a good rhythm will reduce the error and variability in 

measurements. 

 Since the correlation is a linear relation, make and measure multiple standard 

samples at 0 ppm and 500 ppm for a better correlation. 
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Figure 3-4:  Example, Polymer Concentration vs. UV absorbance at 520 nm 

 

Determining Polymer Retention by Mass Balance 

Polymer retention is calculated by mass balance. Polymer retained is the mass of 

polymer injected subtract the mass of polymer produced, subtract the mass of polymer in 

solution in the core. Polymer retention is the mass of polymer retained divided by the dry 

mass of the core. 

Polymer retention = (mass retained)/(dry mass of core) 

Mass retained = (mass of polymer injected) – (mass of polymer produced) – 

(mass of polymer in solution in the core) 
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Mass of polymer injected = (pore volumes of polymer injected)(mL per pore 

volume)(density, g/mL)(polymer concentration, ppm or µg/g) 

Mass of polymer produced = Σ (mL of aqueous volume in effluent sample)(µg 

polymer per mL of aqueous effluent sample) 

Mass of polymer in solution in the core = (water saturation)(mL per pore 

volume)(µg polymer per mL of injection solution) 
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Chapter 4: Experimental Results 

HENGJU HENGFLOC™ 63026  

Two corefloods, named TLW-P03 and TLW-P05, were performed as part of a 

series of experiments using HPAM polymers from different suppliers.  The purpose of 

these corefloods was to compare the oil recovery from secondary and tertiary polymer 

floods. Hengju Hengfloc™ 63026 was used in these two experiments. 

 TLW-P03 Coreflood 

The purpose of the TLW-P03 coreflood experiment was to measure the oil 

recovery from a secondary polymer flood using Hengfloc 63026 with TLW reservoir 

sand and crude oil. 

TLW reservoir sand was tightly packed inside the sleeve of a Hassler-type core-

holder to make a sandpack.  To pack the sand in the coreholder, the coreholder was 

oriented vertically with the non-length-adjustable end piece in place at the bottom end. 

The top end was left open to add the sand. The TLW reservoir sand was sifted into the 

sleeve one teaspoonful at a time, and then hand-compacted with a metal rod, before 

adding another teaspoon of sand. The metal rod was used as a dip-stick to gauge the 

depth of sand added to the sleeve. The sleeve was packed without the presence of 

confining pressure and with the annulus empty. This method assumes that the sleeve is in 

the approximately desired circular shape and diameter. Once the desired depth of sand 

was packed, the length-adjustable end piece is installed at the top end. 
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The confining-pressure annulus was pressurized with air at ~ 50 psi to test for 

leaks. After leak testing to ensure the annulus maintains the pressure, the annulus was 

filled with mineral oil, displacing the air. A confining pressure of 1000 psi was used 

applied and maintained throughout the rest of the experiment. 

The sandpack was initially vacuumed and saturated with 4x concentration of 

TLW formation brine (without HCO3), which is 25,008 ppm TDS. The compositions of 

the brines are shown in Table 4-1. Next, a salinity tracer test was conducted, as described 

in Chapter 3, with 6,252 ppm of TLW formation brine.  Normalized effluent salinity is 

the difference between the effluent salinity and initial brine salinity in the core, divided 

by the difference between initial brine salinity in the core and injection salinity. Figure 

4-1 shows the normalized effluent salinity during the tracer test. The pore volume was 

estimated from the salinity tracer test to be 90 mL as described in Chapter 3.  

The salinity tracer broke through at 0.6 PV, reached 10% normalized salinity at 

0.75 PV, 90% at 1.35 PV, and full normalized salinity at 1.5 PV. The shape of the 

normalized salinity tracer profile was very symmetric, which indicated that the sand pack 

was very homogenous. This is not surprising, considering that the reservoir sand used for 

this pack was collected in a jar and stirred to homogenize the material before adding to 

the coreholder. 
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Table 4-1: TLW Brine Compositions 

 

 

  

Figure 4-1: TLW-P03 Coreflood, Normalized Effluent Salinity during the Brine Flood. 

Initial and final salinities are given in units of parts per thousand (ppt) TDS. 

TLW 

“Lake 

Water”

TLW 

Formation 

Brine (w/o 

HCO3)

Ca++ ppm 9 170

Mg++ ppm 23 44

Na+ ppm 49 1954

K+ ppm 49 334

Cl- ppm 195 3739

SO4-_ ppm 11 11

HCO3- ppm 0 0

TDS ppm 336 6252
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The pressure drop during the brine flood was measured at an injection rate of 5.25 

mL/min (84 ft/day) to determine the brine permeability. Figure 4-2 shows the pressure 

drop across the core during the brine flood. The brine permeability was 2305 mD.  

 

Figure 4-2: TLW-P03 Coreflood, Pressure Drop Data during the Brine Flood 

 

The oil was filtered successively through 5, 3, 1.2, and 0.45µm mixed cellulose 

ester membrane Millipore filter paper at 73 °C. The crude oil was diluted with 23.5 wt% 

toluene to create a surrogate oil of 3.5 cp at 73°C.   

The oil flood was performed at a constant injection pressure of about 50 psi and a 

back pressure of about 25 psi until residual water saturation was reached. The core was 

aged for 3 days at 73°C and was then flooded with another 1.3 pore volumes of surrogate 



39 

 

 

oil. No more water was produced from the second oil flood. The initial oil saturation, Soi, 

was 0.67.  Figure 4-3 shows the pressure drop data during the oil flood after ageing. The 

final pressure drop was 27.2 psi at a flow rate of 32.4 mL/min. The oil permeability was 

2736 mD and oil relative permeability was 1.19. 

 

Figure 4-3: TLW-P03 Coreflood, Pressure Drop Data during the 2nd Oil Flood 

 

800 ppm Hengfloc 63026 in TLW Lake Water was used for polymer flooding. 

The polymer was filtered using the standard UT filtration ratio test with 1.2 micron 

mixed cellulose ester membrane Millipore filter paper under 15 psi.  The filtration ratio 

was 1.03. The pH of the polymer solution was 6.6. 
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The viscosity of the polymer injection solution was measured on the ARES LS-1 

rheometer and is shown in Figure 4-4. The viscosity was 21 cp at 10 sec-1 and 73oC. 

 

Figure 4-4: Viscosity of 800 ppm Hengfloc 63026 in TLW Lake Water at 73°C 

 

800 ppm Hengfloc 63026 in TLW Lake Water was injected at 1 ft/day (0.063 

mL/min) until no more oil was produced. The residual oil saturation at the end of the 

polymer flood was 0.327. The pressure drop data during polymer injection are shown in 

Figure 4-5. The oil recovery is shown in Figure 4-6.  
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Figure 4-5: TLW-P03 Coreflood, Pressure Drop Data during the Polymer Injection 

 

Figure 4-6: TLW-P03 Coreflood, Oil Recovery during the Polymer Injection 
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Effluent polymer concentration was measured using the standard UV turbidity 

method described in Chapter 3.  Normalized effluent polymer concentration is the 

effluent polymer concentration divided by the injected polymer concentration. The 

normalized effluent polymer concentration is shown in Figure 4-7.  

 

Figure 4-7: TLW-P03 Coreflood, Normalized Effluent Polymer Concentration 
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Figure 4-8: TLW-P03 Coreflood, Normalized Effluent Polymer Concentration vs Pore 

Volumes of Aqueous phase produced 

 

The polymer retention was determined by mass balance as described in Chapter 3, 

and is described in detail as follows. The polymer retention is the mass of polymer 

injected subtract the mass of polymer produced, subtract the mass of polymer in solution 

in the core.  

The mass of polymer injected is the volume of polymer solution injected, times 

the polymer concentration: 

Mass injected = (141 mL)(800 ppm)(1g/1mL)=  113,000 µg 
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The uncertainty in the mass of polymer injected was estimated as follows. The 

uncertainty in the injection polymer concentration is assumed to be zero because it is the 

reference value of polymer concentration that was used to develop the polymer 

concentration vs UV absorbance correlation. The density of the polymer solution is 

assumed to be 1 g/mL. Twenty six (26) effluent tubes were collected during the 1.57 PV 

of polymer injection, each with an uncertainty in the reading of the aqueous volume of ± 

0.1 mL, thus the uncertainty is (26)(±0.1 mL)/(141 mL) ≈ ± 2%.  Thus, overall, the mass 

injected is uncertain by ± 2%. 

Mass injected = 113,000 µg ± 2% = 113,000 µg ± 2260 µg 

The mass of polymer produced is the sum of [aqueous volume times polymer 

concentration] for all 26 effluent tubes and was calculated to be 61,900 µg. The 

uncertainty in the total aqueous volume produced is (26)(±0.1 mL)/(106 mL) ≈ ± 3%. 

The uncertainty in the measurement of polymer concentration for each effluent sample is 

± 10%. Thus the mass of polymer produced is roughly uncertain by a factor of 

(1.03)(1.10) ≈  1.13, or uncertain by ± 13%. 

Mass produced = 61,900 µg  ± 13% = 61,900 µg  ±  8047 µg 

The mass of polymer in solution in the core is the water saturation times the pore 

volume times the polymer concentration:  

Mass in solution in the core = (0.67)(90 mL)(800 ppm)(g/mL) = 47,200 µg 
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The water saturation is uncertain by (26)(±0.1 mL)/(90 mL)/(0.67) ≈ ±4% and 

pore volume is uncertain by 3%. The mass in solution is uncertain by a factor of 

(1.04)(1.03) ≈ 1.07, or roughly uncertain by ±7%. 

Mass in solution in the core = 47,200 µg ± 7% = 47,200 µg ± 3301 µg 

Thus, the net mass retained is (113,000 - 61,900 - 47,200) µg ± (2260 + 8047 + 

3301) µg = 3,900 µg ± 12,200 µg 

Polymer retention = (3,900 µg ± 12,200 µg) / (536 g of sand)  

= 7.4 µg/g ± 22 µg/g 

 The polymer retention is less than the uncertainty of the measurement. 

The uncertainty in the polymer retention for a two phase core flood is higher than 

that for a single phase polymer flood because uncertainty in reading the interface between 

the oil and aqueous phase in the effluent tubes contributes to the overall uncertainty.  
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 TLW-P05 Coreflood  

The purpose of the TLW-P05 coreflood experiment was to measure the 

incremental oil recovery from a tertiary polymer flood using Hengfloc 63026 with TLW 

reservoir sand and crude oil. A reservoir sand pack was made and prepared in the same 

manner as described for experiment TLW-P03.  The TLW reservoir sand was packed 

inside the sleeve of a Hassler-type core holder, and a salinity tracer test was performed 

displacing a 25,008 ppm TDS brine with 6,252 ppm TDS TLW-formation brine.  The 

normalized effluent salinity during brine flood is shown in Figure 4-9. The pore volume 

was estimated to be 92 mL from the salinity tracer test by mass balance as described in 

Chapter 3. 

 

Figure 4-9: TLW-P05 Coreflood, Normalized Effluent Salinity during the Brine Flood 



47 

 

 

 

The normalized salinity tracer broke through at 0.75 PV, reached 10% normalized 

salinity at 0.8 PV, 90% at 1.3 PV and full normalized salinity at 1.4 PV. The shape of the 

salinity tracer profile was very symmetric without much tail, which indicates a very 

homogenous sand pack. 

The brine flood pressure drop was measured at an injection rate of 5 ml/min (78.5 

ft/day) to determine the brine permeability. The pressure drop data during the brine flood 

is shown in Figure 4-10. The brine permeability was 991 mD.  

 

Figure 4-10: TLW-P05 Coreflood, Pressure Drop Data during the Brine Flood 
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The core was oil flooded using the same surrogate oil as in the TLW-03 

coreflood. The surrogate oil viscosity is 23.5 wt% toluene and is 3.5 cp at 73°C.  The oil 

flood was performed at a constant injection pressure of about 50 psi and a back pressure 

of about 25 psi until residual water saturation was reached. 

The core was aged for 3 days at 73°C and was then flooded with another 1.36 

pore volumes of oil. No more water was produced from the second oil flood. The 

pressure drop data during the second oil flood are shown in Figure 4-11. The oil 

saturation at residual water was 0.67. The final pressure drop measured was 21.8 psi at a 

flow rate of 6.66 ml/min. The oil permeability was 756 mD and oil relative permeability 

was 0.76.  

 

Figure 4-11: TLW-P05 Coreflood, Pressure Drop Data during the 2nd Oil Flood 
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A secondary waterflood was performed by injecting TLW Lake Water at 1ft/day 

(0.053 mL/min) until water cut was 99%. The residual oil saturation at the end of water 

flood was 0.28. End-point water relative permeability was 0.046. 

800 ppm Hengfloc 63026 in TLW Lake Water was used for tertiary polymer 

flooding. The polymer was filtered using the standard UT filtration ratio test with 1.2 

micron mixed cellulose ester membrane Millipore filter paper under 15 psi.  The filtration 

ratio was 1.08. The pH of the polymer solution was 6.7. 

800 ppm Hengfloc 63026 in TLW Lake Water was injected at 1 ft/day (0.053 

mL/min) until no more oil was produced. The residual oil saturation at the end of the 

polymer flood was 0.234. The oil recovery during water flood and polymer flood is 

shown in Figure 4-12. The pressure drop data during the water flood and polymer flood 

are shown in Figure 4-13. 
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Figure 4-12: TLW-P05 Coreflood, Oil Recovery 

 

Figure 4-13: TLW-P05 Coreflood, Pressure Drop Data 
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Effluent polymer concentration was measured using UV spectrophotometry as 

described in Chaper 3.  Normalized effluent polymer concentration is the effluent 

polymer concentration divided by the injected polymer concentration. The normalized 

effluent polymer concentration is shown in Figure 4-14.  

 

Figure 4-14: TLW-P05 Coreflood, Normalized Effluent Polymer Concentration during 

the Polymer Injection 

 

The polymer retention was determined by mass balance in the same manner as for 

the TLW-03 coreflood.  

Mass injected = (126.8 mL)(800 ppm)(1g/1mL)=  101,000 µg ± 2%  

= 101,000 µg ± 1866 µg 
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Mass produced = 58,400 µg ± 13% = 58,400 µg ± 7587 µg 

Mass in solution in the core = (0.7)(92 mL)(800 ppm)(g/mL) = 49,840 µg ± 7%  

= 49,840 µg ± 1994 µg 

Thus, the net mass retained is (101,000 – 58,400 – 49,840) µg ± (1,866 + 7,587 + 

1994) µg = -8,443 µg ± 11,500 µg 

Polymer retention = (-8,443 µg ± 11,500 µg) / (561 g of sand)  

= -15 µg/g ± 21 µg/g 

 The polymer retention is on the same order of magnitude as the uncertainty in the 

measurement. 

 

 



53 

 

 

BASF ASPIRO™ HPAM POLYMERS 

Four Aspiro HPAM polymers were provided by BASF as dry powders, 4211, 

4261, 4231, and 4251. Aspiro 4211 and 4261 have molecular weights of 10-12 million 

and 14-16 million Dalton, respectively. Aspiro 4231 and 4251, are both 18-20 million 

Dalton, however, 4251 includes mercaptobenzotriazole as a thermal stabilizer. 

Filterability 

 The polymers were prepared at several different concentrations and in different 

brines. The filterability of the polymer solutions were tested following the UT Filtration 

Ratio test, as described in Chapter 3. The results are summarized in Table 4-2.  

 Aspiro 4211x and 4261x polymers at 5000 ppm in 10,000 ppm NaCl were able to 

pass the UT Filtration Ratio test after hydrating and mixing on a stir plate at 125 rpm for 

2 days. 

  Aspiro 4231 and 4251polymers at 5000 ppm in 10,000 ppm NaCl did not pass the 

FR test after mixing for 2 days, so the unfiltered portion was re-blanketed with argon and 

stirred for an additional 2 days at 125 rpm on magnetic stir-plate. Aspiro 4231 and 4251 

at 5000 ppm in 10,000 ppm NaCl still did not pass the FR test after an additional 2 days 

of mixing (for a total of 4 days of mixing). All four polymers at 5000 ppm in 1,000 ppm 

NaHCO3 brine after mixing for 3 days failed the FR test. 

At 5000 ppm in 1,000 ppm NaCl, only 4211x passed the Filtration Ratio test after 

2 days of mixing. Unfiltered portions of each polymer at this salinity were diluted to 
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2,500 ppm in 1,000 ppm NaCl to mix an additional day. After dilution and additional 

mixing, 4261x, 4231, and 4251 passed the Filtration Ratio test. Aspiro 4211x and 4261x 

at 2500 ppm in 10,000 ppm NaCl & 1,000 ppm NaHCO3 passed the FR test after 

hydrating for 2 days, whereas 4251 could not. 

In conclusion, these HPAM polymers prepared at 5000 ppm polymer at low 

salinity did not hydrate well and filtered poorly. The addition of a small amount of 

sodium bicarbonate to buffer and increase the pH of the solution improves the hydration 

and filterability.   

 Aspiro 4211x and 4261x polymers were tested in subsequent polymer floods. 
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Table 4-2: Summary of BASF Aspiro™ polymers Filtration Tests, 1st filtration after 

hydration 

 

 

 Polymer Concentration

Total 

Hydration 

Time

pH Filtration Ratio

4211x 5000 ppm in 10,000 ppm NaCl 2 days 1.08 Pass

4261x 5000 ppm in 10,000 ppm NaCl 2 days 1.11 Pass

4231 5000 ppm in 10,000 ppm NaCl 2 days 1.3 Fail

4251 5000 ppm in 10,000 ppm NaCl 2 days 1.29 Fail

4231 5000 ppm in 10,000 ppm NaCl 4 days 1.24 Fail

4251 5000 ppm in 10,000 ppm NaCl 4 days 1.27 Fail

4211x 5000 ppm in 1,000 ppm NaHCO3 3 days 8.75 1.26 Fail

4261x 5000 ppm in 1,000 ppm NaHCO3 3 days 8.56 3.07 Fail

4231 5000 ppm in 1,000 ppm NaHCO3 3 days 8.17 Plugged Fail

4251 5000 ppm in 1,000 ppm NaHCO3 3 days 8.47 Plugged Fail

4211x 5000 ppm in 1,000 ppm NaCl 2 days 6.6 1.13 Pass

4261x 5000 ppm in 1,000 ppm NaCl 2 days 6.6 1.26 Fail

4231 5000 ppm in 1,000 ppm NaCl 2 days 6.55 Plugged Fail

4251 5000 ppm in 1,000 ppm NaCl 2 days 6.93 Plugged Fail

4261x 2500 ppm in 1,000 ppm NaCl 3 days 6.48 1.13 Pass

4231 2500 ppm in 1,000 ppm NaCl 3 days 6.81 1.17 Pass

4251 2500 ppm in 1,000 ppm NaCl 3 days 6.67 1.12 Pass

4211x 2500 ppm in 10,000 ppm NaCl & 1,000 ppm NaHCO3 2 days 8.46 1.18 Pass

4261x 2500 ppm in 10,000 ppm NaCl & 1,000 ppm NaHCO3 2 days 8.32 1.07 Pass

4251 2500 ppm in 10,000 ppm NaCl & 1,000 ppm NaHCO3 2 days 8.31 1.39 Fail
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Figure 4-15: Viscosity of 5000 ppm polymer in 10,000 ppm NaCl brine at 25 °C 

 

Figure 4-16: Viscosity of polymers in 10,000 ppm NaCl & 1,000 ppm NaHCO3 brine at 

25 °C 
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Figure 4-17: Viscosity of 4211 with 10,000 ppm NaCl & 1,000 ppm NaHCO3, 25 °C 

 

Figure 4-18: Viscosity of 4261 with 10,000 ppm NaCl & 1,000 ppm NaHCO3, 25 °C 
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Figure 4-19: Viscosity of 4251 with 10,000 ppm NaCl & 1,000 ppm NaHCO3, 25 °C 

 

Figure 4-20: No loss of viscosity after 1.2 µm filtration; 2500 ppm polymer with 10,000 

ppm NaCl & 1,000 ppm NaHCO3  
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4211x Coreflood  

The purpose of the 4211x coreflood experiment was to evaluate the transport 

properties of BASF Aspiro 4211 HPAM polymer through a Bentheimer sandstone. The 

polymer was received from BASF as a dry powder, and has a nominal molecular weight 

of 10-12 million Dalton.  This coreflood was done at room temperature. 

The Bentheimer sandstone was potted in epoxy and vacuum saturated with 40,000 

ppm NaCl brine. The core was reduced and conditioned using the method described in 

Chapter 3. A brine solution of 40,000 ppm NaHCO3, 10,000 ppm Na-EDTA, 10,000 ppm 

Na-Dithionite was injected at 1 ml/min to reduce the core and to remove amorphous 

oxidized iron. Effluent iron concentration reached a steady state of about 25 ppm by 6.3 

PV. Injection was continued until 8.4 PV.  

Next, a solution of 40,000 ppm NaHCO3 and 10,000 ppm Na2S2O4 was injected at 

1 mL/min until the effluent iron concentration was steady-state and less than 3 ppm. 

Next, a salinity tracer test was performed by displacing the 50,000 ppm TDS 

brine with 10,000 ppm NaCl, 2,000 ppm NaHCO3, & 500 ppm Na2S2O4 at 5 mL/min. 

Normalized effluent salinity is the difference between the effluent salinity and initial 

brine salinity in the core, divided by the difference between initial brine salinity in the 

core and injection salinity. The normalized effluent salinity is shown in Figure 4-21. The 

pore volume was determined to be 78.9 mL from the salinity tracer test as described in 

Chapter 3.  
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 Figure 4-21: 4211x Coreflood, Normalized Effluent Salinity during the Brine Flood 

The normalized salinity broke through at 0.8 PV, reached 10% normalized 

salinity almost immediately after at ~0.81 PV, and reached 90% at 1.19 PV.  The shape 

of the normalized salinity profile had a tail that did not reach full normalized injection 

viscosity until 2 PV, which indicates the core is heterogeneous but it was considered to be 

still acceptable for the purpose of this test. 

Next, injection was continued at 10 mL/min (183 ft/day) until steady state 

pressure drop was reached as shown in Figure 4-22. The brine permeability was 2118 

mD. 
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Figure 4-22: 4211x Coreflood, Pressure Drop Data during the Brine Flood with 10,000 

ppm NaCl, 2,000 ppm NaHCO3, & 500 ppm Na2S2O4 at 5 mL/min 

 

A mother solution of 5000 ppm Aspiro 4211 in 10,000 ppm NaCl, 2,000 ppm 

NaHCO3, was prepared and hydrated on a stir plate for 4 days at 125 rpm.  The injection 

solution of  2500 ppm 4211 polymer with 10,000 ppm NaCl, 1,000 ppm NaHCO3, 

(without 500 ppm Na2S2O4), was diluted from the mother solution and stirred overnight 

at 125 rpm, and then was filtered through 90 mm diameter, 1.2 µm Millipore mixed 

cellulose ester membrane filter paper at 15 psi. The diluted solution had a filtration ratio 

of 1.1 

The once-filtered solution of 2500 ppm 4211 polymer in 10,000 ppm NaCl, 1,000 

ppm NaHCO3 brine, (nominal, without 500 ppm Na2S2O4) was bubbled with argon while 
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stirring for over an hour in a round bottom flask before adding 500 ppm Na2S2O4, (in the 

form of a 50,000 ppm Na2S2O4 solution). The solution was vacuum transferred to an 

injection column. A sample of this polymer solution was taken from the column for 

viscosity measurement. The viscosity is shown in Figure 4-23. 

 

Figure 4-23: Viscosity of 2500 ppm 4211x polymer with 10,000 ppm NaCl, 1,000 ppm 

NaHCO3, & 500 ppm Na2S2O4, 23°C 

 

 The solution of 2500 ppm 4211 polymer with 10,000 ppm NaCl, 1,000 ppm 

NaHCO3, & 500 ppm Na2S2O4, was injected at 0.125 mL/min (2.3 ft/day interstitial 

velocity), for 2.3 PVs. After this, the velocity was varied to 4.6 ft/day, 1.5 ft/day, 2.3 

ft/day, 3.4 ft/day, 0.77 ft/day, 9.1 ft/day and then 18.2 ft/day. Pressure drop data during 

polymer injection are shown in Figure 4-24 and Figure 4-25. Resistance factors 
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calculated from the ratio of the polymer flood pressure drop to the waterflood pressure 

drop at the same flow rate are shown in Figure 4-26. 

 

 

Figure 4-24: 4211x Coreflood, Pressure Drop data during the Polymer Injection at 

several different velocities 
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Figure 4-25: 4211x Coreflood, Pressure Drop data during the Polymer Injection 

 

Figure 4-26: 4211x Coreflood, Resistance Factors during the Polymer Injection 
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 The effluent during the polymer flood was collected in a fractional collector in 

sample sizes of 4 mL (5% PV).  The viscosity and the pH of the effluent samples were 

measured immediately after the collection of each sample. Normalized effluent viscosity 

is the difference between effluent viscosity and brine viscosity, divided by the difference 

between injected polymer viscosity and brine viscosity. The viscosities used for 

normalization are at the shear rate of 10 s-1. Effluent pH and normalized effluent polymer 

viscosity data are shown in Figure 4-27.  

 

 

Figure 4-27: 4211x Coreflood, Normalized Effluent Viscosity and pH. 
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 To determine the shear rate correction factor, the apparent viscosity and 

equivalent shear rate during the polymer flood was fit to viscosity vs. shear rate data 

measured in the rheometer as described in Chapter 3.  Apparent viscosity of the polymer 

in the core at each flow rate was calculated from the pressure drop using Darcy’s law.  

Equivalent shear rate at each flow rate was calculated with n = 0.72, k = 2118 mD = 

2.08E-08 cm2, 𝝓 = 0.226. The apparent viscosity and measured viscosity are plotted in 

Figure 4-28. A shear correction factor of C = 2.1 ± 0.3 was determined from a visual best 

fit of only the data below 10 s-1, since the data at higher shear rates showed dilatancy. 

  

 

 

Figure 4-28: 4211x Coreflood, Measured and Apparent Viscosity using C=2.1  
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  To determine the effluent polymer concentration, effluent samples were prepared 

using the standard UT method for determining HPAM polymer concentration by UV 

spectrophotometer described in Chapter 3. 1 mL from each effluent tube was mixed with 

4 mL DI water, 5 mL of 5N acetic acid and left rocking/mixing overnight.  5 mL of 

1.25% bleach (sodium hypochlorite) was added right before measurement on the UV 

spectrophotometer.  The sample was mixed for 1 minute on the magnetic stirrer after 

adding the bleach solution, before starting the UV scan. UV absorbance was measured 

from 750 nm to 350 nm.  

 Samples with known polymer concentrations of 500, 1000, 1500, 2000 & 2500 

ppm were diluted from the polymer in the injection column. These known samples were 

prepared and measured on the UV spectrophotometer as mentioned. 

 Polymer concentration vs. UV absorbance at 520 nm was correlated using a linear 

function and is shown in Figure 4-29.  The first four data points shown on Figure 4-30 

correspond to a small polymer concentration based on the UV absorbance of the samples. 

However, these readings are considered experimental noise and the actual polymer 

concentration is assumed to be zero until breakthrough at about 0.9 PV.   

 The polymer concentration of each effluent sample was calculated using this 

concentration vs. absorbance correlations. Normalized effluent polymer concentration is 

the effluent polymer concentration divided by the injection polymer concentration. The 

normalized effluent polymer concentration is plotted vs. pore volumes and is shown in 

Figure 4-30.  
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Figure 4-29:  4211x Coreflood, Polymer Concentration vs. UV absorbance at 520 nm 

 

Figure 4-30: 4211x Coreflood, Normalized Effluent Polymer Concentration 
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 The polymer retention was determined from a mass balance on the polymer as 

described in Chapter 3, using the effluent polymer concentration data in Figure 4-30.  

Polymer retention per mass of rock is calculated to be 36.1 µg polymer per gram of rock. 

In conclusion, the 4211 polymer solution showed promising transport properties. 

Steady state pressure drop was achieved between 2-4 PV, and effluent polymer 

concentration matched that of injection concentration at about 2.5 PV.  
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4261x Coreflood 

 The purpose of 4261coreflood experiment was to evaluate the transport properties 

of BASF Aspiro 4261 HPAM polymer. The polymer was received from BASF as a dry 

powder, and has a nominal molecular weight of 14-16 million MW.  This coreflood was 

performed during the visit to our labs by the BASF staff, February, 23-27, 2015. 

 The core flood was done at room temperature. 

 The Bentheimer sandstone was potted in epoxy and vacuum saturated with 40,000 

ppm NaCl brine. 

 A solution of 40,000 ppm NaHCO3, 10,000 ppm Na-EDTA, 10,000 ppm Na-

Dithionite was injected at 1 mL/min to reduce the core and to remove amorphous 

oxidized iron, as described in Chapter 3. Effluent iron concentration reached a steady 

state of about 25 ppm by 6.3 PV.  Injection was continued until 8.4 PV.  Effluent iron 

concentration during this step is shown in Figure 4-31. 

 Next, the previous 60,000 ppm TDS brine was displaced with 10,000 ppm NaCl, 

2,000 ppm NaHCO3, & 500 ppm Na2S2O4 at ~1 mL/min and injection was continued 

until effluent iron concentration was steady state and less than 3 ppm. 
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Figure 4-31:  4261x Coreflood, Effluent Iron Concentration during conditioning. EDTA 

was removed from the injection solution after 3.5 PV. 

 

 Next, a salinity tracer test was performed as described in Chapter 3, by displacing 

the previous 12,500 ppm TDS brine with 40,000 ppm NaCl, 2,000 ppm NaHCO3, & 500 

ppm Na2S2O4 at 3.8 mL/min. Normalized effluent salinity is the difference between the 

effluent salinity and initial brine salinity in the core, divided by the difference between 

initial brine salinity in the core and injection salinity. The normalized effluent salinity 

was measured and is shown in Figure 4-32. The pore volume was determined by mass 

balance to be 81.6 mL. 
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Figure 4-32:  4261x Coreflood, Normalized Effluent Salinity during the Brine Flood 

 

 The normalized salinity tracer broke through at about 0.88 PV, reached 10% 

normalized salinity at 0.92 PV, 90% at 1.1 PV, and full normalized salinity by 1.2 PV. 

The shape of the normalized salinity tracer profile indicates a homogenous core. 

 Next, the previous 42,500 ppm TDS brine was displaced with 10,000 ppm NaCl, 

1,000 ppm NaHCO3, & 500 ppm Na2S2O4 at 5 mL/min (88.5 ft/day) and injection was 

continued until steady state refractometer salinity and steady state effluent pressure drop 

was reached. Brine permeability was calculated to be 2500 mD. Pressure drop data 

during brine flooding for permeability are shown in Figure 4-33. 
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Figure 4-33: 4261x Coreflood, Pressure Drop Data during the Brine Flood with 10,000 

ppm NaCl, 2,000 ppm NaHCO3, & 500 ppm Na2S2O4 at 5 mL/min 

 

A mother solution of 5000 ppm 4261 in 10,000 ppm NaCl, 2,000 ppm NaHCO3, 

was prepared and hydrated on a stir plate for 4 days at 125 rpm.  The injection solution of  

2500 ppm 4261 polymer with 10,000 ppm NaCl, 1,000 ppm NaHCO3, (nominal, not yet 

with 500 ppm Na2S2O4), was diluted from the mother solution and stirred overnight at 

125 rpm. 

 The nominal 2500 ppm 4261 polymer solution was filtered through 90 mm 

diameter, 1.2 µm Millipore mixed cellulose ester membrane filter paper at 15 psi. The 
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solution filtered with filtration ratio of 1.25. A small amount, 250 mL, of the filtered 

solution was tested a second time with filtration ratio of 1.05. Because the once-filtered 

solution showed the same viscosity as the unfiltered solution and for the sake of 

continuing the coreflood with the BASF visitors, the coreflood was continued using the 

once-filtered solution. 

 The once-filtered solution of 2500 ppm 4261 polymer with 10,000 ppm NaCl, 

1,000 ppm NaHCO3, (nominal, not yet with 500 ppm Na2S2O4) was bubbled with argon, 

while stirring, for over an hour in a round bottom flask, before adding 500 ppm Na2S2O4, 

(in the form of a 50,000 ppm Na2S2O4 solution). The solution was vacuum transferred to 

an injection column/accumulator. A sample of the injection polymer solution was taken 

from the column for viscosity measurement. The viscosity is shown in Figure 4-34. 
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Figure 4-34: Viscosity of 2500 ppm 4261x polymer with 10,000 ppm NaCl, 1,000 ppm 

NaHCO3, & 500 ppm Na2S2O4, 23°C 

 

 The solution of 2500 ppm 4261 polymer with 10,000 ppm NaCl, 1,000 ppm 

NaHCO3, & 500 ppm Na2S2O4, was injected at 2 ft/day interstitial velocity, for 3.3 PVs. 

After this, the injection rate was varied to 4, 8, 16, 32, 64 and 1 ft/day, flowing at each 

injection rate until steady state pressure drop was achieved.  

 The effluent during polymer flood was collected in a fractional collector in 

sample sizes of 5.5% PV.  

 Pressure drop data during polymer injection are shown in Figure 4-35 and Figure 

4-36. Resistance factors during polymer injection are shown in Figure 4-37. 
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Figure 4-35: 4261x Coreflood, Pressure Drop Data during the Polymer Injection 

 

Figure 4-36: 4261x Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-37: 4261x Coreflood, Resistance Factors during the Polymer Injection 

 

To determine the shear correction factor, the apparent viscosity and equivalent 

shear rate during the polymer flood was fit to viscosity vs. shear rate data measured in the 

rheometer. Apparent viscosity of the polymer in the core at each flow rate was calculated 

from the pressure drop using Darcy’s law. Equivalent shear rate at each flow rate was 

calculated, as described in Chapter 3, with n = 0.60, k = 2500 mD = 2.47E-08 cm2, 𝝓 = 

0.226. 

 Apparent viscosity vs. equivalent shear rate was plotted with the rheometer-

measured viscosity vs. shear rate of the injection solution and they are shown in Figure 

4-38. A shear correction factor of C = 2.1 was determined to best fit the coreflood 
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apparent viscosities to the rheometer-measured viscosities. Shear thickening behavior 

was observed at higher velocities, and the onset of the dilatancy is around 20 s-1. 

 

 

Figure 4-38: 4261x Coreflood, Polymer Viscosity using C= 2.1 
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Figure 4-39: 4261x Coreflood, Dynamic Strain Sweep of effluent at 6 PV, 10 rad/s, 23°C 

 

Figure 4-40: 4261x Coreflood, Dynamic Frequency Sweep of effluent at 6 PV, 10% 

strain, 23°C 
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 To determine the effluent polymer concentration, effluent samples were prepared 

using the method described in Chapter 3 for determining HPAM polymer concentration 

by UV spectrophotometer. 1 mL from each effluent tube was mixed with 4 mL de-

ionized water, 5 mL of 5N acetic acid and left rocking/mixing overnight.  5 mL of 1.25% 

bleach (sodium hypochloride) was added right before measurement on the UV 

spectrophotometer.  The sample was mixed for 1 minute on the magnetic stirrer after 

adding the bleach solution, before starting the UV scan. UV absorbance was measured 

from 750 nm to 350 nm.  

 Samples with known polymer concentrations of 650, 1250, 1875, & 2500 ppm 

were diluted from the polymer in the injection column. These known samples were 

prepared and measured on the UV spectrophotometer as described in Chapter 3. 

 Polymer concentration vs. UV absorbance at 520 nm of the standards is correlated 

by a linear function.  The UV absorbance for the earliest effluent samples before polymer 

break-through is assumed to be 0 ppm polymer and is used for the correlation.  

 The effluent samples were scanned over the course of two separate days, so 

standard calibration samples were prepared and scanned for each day, producing two 

separate correlations for each day. The two linear correlations used for each day are 

shown in Figure 4-41 (a) and (b). 
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(a)  (b)  

Figure 4-41:  4261x Coreflood, Polymer Concentration vs. UV absorbance at 520 nm; 

(a) correlation for samples 0 to 2 PV,  (b) 2 to 3.5 PV 

 

 The polymer concentration of each effluent sample was calculated using the 

concentration vs. absorbance correlation. Normalized effluent polymer concentration is 

the effluent polymer concentration divided by the injection polymer concentration. The 

normalized effluent polymer concentration is plotted vs. pore volumes in Figure 4-42.  

 3 mL each from three effluent tubes were consolidated into one 9 mL sample for 

viscosity measurement. Effluent viscosity normalized to injection polymer and brine 

viscosities are also shown in Figure 4-42. 

The dithionite in the polymer solution reacted with air as it was slowly collected, 

causing degradation.  The measured effluent viscosity never reached injection viscosity at 

the low flow rates. However, the viscosity of the effluent at 6 PV (when it was flowing at 

64 ft/day) measured immediately after collection had the same viscosity of the injection 

polymer solution.   
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Figure 4-42: 4261x Coreflood, Normalized Effluent Polymer Concentration and 

Viscosity 

  

Polymer retention was determined by mass balance as described in Chapter 3. 

Polymer retention was determined to be 39.3 µg polymer per gram of rock. 

 In conclusion, the once-filtered 4261x polymer solution showed excellent 

transport properties. Steady state pressure drop was achieved at about 2-3 PV, and 

effluent polymer concentration matched that of injection concentration at about 3 PV.  

 The only concern is the inability of the polymer to achieve a passing filtration 

ratio during first time filtering. The polymer solution salinity and hydration time 

performed for this core flood was chosen because our previous experience preparing this 

polymer has shown it to be sufficient in achieving filtration ratios below 1.2.  
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Recommendations were made to BASF to perform further quality control studies to 

ensure the consistent ability to pass filtration ratio test upon the first filtration.  

 A best practice learned from this coreflood is to include a protection package, 

such as IPA and thiourea if sodium dithionite is to be used, even at room temperature. 

This is because the dithionite reacts with oxygen in the ambient air to form radicals that 

causes the degradation of the effluent viscosity. 
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CARGILL CS-11 SCLEROGLUCAN BIOPOLYMER 

CS-6 and CS-11 are commercially available, dry powder scleroglucan products 

manufactured by Cargill. 

CS-6 is a product with much vestigial fermentation constituents accompanying 

the scleroglucan.  This product is intended for applications such as for oil-field drilling 

fluids that do not require a clear and filterable scleroglucan solution. 

CS-11 is a product that has fewer impurities and produces a cleaner, visually 

clearer scleroglucan solution. However, CS-11 scleroglucan solutions, without any 

additional special treatment do not produce a scleroglucan solution that passes the UT 

filtration test. This section will describe the method used to prepare CS-11 scleroglucan 

solution that passed the UT filtration ratio test, which was tested in subsequent coreflood 

experiments.  

Filterability 

Alkali treatment of scleroglucan solutions was suggested by a Cargill patent 

(Mazoyer & Lhonneur, 2011, 2015).  The patent suggested increasing the pH of a 

scleroglucan solution to pH 11, and then filtering the low viscosity solution.  After 

filtration, returning the pH to a value of 5 will restore the viscosity of the solution. 

This alkaline pH strategy was tested by using 30,000 ppm NaCO3 to increase the 

pH of a 5000 ppm CS-11 scleroglucan solution, however this resulted in gelation of the 

solution and made the filterability worse.  

Next, 2000 ppm KOH was used instead of 30,000 ppm NaCO3 to increase the pH 

of a 1000 ppm CS-11 scleroglucan solution to pH 11. The alkaline solution was filtered 
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through a 1.2 micron Millipore mixed cellulose ester membrane filter paper at 15 psi, and 

then neutralized with HCl to a pH value of 7.5-8. The solution after pH-neutralization and 

recovered its viscosity. It was next tested for filterability using the standard UT filtration 

ratio test, and showed an excellent filtration ratio of 1. 

The procedure was further modified by eliminating the filtration step at the 

elevated pH of 11. This was to see if subjecting the solution to the high pH of 11 was 

sufficient to improve the filterability of the solution only by a ‘digestion’ process. The 

result of eliminated this filtration step showed that the resulting solution after pH-

neutralization and recovery of viscosity was still excellent with FR=1.   Coreflood 

experiments named CS11-01 and CS11-02 were done after preparing 1000 ppm CS-11 

scleroglucan solutions using this procedure which is described in detail: 

1. Mix 1 gm KOH and 496.5 gm of DI water 

2. Take ~ 150 mL of this KOH solution into the blender. 

3. Blend on LOW speed while adding 2.5 gm of CS-11 

4. Blend on LOW speed for 90 seconds and turn off blender. 

5. Pour in the rest of the KOH solution. 

6. Blend on LOW speed for 3 minutes 30 seconds. 

7. Transfer polymer solution to 1 L jar. 

8. Heat the mixture on a hot plate to 60°C for 1 hour, stirring occasionally using an 

overhead stirrer. 

9. In a separate container, dissolve 1.6 gm of KOH into 786.4 gm of DI water 

10. Take 200 g of the mother solution and mix with KOH solution 

11. Heat and stir the mixture at 60°C for 1 hour. 

12. Neutralize pH to 7-8.5 using 3N HCl, keeping track of weight of HCl added. 

13. Heat the mixture at 60°C for 1 hour. 

14. Add 20 g of Na2CO3 and [10 g minus the weight of HCL added] of DI water. 
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15. Mix for 2 hours. 

16. Filter through [1.2 or 0.8] micron filter paper. 

17. Heat the mixture at 60°C for 1 hour. 

18. Cool polymer to room temperature before use. 

19. Filter 250 mL through 1.2 micron to measure FR. 

20. Bubble argon for 30 minutes to remove dissolved oxygen 

21. Add 0.5 g of Na2S2O4. 

22. Mix for 1 hour. 

23. Measure ORP, pH and viscosity before injection into core. 

CS11-01 Coreflood 

As described in the previous section, various methods of preparing filterable CS-

11 scleroglucan solutions were tested and an improved method of preparing filterable 

scleroglucan was developed. The next step was to test this filterable scleroglucan solution 

in a coreflood. The purpose of the CS11-01 coreflood was to test the transport properties 

of this filterable CS-11 scleroglucan solution through Bentheimer sandstone. 

A Bentheimer sandstone core was epoxied and then vacuum saturated with 2500 

ppm NaCl brine, keeping track of imbibed brine volume for pore volume measurement. 

A pore volume of 81 mL was measured. 

The core was flooded at room temperature with 40,000 ppm NaHCO3, 10,000 

ppm Na2S2O and 10,000 ppm Na4-EDTA brine until effluent Fe2+ concentration was 

steady state. Next, 40,000 ppm NaHCO3 and 10,000 ppm Na2S2O4 was injected until the 

effluent Fe2+ concentration was steady state and less than 3 ppm. 
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Next, the core was flushed with 2000 ppm NaCl and 500 ppm Na2S2O4 (pH ~ 6.8) 

until the effluent pH and salinity reached steady state. Pressure drop data were recorded 

and are shown in Figure 4-43. Brine permeability was 2482 mD.  

 

Figure 4-43: CS11-01 Coreflood, Pressure Drop Data during Brine Flood, 2000 ppm 

NaCl and 500 ppm Na2S2O4, 5 mL/min (81.5 ft/day) at   25 °C 
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A nominal 1000 ppm polymer solution was prepared as described in the previous 

section. The exact composition is 1000 ppm CS-11 scleroglucan in 2000 ppm Na2CO3 

(the 2000 ppm KOH is pH-neutralized and the solution does not yet have 500 ppm 

Na2S2O4). This solution was filtered through 1.2 micron filter paper with a Filtration 

Ratio of 1. Note, the time between 20 mL intervals is very small (4–5 seconds).  

Filtration Index is shown in Figure 4-44. 

 

 

Figure 4-44: CS11-01 Coreflood, Polymer Filtration Index of 1000 ppm CS-11 

scleroglucan solution in 2000 ppm Na2CO3 (2000 ppm KOH is pH-neutralized) 
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This injected polymer viscosity was measured on the rheometer and the data was fit to 

the Meter model with η∞ = 2.02 cP,   η0
p = 73.58 cP, γ1/2 = 5.61 s-1, Pα = 1.76: 

 

 

 

Figure 4-45: CS11-01 Coreflood, Injection Polymer Viscosity, 1000 ppm CS-11 

scleroglucan 

 

The plan was to inject polymer at 2 ft/day interstitial velocity until steady state 

pressure drop was reached. However, the pressure drop did not reach steady state after 2 

PV, so the rate was increased.  The injection rate was varied to measure the pressure 

drops at different rates and to determine a shear rate correction factor. The injection rate 
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was increased to 4 ft/day for ~ 1 PV, after which the injection rate was increased to 8 

ft/day for another ~1 PV. 

After 4.07 PV, injection was paused to refill the mineral oil injection pump and 

injection was resumed at 2 ft/day until the injection column ran empty. A total of 5 PV of 

polymer was injected. Pressure drop data during polymer flood are shown in Figure 

4-46. 

 

 

Figure 4-46: CS11-01 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-47: CS11-01 Coreflood, Resistance Factors during the Polymer Injection 
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The effluent was collected during polymer flood in fractional collector in sample 

volumes of about 5% PV each (4.35 mL every 36 minutes). After the pH and viscosity 

reached steady state, the sampling interval was increased to about 10% PV. Effluent pH 

and viscosity were measured immediately after collection of each tube. The results are 

shown in Figure 4-48. Effluent pH matched injection pH at ~ 1.5 PV and effluent 

viscosity matched injection viscosity at about 2 PV. 

 

 

Figure 4-48: CS11-01 Coreflood, Effluent pH and Relative viscosity  
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The apparent viscosity at each flow rate was calculated from the pressure drop 

using Darcy’s law. A permeability reduction factor (Rk) was calculated for each flow rate 

by dividing the final pressure drop by the initial pressure drop at the same flow rate. Rk 

was then used to adjust the permeability at each flow rate.  

  

Table 4-3: CS11-01 Coreflood, Apparent Viscosity and Equivalent Shear Rate 

Calculation 

 

 

The equivalent shear rate at each flow rate was calculated as described in Chapter 3, 

using n = 0.55,  𝝓 = 0.233, and the values shown in Table 4-3. Apparent viscosity vs. 

apparent shear rate was plotted with the rheometer-measured viscosity vs. shear rate of 

the injection solution and they are shown in Figure 4-49. Since this coreflood showed 

signs of plugging in all sections of the core, permeability reduction factors were used and 

they are shown in Error! Reference source not found.. A shear rate correction factor of C 

= 2.3 was determined from these data using the same procedure as previously described 

for HPAM polymers.. 

 

PV mL/min ∆psi Rk md

apparent 

viscosity, 

cp

cm^2

Darcy 

velocity 

u, cm/s

n

apparent 

shear 

rate, s^-1

2 0.121 1.21 2482

2.35 0.121 1.24 1.02 2422 37.89 2.39E-08 1.8E-04 0.550 5.22

2.35 0.250 1.93 1.02 2422 28.54 2.39E-08 3.7E-04 0.550 10.79

3.16 0.250 2 2337

3.16 0.500 2.95 1.06 2337 21.05 2.31E-08 7.3E-04 0.550 21.97
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Figure 4-49: CS11-01 Coreflood, Comparison of Measured and Apparent Viscosity 

using C=2.3. 

Dilutions of the injected polymer solution were prepared at 200, 400, 600, 800 

and 1000 ppm scleroglucan in 2,000 ppm Na2CO3, and viscosity of each sample was 

measured (Figure 4-50).  A monotonically increasing cubic equation was used to fit the 

viscosity at 10 s-1 vs. concentration, as shown in Figure 4-51 .   
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Figure 4-50: CS11-01 Coreflood, Viscosities for dilutions of injection polymer without 

Na2S2O4 

 

Figure 4-51: CS11-01 Coreflood, Viscosity at 10 s-1 versus Polymer Concentration. 

Parameters in equation are: a=2.04775e-8, b=2.418e-6, c=7.113e-3, d=9.054e-1 
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The polymer concentration of each effluent sample was calculated using this 

viscosity vs. concentration correlation. Normalized effluent polymer concentration is the 

effluent polymer concentration divided by the injection polymer concentration. The 

normalized effluent polymer concentration is plotted vs. pore volumes in Figure 4-52. 

The area above the normalized polymer concentration curve minus 1 PV 

corresponds to the polymer retained (based on mass balance previously discussed in 

Chapter 3). Polymer retention is 20.5 µg polymer per gram of rock. 

 

Figure 4-52: CS11-01 Coreflood, Normalized Effluent Polymer Concentration 

In this first core flood, CS11-01, the purpose was to test 1000 ppm CS-11 (2000 

ppm KOH, pH-adjusted) with 2000 ppm Na2CO3, pH 10.8, 1.2 micron filtered, with 500 
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ppm Na2S2O4 added. This polymer was injected into a Bentheimer core that was initially 

saturated with 2000 ppm NaCl and 500 ppm Na2S2O4.  

Although this polymer solution passed the filtration ratio test with FR=1, this 

polymer continually reduced the permeability of the core during the polymer flood and 

the pressure drops never reached steady state even after 5 PV. . 

In retrospect, polymer solution should have been injected at 2 ft/day for more than 

the 2.5 PV, preferably at least 3 or 4 PV.  

A second core flood, CS11-02, was performed using the same composition 

polymer solution in another Bentheimer core at the same temperature.  However, the 

polymer solution was filtered through a 0.8 micron filter paper rather than a 1.2 micron 

filter paper and a larger volume of polymer solution was prepared so that more pore 

volumes could be injected at different flow rates. 

 

 



98 

 

CS11-02 Coreflood 

A 1.5 inch diameter, 1 foot long Bentheimer sandstone core mounted in a steel 

core holder with 500 psi confining pressure and then vacuum saturated with 2500 ppm 

NaCl brine, keeping track of imbibed brine volume for pore volume estimate. A pore 

volume of 87 mL was measured. 

Next, the core was reduced and conditioned as described in Chapter 3. The core 

was flooded at room temperature with 40,000 ppm NaHCO3, 10,000 ppm Na2S2O4 and 

10,000 ppm Na-EDTA brine until effluent Fe2+ concentration was steady. The core was 

flushed with 40,000 ppm NaHCO3 and 10,000 ppm Na2S2O4 until the effluent Fe2+ 

concentration was steady state and less than 3 ppm. 

The core was flushed with 2000 ppm NaCl and 500 ppm Na2S2O4 (pH ~ 6.5) until 

steady state effluent pH and steady state [refractometer-measured] salinity were reached.  

Pressure drop data during brine flood are shown in Figure 4-53. Brine 

permeability was 2626 mD.  

 

 



99 

 

 

Figure 4-53: CS11-02 Coreflood, Pressure Drop Data during the Brine Flood,  
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The nominal 1000 ppm polymer solution  was prepared using the pH treatment 

method as described in the previous section. The exact composition is 1000 ppm CS-11 

scleroglucan in 2000 ppm Na2CO3 (the 2000 ppm KOH is pH-neutralized and the 

solution does not yet have 500 ppm Na2S2O4).  This solution was filtered through 0.8 

micron mixed cellulose ester membrane filter paper (instead of the 1.2 micron) with a 

Filtration Ratio of 1. Note, the time between 20 mL intervals is very small (4–5 seconds).  

Filtration Index is shown in Figure 4-54. 

 

 

 

Figure 4-54: CS11-02 Coreflood, Injection Polymer Filtration Index of 1000 ppm CS-11 

scleroglucan solution in 2000 ppm Na2CO3 (2000 ppm KOH is pH-neutralized) 
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This injection polymer viscosity was measured on the rheometer and the data was 

fit to the Meter model (1963) with η∞ = 2.24 cP,   η0
p = 58.13 cP, γ1/2 = 8.97 s-1, Pα = 

1.80: 

 

 

 

 

 

 

Figure 4-55: CS11-02 Coreflood, Injection Polymer Viscosity 
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The injection polymer solution was injected at 2 ft/day interstitial velocity for 6.2 

PV and then the injection rate was varied to measure different pressure drops. Each 

injection rate was maintained for ~ 2 PV, or at least until steady state pressure drop was 

reached. 

A total of 16 PV of polymer was injected. Pressure drop data during polymer 

flood are shown in Figure 4-56, Figure 4-57, and Figure 4-58. 

 

 

 

Figure 4-56: CS11-02 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-57: CS11-02 Coreflood, Pressure Drop Data during the Polymer Injection, 0 to 

10 PV  

 

Figure 4-58: CS11-02 Coreflood, Pressure Drop Data during the Polymer Injection, 10 to 

16 PV  
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Figure 4-59: CS11-02 Coreflood, Resistance Factors during Polymer Injection 

 

The effluent was collected during polymer flood in fractional collector in sample 

volumes of 5% PV each. After effluent pH and viscosity reached steady-state, the 

sampling interval was increased to 17% PV. 

Effluent pH and viscosity were measured immediately after collection of each 

tube, and is shown in Figure 4-60. Effluent pH matched injection pH at ~ 1.5 PV and 

effluent viscosity matched injection viscosity at around 2.5 to 3 PV. 
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Figure 4-60: CS11-02 Coreflood, Effluent pH and Normalized Effluent Viscosity  
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The determination of shear correction factor, calculations of apparent viscosity, 

equivalent shear rate, were performed using the method as for the CS11-01 coreflood, 

using the values shown in Table 4-4. Note, a permeability reduction factor of (2626 mD/ 

2283 mD) = 1.15 was used. The apparent viscosity was visual fit to the injection viscosity 

using a shear correction factor of 2.3 as shown in Figure 4-61. 

 

 

Figure 4-61: CS11-02 Coreflood, Injection & Apparent Viscosity using C=2.3 
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Table 4-4: CS11-02 Coreflood, Apparent Viscosity and Equivalent Shear Rate 

Calculation 

 

 

The polymer concentration of each effluent sample was calculated using the 

viscosity vs. concentration correlation described for the CS11-01 coreflood. Normalized 

effluent polymer concentration is the effluent polymer concentration divided by the 

injection polymer concentration. The normalized effluent polymer concentration is 

plotted vs. pore volumes in Figure 4-62. 

The polymer retention was determined by mass balance as described in Chapter 3. 

The polymer retention is 11.9 µg polymer per gram of rock. 

   

PV mL/min md
Whole, 

∆psi

apparent 

viscosity, 

cp

cm2

Darcy 

velocity 

u, cm/s

n

apparent 

shear 

rate, s^-1

1.30 0.121 2283 1.04

6.30 0.121 2283 1.54 44.36 2.25E-08 1.8E-04 0.500 3.87

6.30 0.25 2283 2.33

8.45 0.25 2283 2.40 33.46 2.25E-08 3.7E-04 0.500 7.99

8.45 0.5 2283 3.45 24.05 2.25E-08 7.3E-04 0.500 15.98

11.00 1 2283 4.90 17.08 2.25E-08 1.5E-03 0.500 31.96

11.68 2 2283 6.87 11.97 2.25E-08 2.9E-03 0.500 63.91

12.50 4 2283 9.77 8.51 2.25E-08 5.8E-03 0.500 127.83

13.45 8 2283 14.24 6.20 2.25E-08 1.2E-02 0.500 255.65

14.90 16 2283 21.46 4.67 2.25E-08 2.3E-02 0.500 511.30
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Figure 4-62: CS11-02 Coreflood, Normalized Effluent Polymer Concentration 

 

Results show that even though the polymer solution was filtered through 0.8 

micron filter, it still continually reduced the permeability in all four sections of the core at 

2 ft/day, even after 6 PV. A shear correction factor of C = 2.3 (±0.25) fit the apparent 

viscosity to the injected viscosity. This is the same value of C, within experimental error, 

as determined from the first core flood, CS11-01. 

A larger volume of polymer was prepared for the second core flood, CS11-02, so 

that more pore volumes could be injected at different flow rates. Pressure drops were 

measured for interstitial velocities up to 265 ft/day (873. s-1). 
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Steady pressure drops were achieved for interstitial velocities greater than 10 

ft/day (29 s-1). 

There was no shear thickening behavior observed, even for equivalent shear rates 

as high as 511 s-1. For a comparison, a solution of 20 million Dalton HPAM in the same 

salt composition injection solution and same permeability Bentheimer sandstone would 

show dilatancy behavior by this shear rate. 

In conclusion, this filterable polymer solution did not perform well and plugged 

the core.  The polymer reduced the permeability by an Rk of 1.17 from 3 PV to 6.4 PV, 

without any indication of deceleration of the rate of pressure drop increase. 

Upon further review of literature, this behavior observed in this first two 

corefloods using CS-11 scleroglucan solutions is consistent with the presence of 

microgels similar to that observed by Kohler & Chauveteau (1981). Even though the 

viscosity recovered after pH neutralization, the triple helix structure does not recover 

perfectly.  Imperfections in the re-association of the three strands of scleroglucan occur, 

such as ‘kinks’ or loops along the length of the structure (e.g. analogous to mismatches 

with zippers on your clothing), or even association of individual strands from originally 

different triple helices, forming a gel network. 

Discussion with Cargill research and development technical staff revealed that 

CS-11 was not designed with filterability appropriate for EOR applications, and that the 

quality requirements of CS-11 were to be visually clear for cosmetic and personal care 

products. A new prototype EOR-grade scleroglucan liquid product named AD-10 was 

provided by Cargill, and thus no further work was done with the CS-11. 
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CARGILL AD-10 SCLEROGLUCAN BIOPOLYMER 

After further contact with Cargill research & development technical staff, a 

prototype liquid scleroglucan product, AD-10, was provided. This section describes the 

tests performed on the AD-10 scleroglucan liquid product. 

AD-10 scleroglucan was provided by Cargill as a liquid sample.  The nominal 

scleroglucan activity was 3000 ppm and had a pH of 4.75. Ion chromatography analysis 

showed that the AD-10 sample contained 300 ppm Ca++ and 750 ppm Mg++ ions. 

Refractometer measurement of salinity showed the AD-10 solution had a refractive index 

equivalent to 1.2% NaCl. The AD-10 solution contained residual sugars (such as dextrose 

and xylose) and other nutrient electrolytes typically used in fermentation broths. Cargill 

added DOW Kathon™ biocide to the AD-10 sample to prevent unwanted growth of 

organisms such as bacteria or molds. 

Filterability 

The AD-10 sample was filtered through various filter pore sizes to identify a 

lower limit to the filter size.  A 750 ppm scleroglucan with 30,000 ppm NaCl solution of 

AD-10 filtered through 0.8 and 0.6 micron Isopore™ filter paper with passing filtration 

ratios of 1 as shown in Figure 4-63 and Figure 4-64. This AD-10 solution was filtered 

through 0.6 micron without loss of viscosity as shown in Figure 4-65. The same solution 

filtered through 0.45 micron experienced a loss of viscosity. 
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 Figure 4-63:  Filtration of AD-10 scleroglucan through 0.8 micron (90 mm diameter) at 

15 psi 

 

Figure 4-64: Filtration of 750 ppm scleroglucan in 30,000 ppm through 0.6 micron 

Isopore (45 mm diameter) filter at 15 psi 
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Figure 4-65: Viscosity before and after filtration through 0.6 micron at 15 psi 

 

Dilutions of the broth were prepared at 120, 240, 360, 480, 600, 750, and 900 

ppm scleroglucan with 30,000 ppm NaCl, and viscosity of each sample was measured as 

shown in Figure 4-66.  AD-10 scleroglucan has a higher viscosifying power compared to 

Xanvis™ xanthan and Flopaam™ 3630s HPAM, for the same concentrations of polymer, 

as shown in Figure 4-67.  
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Figure 4-66: Dilutions of AD-10 with synthetic sea water (30,000 ppm NaCl, 1,300 ppm 

Ca2+, 400 ppm Mg2+), at 25 ºC 

 

Figure 4-67: Viscosifying power of AD-10 with synthetic sea water compared to 

Xanvis™ xanthan and Flopaam™ 3630s HPAM  
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Solutions of AD-10 scleroglucan and Flopaam 3630 HPAM at the same salinity 

and were measured at elevated temperatures. The viscosity of the AD-10 solution does 

not decrease as much as the viscosity of Flopaam 3630s with increase in temperature. 

The viscosities of these solutions at elevated temperature relative to 25 °C are shown in 

Figure 4-68 for 10 s-1 and Figure 4-69 for 100 s-1. 

 

 

Figure 4-68: Viscosity at 10 s-1 at elevated temperature, relative to at 25 °C, 30,000 ppm 

NaCl and 2000 ppm NaHCO3 
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Figure 4-69: Viscosity at 100 s-1 at elevated temperature, relative to at 25 °C, 30,000 

ppm NaCl and 2000 ppm NaHCO3 
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AD10-01 Coreflood 

The purpose of the AD10-SCL-01 polymer flood experiment was to evaluate the 

transport properties of Scleroglucan solutions prepared from the AD-10 broth. The core 

flood was done at room temperature. All brine solutions were filtered through 0.45 

micron mixed cellulose ester membrane filter paper after the initial mixing with salts. All 

brine solutions with Na2S2O4 were bubbled with argon while stirring for at least one hour 

before addition of powdered Na2S2O4. 

A Bentheimer sandstone was potted in epoxy and vacuum saturated with 40,000 

ppm NaCl brine. An aqueous solution of 40,000 ppm NaHCO3, 10,000 ppm Na-EDTA, 

10,000 ppm Na2S2O4 was injected at 1 mL/min to reduce the core and to remove 

amorphous oxidized iron. Effluent iron concentration reached a steady state of about 25 

ppm by 6.3 PV.  Injection was continued until 7 PV.  Effluent iron concentration during 

this step is shown in Figure 4-70. Next an aqueous solution of 40,000 ppm NaHCO3 & 

10,000 ppm Na2S2O4 was injected  until the effluent iron concentration was steady state 

and less than 3 ppm. 
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Figure 4-70: AD10-01 Coreflood, Effluent Iron Concentration during conditioning. 

EDTA removed from injection solution after 7 PV. 

 

Next a salinity tracer test was performed by displacing the 50,000 ppm TDS brine 

with 10,000 ppm NaCl, 2,000 ppm NaHCO3, & 500 ppm Na2S2O4 brine at 0.5 mL/min. 

Normalized effluent salinity is the difference between the effluent salinity and initial 

brine salinity in the core, divided by the difference between initial brine salinity in the 

core and injection salinity. The normalized effluent salinity was measured and is shown 

in Figure 4-71. The pore volume was determined to be 75.6 mL as described in Chapter 

3. Injection was continued at 5 mL/min (95.5 ft/day) until steady state pressure drop was 

achieved. Pressure drop data during brine flood are shown in Figure 4-72. Brine 

permeability was 2310 mD. 
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The salinity tracer broke through at 0.85 PV, reached 10 % normalized salinity by 

0.9 PV, 90% at 1.1 PV, and has a small tail that reaches 100% normalized salinity at 

1.3PV. This fairly symmetric shape of the salinity tracer profile indicated the sufficient 

homogeneity of the core for use in this core flood. 

 

 

Figure 4-71: AD10-01 Coreflood, Normalized Effluent Salinity during the Brine Flood 
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Figure 4-72: AD10-01 Coreflood, Pressure Drop Data during the 1st Brine Flood with 

10,000 ppm NaCl, 2,000 ppm NaHCO3, & 500 ppm Na2S2O4 at 5 mL/min. 

 

The AD-10 liquid sample was diluted four-fold by weight with brine, to a 

composition of 750 ppm scleroglucan, 10,000 ppm NaCl, 2,000 ppm NaHCO3, (nominal, 

not yet with the 500 ppm Na2S2O4). The polymer solution was filtered through 1.2 

micron filter paper with filtration ratio 1.04.  The solution was bubbled in argon for an 

hour and then the Na2S2O4 was added, for a composition of 750 ppm scleroglucan, 

10,000 ppm NaCl, 2,000 ppm NaHCO3, 500 ppm Na2S2O4. The solution was mixed in an 

argon environment for half an hour, before vacuum transferred to an injection 

column/accumulator. 

The polymer solution was injected at 0.106 mL/min (2 ft/day). About 20 minutes 

after commencing injection, it was observed that the injection solution was cloudy.  

Injection was immediately stopped. The bicarbonate and/or the dithionite was potentially 
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the cause of the clouding of the solution, so the composition of the injected polymer 

solution was changed to a 750 ppm scleroglucan solution with 30,000 ppm NaCl.  

An attempt to salvage the core was done by injecting in the reverse direction with 

30,000 ppm NaCl to remove the about 2 mL of polymer.  The subsequent polymer 

injection would be in this reverse direction from the previous polymer injection.  

Although there would be complications in interpreting the data from the contaminated 

section of the core, the pressure drop data across the other three sections would still 

provide valuable data from which preliminary conclusions about the performance of the 

polymer could be drawn. 

Up to this point, the core had been kept reduced at a low oxidative-reductive 

potential, however, because of the exclusion of the dithionite, the coreflood was not 

continued with reduced solutions.   

 30,000 ppm NaCl brine was injected for 3.75 PV until steady state pressure drop 

and salinity was achieved.  The pressure drop data during this brine flood are shown in 

Figure 4-73.  The section of the core that was exposed to the about 2 mL of polymer 

showed a reduction of permeability of about 5%. All other sections also show a slight 

increase in pressure drop, so this means that reduction in permeability may not have been 

caused by the initial 2 mL of cloudy polymer solution. 

The brine permeability during this second brine flood was 2155 mD. 

 



121 

 

 

Figure 4-73: AD10-01 Coreflood, Pressure Drop Data during the 2nd Brine Flood with 

30,000 ppm NaCl brine at 5 mL/min 
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A solution of 750 ppm scleroglucan and 30,000 ppm NaCl was prepared and 

filtered through a 90 mm diameter, 1.2 µm, mixed cellulose ester membrane Millipore 

filter paper, with 15 psi.  The filtration ratio was 1.04. The pH of this diluted solution was 

pH 5.  The viscosity vs. shear rate is shown in Figure 4-74. 

 

 

 

 

Figure 4-74: Viscosity of 750 ppm Scleroglucan with 30,000 ppm NaCl 
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A filtered solution of 750 ppm scleroglucan and 30,000 ppm NaCl was injected at 

0.106 mL/min (2 ft/day). Effluent samples were collected with a fractional collector at 36 

minute intervals, for 3.8 mL (5% PV) each tube. Injection was paused at about 6.3 PV to 

refill the pump before resuming injection. After injecting at 2 ft/day for about 8.4 pore 

volumes, the velocity was varied to 4, 8, 16, 32, and then 1 ft/day until steady state 

pressure drops were achieved at each velocity. Pressure drop data during polymer 

injection are shown in Figure 4-75, Figure 4-76, and Figure 4-77. Resistance factors 

during polymer injection are shown in Figure 4-78. 

 

 

Figure 4-75: AD10-01 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-76: AD10-01 Coreflood, Pressure Drop Data during the Polymer Injection, 

plotted on a log scale 

 

Figure 4-77: AD10-01 Coreflood, Pressure Drop Data across Section 1 during the 

Polymer Injection (Whole core PV time) 
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Figure 4-78: AD10-01 Coreflood, Resistance Factors during the Polymer injection 

 

The resistance factors across all sections and across the whole core, with 

exception to Section 4, are the same within experimental error. The resistance factor at 

section 4 is less than across the other sections by a factor of about (0.35/0.45) = 0.78. 

Since the pressure drops during brine flood of the other sections are also less than that of 

section 4 by about the same factor, (0.36 psi / 0.46 psi) = 0.78, the pressure drop during 

brine flood for section 4 looks suspect.  Furthermore, if the brine flood pressure drop 

across section 4 was truly that much higher than the others, this would suggest that the 

permeability was lower in section 4 by this same factor.  A lower permeability of a factor 

of 0.78, for a polymer with n= 0.45 would correspond to a higher equivalent shear rate 

and would translate to a lower polymer viscosity of only a factor of (1/0.78)^(0.5(0.45-

1))= 0.93, which is not enough to account for the lower resistance factor. 
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Apparent viscosity of the polymer in the core at each flow rate was calculated 

from the pressure drop using Darcy’s law. Apparent shear rate at each flow rate was 

calculated as described in Chapter 3, with n = 0.42, k = 2155 mD = 2.13E-08 cm2, 𝝓 = 

0.218. The results are shown in Figure 4-79. A shear rate correction factor of C = 1.85 

was determined from a best fit of these data. 

 

 

Figure 4-79: AD10-01 Coreflood, Comparison of Measured and Apparent Viscosity 

using (C= 1.5) 
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The effluent during polymer flood was collected in a fractional collector in 

sample sizes of 5% PV. 3 mL each from three effluent tubes were consolidated into a 9 

mL sample for viscosity measurements. Effluent viscosity normalized to injection 

polymer and brine viscosities are shown in Figure 4-80. 

 

Figure 4-80: AD10-01 Coreflood, Normalized Effluent Viscosity 
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Dilutions of the broth were prepared at 120, 240, 360, 480, 600, 750, and 900 

ppm scleroglucan with 30,000 ppm NaCl, and viscosity of each sample was measured as 

shown in Figure 4-66.  Viscosity at 100 s-1 vs. concentration was fit using a 

monotonically increasing cubic equation as shown in Figure 4-81.  Viscosity data at 100 

s-1 was chosen for this correlation because of the higher signal to noise ratio of the 

rheometer’s transducer at the higher shear rates. 

 

 

Figure 4-81: AD10-01 Coreflood, Viscosity vs. Polymer Concentration, 100 s-1, 23 °C, 

30,000 ppm NaCl 
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The polymer concentration of each effluent sample was calculated using this 

viscosity vs. concentration correlation. Normalized effluent polymer concentration is the 

effluent polymer concentration divided by the injection polymer concentration. The 

normalized effluent polymer concentration data are plotted vs. pore volumes in Figure 

4-82.  

 

Figure 4-82: AD10-01 Coreflood, Normalized Effluent Polymer Concentration 

 

The polymer retention was determined by mass balance as described in Chapter 3.  

Polymer retention is 9.3 µg polymer per gram of rock. 

The scleroglucan solution made from the prototype AD-10 scleroglucan liquid 

product performed very well in this first coreflood through a 2155 mD Bentheimer 

sandstone at room temperature. Polymer broke through on-time, almost at the same time 
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as a salinity tracer, and polymer retention was remarkably low. Steady state pressure 

drops at 2 ft/day were achieved within about 2 to 3 PV and maintained for more than 8 

PV.  Both the effluent viscosity and polymer concentration were close to their injected 

values by about 2 PV. These observations indicate excellent transport of the polymer in a 

high permeability sandstone and were very encouraging, so the next step was to test the 

polymer in a lower permeability sandstone core.  
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AD10-02 Coreflood 

The second AD-10 coreflood was performed using the same conditions as the first 

coreflood, except this time a lower permeability core was used. A Berea sandstone core 

was potted in epoxy and vacuum saturated with 50,000 ppm NaCl brine. 

A salinity tracer test was performed by injecting 30,000 ppm NaCl at 5 mL/min. 

Normalized effluent salinity is the difference between the effluent salinity and initial 

brine salinity in the core, divided by the difference between initial brine salinity in the 

core and injection salinity. The normalized effluent salinity was measured and is shown 

in Figure 4-83.  Pore volume was determined to be 103 mL by mass balance as described 

in Chapter 3. Injection was continued at 5 mL/min (70 ft/day) until steady state pressure 

drop was achieved, as shown in Figure 4-84. Brine permeability was 103 mD. 

 

Figure 4-83:  AD10-02 Coreflood, Normalized Effluent Salinity during Salinity Tracer 

test  
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The salinity tracer broke through at 0.7 PV and reached full normalized salinity at 

1.35 PV without much of a tail. This symmetric salinity profile indicated this Berea 

sandstone core is of sufficient homogeneity to use for this coreflood. 

 

 

Figure 4-84: AD10-02 Coreflood, Pressure Drop Data during the Brine Flood with 

30,000 ppm NaCl at 5 mL/min. 

 

Injection of the 750 ppm scleroglucan and 30,000 ppm NaCl filtered solution into 

the core was started at 2 ft/day.  The effluent during polymer flood was collected in a 

fractional collector in sample sizes of 5% PV.  

The injection pump was paused at 5 PV for refilling and injection restarted. 

Injection was stopped after injecting at 2 ft/day for 9.6 PV. Pressure drop data during 
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polymer injection are shown in Figure 4-85. Resistance factors during polymer injection 

are shown in Figure 4-86. Normalized effluent viscosity and polymer concentration are 

shown in Figure 4-87. 

 

 

Figure 4-85: AD10-02 Coreflood, Pressure Drop Data during the Polymer Flood 
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Figure 4-86: AD10-02 Coreflood, Resistance Factors during the Polymer Flood 

 

Figure 4-87: AD10-02 Coreflood, Normalized Effluent Viscosity and Polymer 

Concentration 
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The pressure drops across all sections of the core were still increasing even after 9 

pore volumes injected, which indicates that the polymer was plugging the core across all 

sections. The resistance factor for section 1 was substantially higher and increased much 

faster than the other sections which indicated that most of the plugging was happening at 

Section 1, at the inlet end of the core. 

The results of the polymer solution through the 103 mD Berea sandstone core at 

room temperature were not good. The effluent viscosity did not match the injected 

viscosity until about 9 PV. The pressure drops continued to increase in all four sections 

even after 9.6 PV of injection at 2 ft/day.  

The third AD-10 coreflood was performed on a 257 mD Berea sandstone core. 
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AD10-03 Coreflood 

The purpose of the AD10-03 coreflood was to test the transport properties of the 

AD-10 scleroglucan solution through a core with less than 2000 mD and greater than 100 

mD permeability.  The Berea sandstone was potted in epoxy and vacuum saturated with 

50,000 ppm NaCl brine. This coreflood experiment was done at room temperature. 

A salinity tracer test was performed by injecting 30,000 ppm NaCl at 5 mL/min 

(96 ft/day). The normalized effluent salinity was measured and is shown in Figure 4-88.  

Injection was continued until steady state pressure drop was achieved, as shown in 

Figure 4-89. The pore volume was determined to be 75 mL as described in Chapter 3. 

The brine permeability was 257 mD. 

 

Figure 4-88: AD10-03 Coreflood, Normalized Effluent Salinity during the Brine flood 
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Figure 4-89: AD10-03 Coreflood, Pressure Drop Data during the Brine Flood 

The salinity tracer broke through at 0.75 PV, reached 10% normalized salinity at 

0.85 PV, 90% at 1.25 PV, and 100% at 1.4 PV. The shape of the salinity profile is not as 

symmetric as in corefloods AD10-01 and AD10-02, but the breakthrough time and the 

time to reach 100% was sufficiently on-time, which indicated this core was sufficient to 

be used for this polymer flood. 

A quarter-dilution of the AD-10 sample to 750 ppm scleroglucan with 30,000 

ppm NaCl was made and filtered through 1.2 micron filter paper at 15 psi. Injection of 

the 750 ppm scleroglucan and 30,000 ppm NaCl filtered solution into the core was started 

at 2 ft/day.  The effluent during polymer flood was collected in a fractional collector in 

sample sizes of about 7% PV.  
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A continuous-injection Quizix pump was used and a much larger volume 

injection column was used so that there would be no interruption of injection rate and 

pressure drops that would be experienced during the refill of a single cylinder pump.  

A leak in a pressure transducer line between Section 1 and Section 2 was 

discovered and corrected at about 3.5 PV injected. 

 After injecting at 2 ft/day for about 17 pore volumes, the injection velocity was 

varied to 8, and then 32 ft/day until steady state pressure drops were achieved at each 

velocity.  Pressure drop data during polymer injection are shown in Figure 4-90 and 

Figure 4-91. Resistance factors are shown in Figure 4-92.  

 

Figure 4-90: AD10-03 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-91: AD10-03 Coreflood, Pressure Drop during polymer injection 

 

Figure 4-92: AD10-03 Coreflood, Resistance Factors during the Polymer Injection 
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Apparent viscosity and equivalent shear rate were calculated using the same 

method as described previously and are shown in Figure 4-93. A shear correction factor 

of C = 1.26 was determined to best fit these data.  

 

 

Figure 4-93: AD10-03 Coreflood, Comparison of Measured and Apparent Viscosity 

using (C=1.26) 

 

The effluent during polymer flood was collected in a fractional collector in 

sample sizes of about 7% PV. Effluent viscosity data normalized to injection and brine 

viscosity are shown in Figure 4-94. 

The polymer concentration of each effluent sample was estimated using the 

viscosity vs. concentration correlation developed for AD-10 scleroglucan, as described 
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previously. Normalized effluent polymer concentration is the effluent polymer 

concentration divided by the injection polymer concentration. The normalized effluent 

polymer concentration is plotted vs. pore volumes in Figure 4-95.  

 

 

Figure 4-94: AD10-03 Coreflood, Normalized Effluent Viscosity during the Polymer 

Injection 
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Figure 4-95: AD10-03 Coreflood, Normalized Effluent Polymer Concentration during 

the Polymer Injection 

 

Unfortunately because of the leak in the transducer line that was not discovered 

until after polymer breakthrough, it was not possible to calculate the exact polymer 

retention, however, an estimate of a minimum value for the polymer retention was made. 

The polymer retention was estimated by mass balance as described in Chapter 3. Polymer 

retention is 128.9 µg polymer per gram of rock, minimum. 

The polymer did not break through until about 2 PV and the maximum viscosity 

was not achieved until 4 PV.However, the leak in the transducer line contributed to the 

delay. Despite this complication due to the leak, we can still draw some conclusions.  

Although polymer viscosity of the effluent was able to match injection viscosity, the 

pressure drop across the core did not reach steady state. Pressure drop increased from 

about 6.6 psi to 6.9 psi between 5 and 15 PV, corresponding to a permeability reduction 
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of Rk = 1.04. Although not ideal, this reduction is small and indicates the polymer 

transport might be acceptable, but additional testing is needed before definite conclusions 

can be made. . 

This coreflood experiment was complicated by the leak in the transducer line so 

another coreflood with a similar permeability Berea was done next. 
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AD10-04 Coreflood 

The purpose of the AD10-04 coreflood was to repeat the previous coreflood that 

had a leak, AD10-03, to see whether the high polymer retention was an artifact caused by 

the leak. 

A  Berea sandstone was potted in epoxy and vacuum saturated with 50,000 ppm 

NaCl brine. This coreflood was run at room temperature.  

A salinity tracer test was performed by displacing the previous 50,000 ppm NaCl 

brine with 30,000 ppm NaCl at 5 mL/min. Brine permeability was 228 mD. The effluent 

salinity was measured and is shown in Figure 4-96.  Injection was continued at 5 mL/min 

(105 ft/day) until steady state pressure drop was achieved, as shown in Figure 4-97. The 

pore volume was determined to be 68.5 mL as described in Chapter 3. Brine permeability 

was 228 mD. 
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Figure 4-96: AD10-04 Coreflood, Normalized Effluent Salinity during the Brine Flood 

 

Figure 4-97: AD10-04 Coreflood, Pressure Drop Data during the Brine Flood 



146 

 

The normalized effluent salinity broke through at 0.75 PV, reached 10% at 0.85 

PV, 90% at 1.33 PV, and full normalized salinity at 1.75 PV. The shape of the salinity 

tracer profile had a slight tail, however, since the breakthrough was not too early and the 

salinity reached full normalized salinity within 1.75 PV, the core was still sufficiently 

homogenous to be used for the polymer flood. 

A quarter-dilution of the AD-10 sample to 750 ppm scleroglucan with 30,000 

ppm NaCl was made and filtered through 1.2 micron filter paper at 15 psi. 

The 750 ppm scleroglucan and 30,000 ppm NaCl filtered solution was injected at 

2 ft/day.  The effluent during polymer flood was collected in a fractional collector in 

sample sizes of about 7.6% PV.  

After injecting at 2 ft/day for about 15.5 pore volumes, the injection rate was 

varied to 4, 1, 8, and then 16 ft/day, flowing at each injection rate until steady state 

pressure drops were achieved. Pressure drops during polymer injection are shown in 

Figure 4-98 and Figure 4-99. Resistance factors during polymer injection are shown in 

Figure 4-100. 
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Figure 4-98: AD10-04 Coreflood, Pressure Drop Data during the Polymer Injection 

 

Figure 4-99: AD10-04 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-100: AD10-04 Coreflood, Resistance Factors during the Polymer Injection 

 

The effluent was collected in a fractional collector in sample sizes of about 7.6% 

PV. Effluent viscosity normalized to injection polymer and brine viscosities are shown in 

Figure 4-101. 

The polymer concentration of each effluent sample was estimated using the viscosity vs. 

concentration correlation developed for AD-10 scleroglucan, as describe in a previous 

coreflood. Normalized effluent polymer concentration is the effluent polymer 

concentration divided by the injection polymer concentration. The normalized effluent 

polymer concentration is plotted vs. pore volumes in Figure 4-102.  
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Figure 4-101: AD10-04 Coreflood, Normalized Effluent Viscosity 

 

Figure 4-102: AD10-04 Coreflood, Normalized Effluent Polymer Concentration 
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The polymer retention was determined by mass balance as described in Chapter 3. 

Polymer retentionis 138.4 µg polymer per gram of rock. 

Apparent viscosity and apparent shear rate were calculated using the same method 

as described in Chapter 3, however, since section 1 showed signs of plugging, the total 

pressure drop across Sections 2, 3, and 4 were used to calculate apparent viscosity. 

Apparent viscosity vs. apparent shear rate was plotted with the rheometer-

measured viscosity vs. shear rate of the injection solution and is shown in Figure 4-103. 

A shear correction factor of C = 1.3 was determined to visually best fit the coreflood 

apparent viscosities to the rheometer-measured viscosities. 

 

Figure 4-103: AD10-04 Coreflood, Comparison of Measured and Apparent Viscosity 

using (C= 1.3) 
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The polymer solution did not perform well through this 228 mD Berea core at 2 

ft/day and room temperature.  The pressure drop in Section 1 continued to increase even 

after 15 PV injected, indicating plugging of the core.  The frontal velocity of the polymer 

was much retarded, breaking through at about 2.3 PV injected, and polymer retention was 

high, at 138.4 µg/g. 

Effluent polymer viscosity did reached maximum viscosity, at about 5.5 PV, and 

the pressure drops across Section 2, 3 and 4 reached steady state at the same time.   

The shear correction factor was the same, within experimental error, as 

determined in the previous coreflood, C= 1.3. 

Since the literature (Rivenq et al., 1992, Kulawardana, 2012) shows that 

scleroglucan polymer has a lower polymer retention at higher temperatures, and since 

scleroglucan is a candidate for EOR application in high temperature reservoirs, the next 

coreflood was done at 100 ºC to see if this problem of retarded polymer velocity would 

persist.  
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AD10-05 Coreflood 

The purpose of this coreflood was to test the polymer solution in a similar core as 

the previous coreflood, AD10-04, but at a high temperature, to see if the high retention 

and retardation of polymer persists. 

 Because of the higher temperature compared to the previous corefloods, some 

changes to the experiment needed to be made. This coreflood was performed at 100 ºC, 

so the use of a steel coreholder and backpressure regulator was required.  

Also, the ability of this particular polymer sample to resist thermal degradation at 

100 ºC for the duration of the coreflood was unclear. 

The literature shows that acid/base catalyzed degradation rates were lowest near 

neutral pH values of 7-8, so 5000 ppm NaHCO3 was included to the injection solution to 

buffer the pH to 8. 

Also, to preempt any free radical catalyzed degradation, isopropanol and thiourea 

was included as a protection package to prevent biopolymer free radical degradation. 

2000 ppm sodium isoascorbate was included as a reducing agent and antioxidant 

free-radical scavenger. 

A 29.5 inches long 1.5 inch diameter, Berea sandstone was setup in a Hassler-type 

steel coreholder with 500 psi confining pressure.  

The core was vacuum saturated with 50,000 ppm NaCl brine at room temperature. 

Since Eh-reduced injection fluids and the protection package was to be used, the 

core was reduced and conditioned before polymer injection, using the standard UT 
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method.  The core was injected with 40,000 ppm NaHCO3, 10,000 ppm Na-EDTA, 

10,000 ppm Na2S2O4 until steady state effluent iron concentration below 50 ppm.  Then 

the core was injected with 40,000 ppm NaHCO3, 10,000 ppm Na2S2O4 until effluent iron 

concentration was steady state and less than 3 ppm. 

Any solutions injected to the core after this point were bubbled in argon to 

remove dissolved oxygen before including a reducing agent. 

A back pressure regulator set at 25 psi was installed in series with the effluent line 

to maintain an elevated pore pressure and prevent evaporation of water within the core. 

This coreflood from this point forward was performed at an elevated temperature. 

The coreholder with core was moved to an oven and heated to 100 ºC.  

A salinity tracer test was performed by displacing the previous 50,000 ppm NaCl 

brine with 30,000 ppm NaCl and 2000 ppm sodium isoascorbate at 5 mL/min. The 

effluent salinity was measured and normalized effluent salnity is shown in Figure 4-104.  

Injection was continued at 5 mL/min (105 ft/day) until steady state pressure drop was 

achieved, as shown in Figure 4-105. The pore volume was determined to be 68 mL as 

described in Chapter 3. Brine permeability was 205 mD at 100 ºC. 
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Figure 4-104: AD10-05 Coreflood, Normalized Effluent Salinity during the Brine Flood 

 

Figure 4-105: AD10-05 Coreflood, Pressure Drop Data during the Brine Flood  
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The normalized effluent salinity broke through at 0.8 PV, reached 10% 

normalized salinity at 0.9 PV, 90% at 1.25 PV, and full normalized salinity by 1.4 PV.  

The shape of the salinity tracer profile shows some slight asymmetry and a very mild tail, 

thus, the core was sufficiently homogenous to use for the polymer flood. 

A quarter-dilution of the AD-10 sample to 750 ppm scleroglucan with 30,000 

ppm NaCl and 5000 ppm NaHCO3 was made and filtered through 1.2 micron filter paper 

at 15 psi. 

The polymer solution was then bubbled for more than an hour with argon to 

remove dissolved oxygen. The solution started to cloud during bubbling with argon, so 

this solution was filtered through 0.8 micron and bubbled in argon again for another hour. 

2000 ppm sodium isoascorbate, 750 ppm isopropanol (from a 10% IPA solution), 

and 375 ppm thiourea was added to the polymer solution. 

The polymer solution was then vacuum-transferred to an injection column. 

The injection column of polymer solution was kept outside of the oven at room 

temperature and long line was run to the core. The long line within the oven ensured the 

injection solution had sufficient time to warm up to the oven temperature. 

The polymer solution was injected into the core at 2 ft/day.  The effluent during 

polymer flood was collected in a fractional collector in sample sizes of about 7% PV.  

The polymer in the injection column started to cloud after about 1 PV had already 

been injected. 
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After injecting at 2 ft/day for about 7.3 pore volumes, the injection rate was varied 

to 4, 8, and then 1ft/day, flowing at each injection rate until steady state pressure drops 

were achieved. 

Pressure drops during polymer injection are shown in Figure 4-106 and Figure 

4-107. Resistance factors during polymer injection are shown in Figure 4-108. 

 

 

Figure 4-106: AD10-05 Coreflood, Pressure Drop Data during the Polymer Injection 
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Figure 4-107: AD10-05 Coreflood, Pressure Drop Data during the Polymer Injection 

 

Figure 4-108: AD10-05 Coreflood, Resistance Factors during the Polymer Injection 
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The effluent during polymer flood was collected in a fractional collector in 

sample sizes of about 7% PV and the effluent viscosity was measured at room 

temperature. 

Effluent viscosity normalized to injection polymer and brine viscosities are shown 

in Figure 4-109. 

  The polymer concentration of each effluent sample was estimated using the 

viscosity vs. concentration correlation developed for AD-10 scleroglucan, as describe in a 

previous coreflood. Effluent polymer concentration normalized to injection concentration 

is plotted vs. pore volumes in Figure 4-110.  

 

Figure 4-109: AD10-05 Coreflood, Normalized Effluent Viscosity 
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Figure 4-110: AD10-05 Coreflood, Normalized Effluent Polymer Concentration 

 

Since polymer degradation occurred in this coreflood, and the polymer 

concentration was estimated from the effluent polymer viscosity, the polymer retention 

cannot be determined accurately using the same method previously used for all other core 

floods.  However, for a rough estimate, the polymer retention can be estimated by the 

difference in the arrival times (for 0.5 normalized concentration) of the salinity front 

during brine flood, and the polymer front during polymer injection. Polymer retention 

estimated by this method is 29.3 µg polymer per gram of rock.  

A value for polymer retention was estimated and a significant improvement was 

observed at high temperature compared to the previous two corefloods at room 

temperature.  Polymer broke through on time, at about 1.1 PV injected. 
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The effluent polymer viscosity never matched injection.  Some degradation of the 

polymer viscosity was observed from the effluent. This may be because the injection 

solution started to cloud, and the precipitation was plugging the core. As a filter cake 

built up in the inlet section, it later filtered out polymer molecules. For these reasons, the 

plugging of the precipitation is indistinguishable from plugging of the polymer itself.  

 The shear correction factor was determined in a similar way as previously 

described for the other corefloods. However, since this coreflood was at elevated 

temperature and polymer degradation was observed, some assumptions were made to 

facilitate the determination of shear correction factor. 

1. The effluent polymer at 2.4 PV represents the polymer inside the core. 

2. The effluent polymer reduces in viscosity at elevated temperatures by the same 

factors as the injection polymer. 

3. The viscosity decreases with temperature according to an Arrhenius equation. 

4. The heat-thinning factor with which the viscosity reduces upon heating from 25 

°C to 100 °C is a linear function of the natural log of the shear rate. 

 

The effluent collected at 2.4 PV polymer injected is assumed to be representative 

of the polymer inside the core.  Although the viscosity of this sample was measured only 

at room temperature, 25 °C, the injection polymer was measure at elevated temperatures, 

as shown in Figure 4-111, and the effluent sample is assumed to reduce in viscosity by 

the same factors as the injection polymer.  
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Figure 4-111: AD10-05 Coreflood, Viscosity of the injection polymer versus 

temperature at different shear rates. 

 

The injection polymer was not measured up to 100 °C due to technical difficulties, 

thus, the viscosity of the injection polymer at 100 °C was estimate by extrapolation.  This 

extrapolation assumes that the natural log of the viscosity is a linear function of the 

reciprocal of absolute temperature, or in other words, viscosity and temperature are 

related by the Andrade (1930) equation, (Viscosity) = A e[B / (temperature, Kelvin)]. This 

extrapolation is shown in Figure 4-112, Figure 4-113, and Figure 4-114. Note that in the 

figures, 2.68e-3 Kelvin-1 corresponds to 100 °C. 
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Figure 4-112: AD10-05 Coreflood, The polymer viscosity at 1 s-1 with temperature, 

relative to the polymer viscosity at 25 °C. 

 

Figure 4-113: AD10-05 Coreflood, The polymer viscosity at 10 s-1 with temperature, 

relative to the polymer viscosity at 25 °C.  
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Figure 4-114: AD10-05 Coreflood, The polymer viscosity at 100 s-1 with temperature, 

relative to the polymer viscosity at 25 °C. 

 

Notice that the viscosity reduces with temperature by different heat-thinning 

factors at different shear rates. Next, assuming that the heat-thinning factor with which 

the viscosity reduces upon heating from 25 °C to 100 °C is linear function of the natural 

log of the shear rate, the heat-thinning factor for intermediate shear rates are estimated by 

interpolation, as shown in Figure 4-115. 
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Figure 4-115: AD10-05 Coreflood, Heat Thinning Factor from 25 °C to 100°C versus 

Shear Rate 

 

Figure 4-116 shows the effluent viscosity at 2.4 PV at 25°C, and the estimated 

polymer viscosity at 100 °C based on the aforementioned assumptions. The apparent 

viscosity, equivalent shear rate and shear correction factor during the polymer flood was 

calculated using the same method as previous corefloods. The apparent viscosity visually 

fit the estimated polymer viscosity at 100 °C with a shear correction factor of 12.  
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Figure 4-116: AD10-05 Coreflood, Apparent Viscosity visually fit to Estimated 

Viscosity at 100°C using C =12
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Chapter 5: Summary and Conclusions 

This research tested several different polymers for EOR application. Very rarely 

in the literature are there such a rigorously detailed and systematic laboratory 

characterization, analysis and evaluation of a polymer for enhanced oil recovery. This 

work is of very high quality because it is accompanied with data from filtration tests and 

salinity tracer tests for quality control of polymer solutions and core materials, and high-

precision pressure data for sufficiently numerous pore volumes of polymer injection and 

injection velocities. This research has produced several best practices and conclusions 

about testing and evaluating polymers for enhanced oil recovery. 

For performing polymer flood experiments in the lab, a best practice is to use 

continuous injection pumps (e.g. a Quizix™ pump in paired continuous injection mode, 

or a dual injection Isco™ pump injection system) and large volume injection columns, so 

that experiments can run for tens of pore volumes, free of interruptions to the pressure 

drop data that result from the need to refill injection pumps and columns. 

Even well-performing polymers with polymer retention values of 40-50 µg/g may 

not match injection concentration until about 2-3 PV. Normalized effluent polymer 

concentration reaching only 80% by 1.2 PV and 90% by 1.4 PV is not unreasonable 

behavior, considering that even a simple salinity tracer through a fairly homogenous core 

may not reach full normalized effluent salinity until 1.5 to 2 PV, because of dispersion. 

This shape of salinity tracer profile was observed in the salinity tracer tests performed in 

this thesis, which is summarized in 

Table 5-1. The cores used in these corefloods were fairly ideal, and thus 

heterogeneity in the actual reservoir would show less ideal behavior. 



167 

 

Thus, in light of this behavior, best practices recommended for performing 

polymer flood experiments are to continue polymer injection for at least one pore volume 

more than after the effluent reaches full polymer concentration, i.e. for a minimum of 4 

PV.  The salinity tracer test profile should be used a reference for estimating the arrival 

time of the polymer front.  

Also, a conservative approach would be to design the viscosity of polymer drives 

and chemical slugs with the expectation that effluent viscosity is only 80 % of injection 

viscosity after about 1.2 PV.  

Table 5-1: Summary of Salinity Tracer Tests 

 

 

Cooperation with the polymer manufacturer is critical to developing an 

economical and high quality polymer product. It is best practice is to establish a working 

relationship (e.g. non-disclosure agreements) that allows for and facilitates ease of 

communication and information-sharing necessary for efficient iteration and feedback in 

developing a high quality EOR polymer product.  EOR petroleum engineers understand 

Permeability Porosity

PV at 

Break-

through

PV at 

10% 

Norm. 

Salinity

PV at 

90% 

Norm. 

Salinity

PV at 

100% 

Norm. 

Salinity

mD

TLW-03 Reservoir Sand 2305 0.26 0.60 0.75 1.35 1.50

TLW-05 Reservoir Sand 991 0.26 0.75 0.80 1.30 1.40

4211x Bentheimer Sandstone 2118 0.23 0.80 0.81 1.19 2.00

4261x Bentheimer Sandstone 2500 0.23 0.88 0.92 1.10 1.19

AD10-01 Bentheimer Sandstone 2155 0.22 0.85 0.90 1.10 1.30

AD10-02 Berea Sandstone 103 0.17 0.65 0.75 1.30 1.45

AD10-03 Berea Sandstone 257 0.21 0.75 0.85 1.25 1.40

AD10-04 Berea Sandstone 228 0.20 0.75 0.85 1.33 1.75

AD10-05 Berea Sandstone 205 0.21 0.80 0.90 1.25 1.40
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what is required chemically and rheologically of the polymer for EOR, and how to test 

and evaluate the polymer rheology in porous media, while the polymer manufacturers 

better understand the fermentation and or processing of the polymer to create a higher 

quality product. Much efficiency in progress can be made by having an environment 

where information can be disclosed and communicated efficiently across 

multidisciplinary teams.  

Several polymer products were tested for EOR application and here are 

summaries and conclusions of these experiments. 

Hengju Hengfloc HPAM 

Two corefloods, named TLW-03 and TLW-05, were performed as part of a series 

of experiments using HPAM polymers from different suppliers. Two other corefloods, 

named T1 and T2, were performed by Heesong Koh, under the same experimental 

conditions but with a different HPAM polymer and are documented in his dissertation 

(2015). Hengju Hengfloc™ 63026 was used in TLW-P03 and TLW-P05. Flopaam 3630s 

was used in T1 and T2.  

The purpose of these corefloods was to compare the oil recovery from secondary 

and tertiary polymer floods, and to compare the behavior of the two polymers. The results 

of these corefloods are summarized in Table 5-2.  

The water flood remaining oil saturations for the secondary water flood in 

experiments TLW-05 and T2 are 0.28 and 0.32 respectively.  These values are the same 

within experimental uncertainty and the natural variability of the reservoir sand. For 
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example, the sand used for TLW-05 is a finer grained sand than the sand used for the 

other experiments.  

The tertiary polymer flood remaining oil saturation for Experiment TLW-05 using 

Hengfloc 63026 polymer is 0.23, so the tertiary polymer flood further reduced the 

remaining oil saturation by (0.28-0.23) = 0.05. 

The tertiary polymer flood remaining oil saturation for Experiment T2 using 

Flopaam 3630s polymer is 0.275, so the tertiary polymer flood further reduced the 

remaining oil saturation by (0.32-0.275) = 0.045. 

The tertiary polymer floods for Hengfloc 63026 and Flopaam 3630s reduced the 

residual oil saturation the same within experimental uncertainty (0.05 and 0.045, 

respectively). Furthermore, a large decrease in residual oil saturation is not expected for a 

tertiary polymer flood of sands containing oil with a viscosity of only 3.5 cp.   

The secondary polymer flood residual oil saturation for Experiment T1 using 

Flopaam 3630s polymer is 0.26, so the secondary polymer flood reduced the remaining 

oil saturation by 0.02 compared to the tertiary polymer flood or 0.06 compared to the 

water flood.  

The secondary polymer flood residual oil saturation for Experiment TLW-03 

using Hengfloc 63026 polymer is 0.33, which is the same as the water flood remaining 

oil saturation of T2 taking into account both the experimental uncertainty and the natural 

variability of any reservoir core material such as used in these experiments.  

The polymer concentration in the effluent was measured for each of the core 

floods and used to estimate the polymer retention. The polymer retention for TLW-03, 

TLW-05, T2 and T4 are 7 ± 22, -15 ± 20, -45 ± 40, 14 ± 31 micrograms per gram of 
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sand, respectively. Even though the uncertainties in these measurements were high (and 

some values were nonsensical negative values), these values of polymer retention are 

adequately low values of polymer retention and indicate good transport of both polymers 

through the reservoir sand. 

In conclusion, the behavior of the Hengfloc 63026 and Flopaam 3630s polymers 

under the test conditions was the same within experimental uncertainty.  The average 

water flood remaining oil saturation was 0.303.  The average polymer flood remaining oil 

saturation was 0.275, for an average reduction of 0.028.  For the two experiments where 

the polymer flood was done on the same sand as the water flood, which removes part of 

the uncertainty, the average reduction in the residual oil saturation was 0.0475 (an 18% 

increase in oil recovery).  These values are completely consistent with previous 

experience using light oils, uniform sands and linear displacements at low pressure 

gradients (low capillary numbers representative of reservoir conditions).  Of course, in 

three-dimensional heterogeneous oil reservoir, the polymer flood will substantially 

improve the volumetric sweep efficiency and thus add much more incremental oil 

recovery than in these core floods. 



171 

 

Table 5-2: Summary of TLW HPAM Corefloods 

 

 

 

T1 T2

(Koh, 2015) (Koh, 2015)

Polymer
Hengfloc 

63026

Hengfloc 

63026

Flopaam 

3630s

Flopaam 

3630s

Brine Permeability mD 2305 991 2302 2204

Porosity 0.263 0.264 0.23 0.26

Pore Volume mL 90 92 80 90

End-point Oil Relative 

Permeability, kro

1.19 0.76 0.89 0.74

End-point Water 

Relative Permeability, 

krw

-- 0.046 -- 0.048

Initial Oil Saturation 

after Oil flood, Soi

0.67 0.67 0.69 0.65

Remaining Oil Saturation 

after Waterflood, Sorw

-- 0.28 -- 0.32

Remaining Oil Saturation 

after Polymer flood, Sorp

0.33 0.23 0.255 0.275

∆So -- 0.05 -- 0.045

Mass of sand packed g 536 561 550 545

Polymer Retention µg/g 7 ± 22 -15 ± 20 -45 ± 40 14 ± 31

TLW-P03 TLW-P05
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BASF Aspiro HPAM 

BASF Aspiro HPAM polymer solutions were prepared in several different brines 

and polymer concentrations by the stir-plate method described in Chapter 3. The 

solutions were tested in filtration tests and the lower molecular weight polymers, 4211x 

and 4261x, were tested in corefloods. These coreflood results are summarized in  

Table 5-3. 

The higher the molecular weight of the polymer, the less likely the polymer 

solution was to filter with a filtration ratio less than 1.2 after the initial mixing. The low 

molecular weight polymer, 4211x passed the filtration ratio test every time, except for 

one sample prepared at high polymer concentration and low salinity (5000 ppm polymer 

in 1000 ppm NaHCO3).  

The solutions of higher weight polymers 4261x, 4231 and 4251 were less likely to 

pass the filtration ratio less than 1.2, upon the first attempt at filtering after hydration. 

This is not a conclusively bad result for these higher weight polymers. For the samples 

prepared in 2500 ppm polymer in 10,000 ppm NaCl, the viscosity measured before and 

after filtration showed that there was no loss viscosity, and these once-filtered solutions 

passed filtration ratio upon the second filtration. These results qualified these polymer 

solutions for further characterization by coreflood. Although only the 4211x and 4261x 

were subsequently tested in corefloods, further evaluation of 4231 and 4251 in corefloods 

is not precluded. 

The BASF Aspiro 4211x and 4261x polymers behaved almost ideally in their 

corefloods. Careful preparation and quality control of the polymer solutions and core 

contributed to the successful demonstration of these polymers. Steady state pressure 
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drops were achieved very punctually, and typical polymer retention values were 

measured.  

Shear correction factors of 2.1 were determined for both the 4211x coreflood and 

the 4261x coreflood. These values are higher than the values of 1.1 for single phase 

polymer floods of Flopaam 3630s and Hengfloc 63020 reported in Heesong Koh’s PhD 

dissertation (2015), however, this is not unreasonable considering the differing 

experimental conditions; Koh’s corefloods were performed in lower permeability 

Bentheimer cores at a higher temperature of 62 °C, and different polymer concentrations, 

salinities and values of pH. 

 .
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Table 5-3: Summary of BASF Aspiro Corefloods 

 

Brine 

Permeability
Temperature Porosity

Pore 

Volume
Diameter Length Mass

Polymer 

Retention

Shear 

Correction 

Factor

mD ˚C mL cm cm g μg/g

4211x Bentheimer 2118 23 0.226 78.9 3.81 30.48 672 36.1 2.1 Good transport behavior

4261x Bentheimer 2500 23 0.226 81.6 3.81 30.48 691 39.3 2.1 Good transport behavior
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CS-11 scleroglucan 

An improved method of preparing filterable scleroglucan solution from the 

commercially available product, CS-11, was developed and tested.  The pH treatment 

produced a solution that filtered excellently, however, the solution did not perform well 

in the corefloods and reduced the permeability in all four sections of the core. During the 

corefloods, pressure drops across all four sections steadily increased at 2 ft/day, but 

steady state was achieved at the higher flow rates. This behavior is consistent with that of 

microgels, which plug at low velocities and pressure gradients, but are deformable and 

can pass through pores at high velocities and high pressure gradients. 

The effluent viscosity was used to estimate effluent polymer concentration, which 

in turn was used to determine polymer retention and retardation. The low value of 

polymer retention in both of the CS-11 corefloods and the fact that the effluent viscosity 

eventually reached the value of the injected solution indicates that the microgels and or 

other constituents that were reducing the permeability of the core did not contribute much 

to the viscosity of the solution. However, the pore volumes required to reach the injected 

viscosity was larger than expected for a polymer with good transport behavior.  

Shear correction factors of 2.3 were determined for both the CS11-01 and CS11-

02 corefloods. 
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Table 5-4: Summary of CS11 Corefloods 

 

Brine 

Permeability
Temperature Porosity

Pore 

Volume
Diameter Length Mass

Polymer 

Retention

Shear 

Correction 

Factor, C

mD ˚C mL cm cm g μg/g

CS11-01 Bentheimer 2437 23 0.233 81 3.81 30.48 676 21 2.3
Plugging in all 4 sections at 2 ft/day, but 

steady state achieved at higher velocities

CS11-02 Bentheimer 2625 23 0.25 87 3.81 30.48 672 5.2 2.3
Plugging in all 4 sections at 2 ft/day, but 

steady state achieved at higher velocities
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Cargill AD-10 scleroglucan 

A prototype EOR-grade scleroglucan liquid product was provided by Cargill. The 

AD-10 scleroglucan showed excellent filterability and high viscosifying power under 

harsh conditions. The AD-10 scleroglucan filtered through 0.6 micron filter paper 

without loss of viscosity, but did not filter through 0.45 micron without loss of viscosity.  

A quarter-diluted solution of the AD-10 scleroglucan transported very well 

through 2155 mD Bentheimer at room temperature, however it did not perform as well 

through lower permeability cores. The quarter-diluted solution plugged the inlet face for 

cores with permeabilities of 228 mD and less. For the polymer flood through a 100 mD 

Berea at room temperature, plugging was observed in all four sections. 

Although the polymer solution continually increased the pressure drop across the 

whole core for the 228 mD Berea at room temperature and 205 mD Berea at 100 °C, the 

plugging was occurring only in the inlet section, and steady state pressure drops were 

achieved in all the other sections.  This plugging behavior is different from that observed 

in the CS11 corefloods, which had pressure drops across all sections of the core 

continually increase. This indicates that the nature of the material plugging the cores in 

the pH-treated CS-11 solution is different from that of the AD-10 product. This is 

significant because this shows that the AD-10 product is able to propagate through the 

core and thus is a superior polymer solution compared to the pH-treated CS-11 solution. 

Polymer floods through 200-250 mD Berea sandstones were performed both at 

room temperature and at a high temperature of 100 ºC.  Polymer retention was lower at 

the higher temperature; this result is consistent with the literature (Koh, 2015; 

Kulawardana et al., 2013; Rivenq et al., 2013). 
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Unknown undisclosed constituents in the prototype sample were causing 

challenges. Attempts to buffer the pH of the solution resulted in precipitation.  Also, there 

is also uncertainty about the ability of the AD-10 sample to maintain viscosity without 

degradation at 100 °C.  The challenge of maintaining thermal stability during the AD10-

05 coreflood may be related to the interaction of the polymer or the protection package 

additives, with the undisclosed, unknown constituents in the AD-10 liquid sample. The 

literature shows that scleroglucan should be capable of maintaining its viscosity at 100 °C 

for several months, however the strategies applied to protect the AD-10 scleroglucan 

from thermal degradation during the AD10-05 coreflood did not work.     

A shear correction factor of 12 was determined for the AD-10 solution in the 

Berea core at 100°C, which is significantly different from those determined from the 

other scleroglucan floods analyzed in this thesis. Caution should be exercised when using 

the shear correction factor from this one coreflood for other calculations or when 

comparing it with other corefloods. Repeat corefloods, without the complications of the 

AD10-05 coreflood, should be performed to determine additional values of the shear 

correction factor for comparison.  

The shear correction factors for corefloods at room temperature, AD10-01, AD10-

03, and AD10-04, were 1.56, 1.26, and 1.3, respectively, and are all the same within 

experimental uncertainty. Even though the pH-treated CS-11 solutions and the AD-10 are 

both scleroglucan products, the shear correction factors are significantly different.  This is 

not alarming nor unreasonable considering the other different behaviors observed in these 

corefloods; the different plugging behavior and different polymer retention values. In 

fact, this reaffirms the need to test and evaluate every polymer intended for EOR in the 
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laboratory, to characterize their specific rheological and transport properties, before 

applying them in the field. 
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Table 5-5: Summary of AD10 Corefloods 

 

 

 

Brine 

Permeability
Temperature Porosity

Pore 

Volume
Diameter Length Mass

Polymer 

Retention

Shear 

Correction 

Factor, C

mD ˚C mL cm cm g μg/g

AD10-01 Bentheimer 2155 23 0.218 75.6 3.81 30.48 686.6 9.3 1.56 Good transport behavior

AD10-02 Berea 103 23 0.167 103 5.08 30.48 1324.4 -- -- Plugging in all 4 sections

AD10-03 Berea 257 23 0.208 75 3.81 29.52 696.4 >128 1.26 Leak discovered, experiment repeated

AD10-04 Berea 228 23 0.202 68 3.81 29.53 685.5 138 1.3
Face plugging but steady state in Sections 

2, 3 & 4

AD10-05 Berea 205 100 0.205 68.5 3.81 29.28 687.5 ~ 28 *12
Precipitation; face plugging but steady 

state in Sections 2, 3, & 4; polymer 
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