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Abstract 

 

Polymers are occasionally used during oil recovery as a chemical additive to the 

waterflooding process. The addition of polymers to a waterflood increases the viscosity 

of the solution and is commonly referred to as an enhanced oil recovery process (EOR, or 

tertiary recovery). The aim of polymer flooding is to lower the mobility ratio of the 

flooding process, while increasing the overall sweep efficiency, reducing the amount of 

water being produced with the oil, while increasing the recovery of the OOIP (original oil 

in place). This has the potential to not only better the economic feasibility of the project 

but when completed successfully it will also extend the producing life of the oil field. 

HPAM (Hydrolyzed Poly-Acrylamide) polymers are regularly used in the field today and 

are among the more reasonably priced polymers readily available. These polymers are 

subject to degradation and solution viscosity reduction as a result of reservoir conditions. 

These conditions can lower the recovery potential of the polymer flood, causing for a loss 

of revenue and increased production costs.  

 

This experiment is based on how a common HPAM polymer (Flopaam 3630s) performs 

in a high salinity reservoir, or in this case a core sample. The objective was to analyze 

how varying the volume size of a pre-flush affects the performance of the polymer flood 

oil recovery. The pre-flush is used to condition the core which potentially makes the 

polymer flood more effective, thus recovering a larger percent of the OOIP. The 

experiment is completed with the use of four Wallace Sandstone core samples and using  
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the Benchtop Relative Permeameter from Vinci Technologies. The trials consisted of a 

low salinity brine injection phase, pre-flush (of varied volume), and a polymer injection 

phase. 

 

After completing the experiment, the trial that used zero pre-flush prior to the polymer 

injection showed no additional oil recovery. While injecting between 2-3 pore volumes of 

water, as a pre-flush, resulted in an additional recovery of the OOIP of approximately 

7%. This proved that there was an optimal volume of pre-flush that could be used to 

increase the amount of the OOIP recovered from the polymer injection. Determining and 

using the optimal volume for a pre-flush could increase production and prevent the 

injection of an excessive amount of fluid.  
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1. Introduction 

1.1 Background 

 In the Petroleum industry there are a variety of processes used for enhanced oil 

recovery, one of which is polymer flooding. This form of recovery is used when primary 

methods such as gravity drainage or waterflooding are no longer economically viable. 

Either the natural pressure in the reservoir has depleted to the point where oil is no longer 

being produced or the oil produced contains a high percentage of water. 

 "Industry recovers an average of around 35% of oil from reservoirs while the rest 

remains trapped in the rock. Boosting oil recovery could unlock around 300 billion 

barrels of oil, according to the International Energy Agency" (Shell, 2013) 

The main focus of EOR is to recover a percentage of the remaining 65% of the oil that is 

left in the reservoir while keeping the producing costs per barrel at a reasonable level. 

One of the EOR methods is accomplished by the addition of polymers to water for the 

purpose of increasing the dynamic viscosity of the solution. Polymers are long chained 

molecules that have a high molecular mass and come in various forms, some of which are 

used by the petroleum industry. With the addition of polymers to a waterflood the 

mobility ratio is improved (by decreasing the ratio) as well as improving the overall 

sweep efficiency of the producing field. However a group of conventional HPAM 

(Hydrolyzed Poly-Acrylamide) polymers that are currently used are negatively affected 

by various reservoir conditions. One common reservoir condition in particular is the 

salinity level of the formation brine. The reservoirs with higher salinities cause the 

HPAM polymer injections to be nearly ineffective. This is explained in further detail in 
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section 2.4 of the report. To reduce the salinity of the brine within the reservoir it is 

possible to inject clean water. The waterflood size has the potential to both reduce the 

amount of polymer needed and increase its potential to recover additional oil. With a 

combination of the chemical injection and the waterflood there is a possibility of 

increasing the overall recovery of a traditional chemical flooding method in a high 

salinity environment.  

1.2 Objective 

 The purpose of this experiment was to study how effective a conventional 

polymer (HPAM, Flopaam 3630s) is in a high salinity environment. The variable for the 

experiment was the volume of water being injected prior to the polymer injection, acting 

as a pre-flush to condition the core sample. The objective was to experimentally 

determine how varying the pre-flush size affected the amount of oil being recovered from 

the polymer injection phase. Studying any potential changes that occurred in the percent 

of the OOIP recovered, due to this variance, demonstrated possible methods for 

increasing the effectiveness of HPAM polymers in high salinity environments. The 

polymer that was used for this experiment is relatively cheap compared to newer 

polymers that may better withstand the higher salinity levels in the formation brine. With 

traditional HPAM polymers costing around $1.50/lb and higher end polymers ranging 

around $2.00/lb (plus the additional cost of other chemical additives) (Zhang, 2013). 

Therefore if it could be proven to be still useful in these conditions it has the potential to 

save companies money during production by both reducing EOR cost and with the 

increase in oil production. 
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The HPAM polymer that was used in the experiments was tested with the use of no 

waterflood pre-flush as a base case to start the study. The benchtop relative permeameter 

was used to run these experiments along with core samples that were available in the lab. 

Kerosene was used as the oil in the cores for this experiment due to the limitations of the 

equipment being used.  

2. Literature Review 

2.1 Polymer Flooding 

 Polymers were introduced into the oil industry in the later part of the 1900's as a 

means of enhanced oil recovery, particularly as a tertiary method. Reservoir 

heterogeneity and capillary forces are the primary factors that affect the waterflood 

process and cause a decrease in the amount of oil being recovered after a period of time. 

The addition of water-soluble polymers to traditional waterfloods improved the amount 

of oil being recovered while reducing the amount of water being produced with the oil. 

This decreases the costs of production while increasing the value of the oil being 

produced. The addition of water-soluble polymers to water increases the viscosity of the 

water, bringing it closer to that of the heavy oil in place. Polymers are long chains of 

monomers linked together as shown in figure 1. 

 

Figure 1: Monomer Example (IMS, 2008) 
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The addition of these chemicals cause an increase in the sweep efficiency of the process 

as well as reducing the amount of water being produced from the production wells. The 

use of polymers, however, can be expensive and risky due to the loss and degradation of 

the polymer solution under high pressures, temperatures, and as well as the negative 

effects that result from the formation brine. 

Most commonly these polymers are mixed with water, or low salinity brine, then pumped 

into horizontal injection wells. The addition of these chemicals results in the increase in 

apparent viscosity of the injected fluid which helps to correct the poor water/oil mobility 

ratio which often occurs during the water injection phase. A poor mobility ratio can lead 

to conformance issues and if it is not corrected can lead to poor economic production 

rates with high water cuts. After an extended period of time waterflooding is no longer 

economically feasible due to the low oil production accompanied with high volumes of 

injected water. At this stage, or earlier, the polymers are introduced to the flooding 

process and typically (if the polymer injection works properly) the amount of water being 

produced is decreased and the barrels of oil produced per day increases. This allows for 

production to again be economically feasible as well as extending the producing life of 

the oil field. 

The polymer being used in this experiment is a HPAM polymer (product name:  Flopaam 

3630S provided by SNF Floeger), which is a hydrolyzed poly-acrylamide molecule. 

These types of polymers are straight chained with a typical degree of hydrolysis between 

25%-35%. The reason the polymer causes an increase in the viscosity of the water is due 

to the repulsion of various sections of the poly-acrylamide molecules. This repulsion 

causes the molecules to stretch out in a jagged line. With the existence of multiple 
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stretched out chains, they have a tendency to snag on one another causing the solution to 

obtain a higher apparent viscosity while also lowering the mobility of the solution. An 

example of the chemical structure of an HPAM is shown by figure 1. 

 

 

Figure 2. HPAM Chemical Structure (Lake, 1989) 

 

These polymers are generally extremely sensitive to the salinity and hardness of the brine 

found within the oil reservoir. The higher the salinity of the brine, the more the viscosity 

is decreased in the polymer solution that is being injected.  (Pancharoen, 2009) 

2.2 Past Field Projects that completed Polymer Flooding tests 

Numerous field tests have successfully been completed since the addition of HPAM 

polymers to waterfloods was initiated in 1963 for the purpose of enhanced oil recovery. 

Tests were completed, starting in 1989, in the Daqing Field in China using polymer 

flooding as a tertiary recovery method. Over a period of time the production results 

showed an increase in the oil recovered from the field ranging from 12-15% of the OOIP 

(Wang, 2002).  
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The courtenay sand of Chateaurenard Field in France was also subject to a polymer 

flooding test in 1977 to the mid 1980's. This oil field consisted of highly permeable and 

unconsolidated sand. The first pilot test showed promising results and a second test was 

initiated in 1989 with additional injecting wells. Prior to polymer injection only 22% of 

the IOOP was recovered. After the testing was complete an additional 56,700 !! of oil 

was recovered, resulting in an overall increase of 9% of the OOIP (Total, 2009).  

In the Rapdan Field, located in Saskatchewan, Canada, a pilot project was started in 1986 

using five injecting wells with thirteen producing wells. This project was initiated after 

the oil extracted from waterflooding was being producing at a rate 65 !!/day with an oil 

cut of 18%. When the polymer was introduced the production increased to 180!!/day 

with an oil cut of 36% (Pitts, Campbell, Surkalo, Wyatt, 1995).  

All three field tests show a significant increase in the oil production and more importantly 

show the potential to increase the amount of oil recovered from the OOIP. These field 

tests demonstrate how polymer injection can extend the producing life of existing oil 

fields while squeezing more oil out of the oil fields that are currently in production. With 

the demand for energy increasing daily, producing the maximum amount of oil from 

existing reservoirs will become increasingly more important.  
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2.3 Waterflooding 

Waterflooding is one of the oldest methods employed to recover additional oil after 

primary methods of recovery are no longer feasible. Water flooding is a means of 

injecting water into the reservoir through injection well (which could formally be 

producing wells) to increase the pressure within the wells while driving the oil towards 

the producing wells. This will typically increase the overall oil recovery of the reservoir 

from 5 to 15% of the OOIP. This can bring the recovery of the OOIP from anywhere 

from 40-55% (Zargon, 2013).  

 

Figure 3. Water Flooding (Zargon, 2013) 

Water injection is not only one of the oldest methods used but is one of the most 

economical methods. The method not only increases the amount of oil being recovered in 

a reservoir, but the waterflood can also reduce the environmental impact by taking water 

that is produced from within the reservoir (brine), and after simple treatment, using it for 

reinjection in back into the wells (Halliburton, 2013).  

Waterflooding can also be used as a preflush method to potentially adjust the resevoir 

conditions prior to chemical injection. The preflush can be conducted with various 
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chemicals, typically water and HCl, to acidize the well and displace the existing brine 

away from the welbore. A lower salinity brine is also commonly used as a preflush prior 

to chemical injection to displace higher salinity brine containing sodium, potassium, 

calcium, and magnesium ions. This preflush has the potential to increase the efficiency of 

the chemical slug by decreasing the adverse effects of high salinity brine on the 

chemicals in use  (Schlumberger, 2013).  

  

2.4 Effects of Salinity on Polymer Flooding 

Conditions within an oil reservoir can be very harsh and can negatively affect the 

viscosity increasing property of traditional polymers used in tertiary recovery methods. 

The high salinity, high temperatures, and high calcium contents in the reservoir cause the 

polymer floods to be less effective (Atthawutthisin, 2012). The apparent viscosity 

increase in a polymer solution is due to the long chain of polymers that are kept in 

relatively straight lines due to electrostatic repulsion. Without this electrostatic repulsion 

the chain would simply close up, reducing the apparent viscosity (Cheremisinoff, 1996). 

The cations that are present in brine, from various salts, cause a screening effect on the 

electrostatic repulsion. This causes the negatively charged double layer located around 

the carboxylate species of the polymers to collapse, loosing their jagged straight chain 

shape. The higher the salinity of the brine the greater this screening effect has on the 

electrostatic repulsion. Therefore, with an increased concentration of salts, more chains of 

polymers tend to collapse and cause's a significant reduction in the apparent viscosity of 

the solution. 
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 This is demonstrated in figure 3, a graph showing the change in the apparent viscosity 

that results from the concentration of salts.  

 

Figure 4: Effect of Salinity Concentration on Polymer Solution Viscosity (E.C.M. Vermolen, 2011) 

 

The polymer being used in the following exeperiment is a HPAM, Flowpaam 3630s, and 

it has been shown that a salinity reduction of NaCl from 4% to 0.1% wt causes an 

increase apparent viscosity from 20 cP to 800 cP (Atthawutthisin, 2012).  

 

2.5 Rheology of Polymer Solutions  

Fluids can be classified as either Newtonian or non-Newtonian fluids with regards to 

shear rates. Newtonian fluids keep a constant viscosity over varied shear rates while non-

Newtonian viscosity does not remain constant. Polymers are classified as non-Newtonian 

fluids and therefore the solutions apparent viscosity changes at varied shear rates. 
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This is depicted by figure 5. 

The various concentrations of polymer solutions show a decrease in viscosity as the shear 

rate increases.  

 

 

Figure 5: Effects of Salinity on Polymer Flooding (Lake, 1989) 

 

This is due to the shear thinning effect that results from the polymer chains being 

stretched out as they are pushed through the porous media (Pancharoen, 2009). With 

lower shear rates the polymer solutions act more like a Newtonian fluid, keeping a 

constant viscosity. This can add to the viscosity decrease in the solution that additionally 

results from the salinity of the formation brine.  
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2.6 Mobility Ratio & Sweep Efficiency  

The mobility ratio is a numerical representation of the displacing fluid mobility compared 

with the displaced fluid mobility. This ratio is represented in Equation 1, shown below 

(Pancharoen, 2009). 

 

! = !!"!!
!!"!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!![1] Mobility Ratio Equation 

 

Where: !!": effective water permeability  [mD] 

             !!: oil viscosity [cP] 

             !!": effective oil permeability [mD] 

             !!: water viscosity [cP] 

During oil recovery, when injecting fluid into the reservoir, it is desirable to have a 

mobility ratio of less than one. This is because a mobility ratio below one represents a 

scenario where the oil is more mobile then the displacing fluid. When the mobility 

number is greater then 1, for example M=10 and with water being the displacing fluid, 

water is ten times more mobile then the oil which is being recovered. This poor ratio 

results in an early breakthrough of water and is not desired when producing oil. This 

leads to an increase in the amount of water being produced with oil. This early 

breakthrough that occurs with high a mobility ratio is shown by figure 6. 
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Figure 6: Mobility Ratio >>1 Example (Romero-Zerón, 2012) 

This commonly occurs during water injection due to the viscosity of water being much 

lower then the viscosity of the oil in place. This causes the oil to stick to the reservoir 

rock while the water pushes through the points of least resistance, leading to an effect 

called fingering. To lower this effect and decrease the mobility ratio, polymers are 

introduced to raise the viscosity of the injected fluid. This lowers the mobility ratio and 

causes an increase in the overall sweep efficiency of the oil field. This scenario is more 

favorable during the production of oil. 

                       

Figure 7: Mobility Ratio < 1 Example (Romero-Zerón, 2012) 
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As depicted by Figure 5, the displacing fluid (water with added polymer) is able to drive 

the oil more effectively towards to production well. If the mobility of the displacing fluid 

being less then or equal to the mobility of the displaced fluid (oil) there is normally an 

increase in the overall recovery process.  

The sweep efficiency is a measure of how effective an enhanced oil recovery method is 

and is represented by the volume of the reservoir that is in contact with the injected fluid. 

Therefore, with a decrease in the mobility ratio there is an increase in the sweep 

efficiency.  The total sweep efficiency is made of macroscopic (volumetric) displacement 

and microscopic displacement efficiency. (Terry, 2011) 

! = !!!! !!!!!!!!!!!!!![2] Overall Sweep Efficiency Equation 

Where: !!: Volumetric sweep efficiency [%] 

            !!: Microscopic sweep efficiency [%] 

The macroscopic sweep efficiency relates to the amount of displacing fluid that comes in 

contact with the oil. This is composed of two separate efficiencies, these components are 

Arial and Vertical Sweet Efficiencies and are represented in the following equation 

!! = !!!! !!!!!!!!!!!!!!!!!!!!!![3] Macroscopic Sweep Efficiency  

Where: !!: Aerial sweep efficiency [%] 

            !!: Vertical sweep efficiency [%] 

The microscopic sweep efficiency represents how well that fluid mobilizes the residual 

oil (Terry, 2011). 
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3. Experimental Apparatus 

The main piece of equipment that was used to complete the core flooding trials for this 

experiment was the Benchtop Relative Permeameter (BRP) system designed and 

produced by VINCI Technologies.  This piece of machinery can be used to study the 

relative permeability in a core flood as well as oil recovery in a core sample.  The BRP 

apparatus consists of fluid pump, piston accumulators (2), a core-holder, backpressure 

regulator, confining pressure system, pressure measurement system, and a video tracker 

and gas meter (not used in this experiment). The core samples are loaded into the core-

holder where fluid can be pushed through them from either the brine or oil tank. The 

water pump drives the fluid through the system by pumping water into the tanks and 

creating fluid pressure that drives the pistons upwards pushing out either oil or brine. The 

pumps flow rate, as well as the tank volume levels, are set using the Appilab computer 

program (VINCI Technologies, 2010).  

 

Figure 8: Experimental Apparatus 
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The backpressure for the backpressure relief valve is set manually using a nitrogen tank 

to supply the set pressure required for the experiment. The pressures within the system 

can be read from the monitors located across the top of the apparatus. 

Other equipment required to complete the experiment include a vacuum chamber, oven, 

weighing scale, 10 mL graduated cylinders, core samples (4), 1 L beakers for solution 

preparation, and a mixer. The chemicals and quantities required are listed in section 4.2 

4. Experimental Procedure  

4.1 Experimental Prep Work 

     4.1.1 Core Preparation 

i) Obtain four core samples, clean them off thoroughly before weighing separately on a 

scale. 

ii) Submerge the cores in methanol and place in a vacuum chamber at -27 inch Hg for 24 

hours. This allows any air trapped in the core to escape, filling the voids with methanol.  

iii) Remove cores from the methanol solution and allow them to air dry for 48 hours. 

When dry measure and record the dry weights of each core. 

iv) Soak cores in distilled water for 24 hours in the vacuum chamber at -27 inch Hg. 

v) Remove the cores and squeegee excess water off before recording their wet weights. 

Then place the cores in an oven set to 90°C to dry for 8 hours. 

vi) Remove cores from oven and determine their dry weights to be able to determine the 

pore volume of each core sample. 
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Table 1: Core Samples (Wallace Sandstone) 

Core Sample # 1 2 3 4 

Dry weight (g) 195.1 191.1 200.5 200.8 

Wet weight (g) 206.5 203.1 212.2 212.5 

Pore Volume (mL) 11.38 11.98 11.68 11.68 

 

     4.1.2 Solution Preparation 

i) High Salinity Brine - 85g/L NaCl 

ii) Low Salinity Brine - 10g/L NaCl 

iii) Polymer Solution  -7 g/L Flopaam 3630s 

 

Table 2: Solutions used 

Solution Composition Density (g/L) Viscosity (cP) 

Low Salinity  

Brine 

10g NaCl 

1L Water 

1.01  1.02 

High Salinity  

Brine 

85g NaCl 

1L Water 

1.083  1.02 

Polymer  

Solution 

7g Flopaam 3630s 

1L Water 

1.016 35 

 

Viscosities for the fluids used during the experiment were determined using an ubbelohde 

viscometer. The solutions were kept in a room temperature in a bath to insure consistent 

results. The kinematic viscosity is first determined and is then converted to the dynamic 

viscosity using the molecular weights of the solutions.  
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4.1.3 Equipment Preparation 

i) Load core with hole drilled down the center to allow easy flow of brine through the 

equipment. This is used to flush/clean the system prior to inserting the sample core. 

ii) Fill brine tank with low salinity brine solution and connect the lines to the apparatus. 

iii) Start pump, using the computer program, to allow the outlet lines to be filled with the 

brine solution opposed to air. This additional volume can be accounted for as dead 

volume (.705 mL). 

iv) Before trial runs begin, each core must be soaked in the high salinity brine solution 

and placed in the vacuum chamber for 24 hours to allow for complete saturation. 

4.2 Kerosene Injection 

i) Load Sample Core, attach all lines and securely and turn equipment on. 

ii) Purge kerosene into the line to ensure there is no air in the system before use. 

iii) Initiate and increase the confining pressure within the system by first closing the   

hand pump release valve and opening the confining pressure valve (V9). Then begin 

pumping to the point where the pressure reaches 700 psi. 

iv) Initiate and increase the back pressure by first opening the nitrogen tank and setting 

the regulator to 200 psi. Then the backpressure valve must be opened (V7) while 

ensuring that the buffer valve is closed (V8). The backpressure should be regulated at 200 

psi throughout the experiment.  

v) Inlet pressure is set and controlled by the pumping system, but should be set around 

250 psi (Inlet pressure>backpressure). 
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vi) Ensure all lines have been purged and the pressure is monitored through the 

experiment. 

vii) Open the computer program (Appilab) and set the levels for the liquids in the tanks 

(if needed). Set the desired flow rate (0.1 ± 0.05 mL/min) and begin pumping the 

kerosene into the core. 

vii) The camera should be set up for monitoring changes in the interface between the 

brine solution and kerosene.  

ix) Allow the kerosene to be pumped into the core up to the point that the interface is no 

longer moving. At this point the amount of brine that has been displaced from the core 

sample can be determined. This volume of brine displaced also represents the amount of 

kerosene in the core. 

x) After this is complete the pump can be shut off and the oil valve should be closed to 

stop further flow of kerosene into the core. 

xi) Loosen lines connected to the brine tank and remove them. If there is fluid in the tank 

it must be disposed of and rinsed before the new solution is poured into the tank.  

4.3 Low Salinity Brine Injection 

i) The brine tank must first be filled with one liter of the low salinity brine solution. Then 

the lines must be properly reattached to ensure there is no loss of pressure or fluid during 

the trials. 

ii) Reset the level of fluid in the brine tank on the Appilab computer program to 1000 mL 

to allow for the level to be tracked during trial run. 
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iii) Set the pump to 2 mL/min on the computer program and keep the brine valve closed 

on the apparatus. Allow the pressure in the tank to equal out with the inlet pressure to the 

core holder prior to opening the brine valve. This is to prevent back flow. 

iv) A 10 mL graduated cylinder is placed under the backpressure relief valve to collect 

the fluid displaced from the core sample. 

v) The kerosene is injected at a constant flow rate (.05-.1 mL/min) to ensure the inlet 

pressure stays around 500-700 psi. If the inlet pressure reaches the higher end then the 

confining pressure must be slightly increased to account for this. 

vi) The interface level of the brine and kerosene in the graduated cylinder must be 

monitored periodically (and recorded every five minutes). When the level of kerosene in 

the cylinder is no longer increasing, the pump is run for an additional twenty minutes to 

ensure that no more kerosene can be displaced from the core. 

vi) The percentage of oil recovered from the low salinity brine injection can then be 

determined after these steps are complete. The oil recovered from this injection should be 

a fraction of the formation brine that was displaced during the kerosene injection. 

vii) The pump must be shut off and the brine tank valve must be closed after the trial is 

complete. The tank must then be removed and cleaned prior to pre-flush injection.  

4.4 Pre-Flush (purified water) Injection 

The same steps are followed as the low salinity brine injection. Pure water is placed in 

the tank and the amount of water being injected is differed for each trial. The First trial is 

completed with zero water injected. While the following three following use one, two, 

and three pore volumes for a pre-flush. 
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4.5 Polymer Injection 

The same steps are again followed as the brine injection. However, a lower flow rate is 

required to keep the inlet pressure constant due to the high viscosity of the polymer 

solution (.02-.05 mL/min). For each trial two pore volumes of polymer are injected as the 

final phase to represent the tertiary oil recovery step.  

After the polymer injection is completed the trial is finished and the system can be 

cleaned and reset for a new core.  

4.6 Sources of Error 

The following could have caused error during the course of this experiment 

• Air can get trapped within the apparatus, affecting the flow of fluids, as well as, 

the displaced volume. 

• Human error, such as reading the volume on the graduated cylinder or core 

placement within the apparatus. 

• A single trial took 3-4 days due to the slow flow rates required, brine tank 

solution changes, set up, and, clean up. The down time spent between injecting 

phases of the same trial has potential to alter the conditions in the core. The 

pressure often dropped and had to be increased, opposed to being kept constant 

• Flow rates often varied between trials for each injection phase due to pressure 

control issues. The different flow rates could cause variances to occur in the flow 

of the fluids within the core. Potentially affecting the recovery or pre-flush 

process. 
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5. Experimental Results and Discussion 

After completing four trials with the Wallace Sandstone core samples and with varied 

waterflood pore volumes, the results are as followed. Table 3 shows the results from 

flooding the core samples with kerosene to partially saturate the cores and to determine 

the OOIP (original oil in place). 

Table 3: Kerosene Injection 

!!
Pore!Volume!

(mL)!
Permeability!

(mD)!

Brine!Displaced!
from!kerosene!
injection!(mL)!

Oil!
Saturation!

OOIP!
(mL)!

Core!1! 11.38% 0.3245% 6.91% 60.7%% 6.91%
Core!2! 11.98% 0.5823% 5.42% 45.2%% 5.42%
Core!3! 11.68% 0.3270% 6.36% 54.5%% 6.36%
Core!4! 11.68% 0.3108% 6.05% 51.8%% 6.05%

 

The oil saturation in the cores ranged from 45.2% to 60.7% during the injection of the 

kerosene. This was measured by recording the volume of the high salinity brine that was 

pushed out of the core during the injection period. The saturation of kerosene in each core 

likely varied due to slight differences in each of the cores, such as the permeability or 

connectivity between the pore spaces. The kerosene flow within the cores would have 

also differed in each core. This would potentially alter the volume of the core sample that 

would have came in contact with the kerosene. However, the levels of saturation are 

comparable and were sufficient for the use of studying the OOIP recovered in the steps 

that followed. 
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Table 4 displays the data collected from the low salinity brine injection phase. Each core 

varied in the amount of kerosene recovered from the OOIP, varying from 39.7% to 

50.4%.  

Table 4: Low Salinity Brine Injection 

Low!Salinity!Brine!Injection!
!! !Recovered!OOIP!(mL)! %!Recovered!OOIP!
Core!1! 3.25% 47.0%%
Core!2! 2.15% 39.7%%
Core!3! 2.75% 43.2%%
Core!4! 3.05% 50.4%%

 

The amount of oil recovered during the low salinity brine injection is higher than the 

average OOIP recovered in a typical reservoir, which is around 35%. The average for 

OOIP recovered from all four cores for this step is 45.1%. The high percent of oil 

recovery in core testing may be due the experimental conditions. Additionally the use of 

kerosene, as opposed to heavier oil, may result in higher recovery levels in the core due 

to the low viscosity of the fluid. The recovery of the OOIP with the brine injection was 

carried out up to the point where only brine was exiting the core for 20 minutes. This 

represented the initial oil recovery. However, due to issues with the equipment, the 

volume change was measured by collecting the produced fluid in a 10 mL graduated 

cylinder. This allowed for the volume of oil or brine produced from the core to be 

measured, but with an error of  ±0.1 mL. The accumulation change over time could not 

be tracked with the computer program using the graduated cylinder. This would have 

allowed for more accurate volume readings to be taken as well as tracking the 

accumulation over time.  
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The injection still fairly accurately represented a waterflooding process that was 

completed past the point of being economically feasible for the production of oil. At this 

point the low salinity brine solution would have began fingering through the core and 

following a path of least resistance towards the production end of the core, demonstrating 

the need for new recovery methods to be implemented in order to keep producing oil 

from reservoir without losing money. Therefore, validating the need for enhanced oil 

recovery, such as the final polymer step. The low permeability of the core sample 

required a low flow rate to keep pressures constant across the core. This sometimes led to 

fluctuations in the pressures and requiring adjustments to the flow rates.  

Table 5 displays the data collected during the pre-flush phase of the experiment. Each 

trial had a varied amount of water injected through the core, from 0-3 pore volumes. This 

was the main variable in the experiment that was performed prior to the polymer 

injection. In general very little recovery of the OOIP was recovered. 

(1 pore volume ~ 12 mL) 

Table 5: Water Injection 

Water!Flush!Injection!

!

Pore!Volume!
injected!

Recovered!
OOIP!(mL)!

%!Recovered!OOIP!
(additional)!

Core!1! 0% 0% 0.0%%
Core!2! 1% 0% 0.0%%
Core!3! 2% 0.025% 0.4%%
Core!4! 3% 0.05% 0.8%%

 

 

Almost no oil was recovered during these injections due to the high recovery of the OOIP 

during the low salinity brine injection. Mostly water was produced with very small 
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amounts of oil being produced with the larger number of pore volumes injected. This 

phase shows the use of a pre-flush to condition the reservoir prior to polymer injection. 

The amount of water produced during this injection was high and it would be costly and 

inefficient to use it as a means of oil production. The viscosity of the pre-flush is about 

the same as the brine that was injected prior to it. Therefore, the mobility ratio with the 

core would remain the same, as well as the sweep efficiency. The pre-flush water would 

follow the same path of least resistance in the core, causing little to no oil to be produced 

as shown in the results. 

Table 6 shows the amount of oil recovered from the final injection phase with the 

addition of the flopaam 3630s polymer. The OOIP recovery ranged from 0% when no 

pre-flush was used to 7.1% when 2 pore volumes of water pre-flush was injected 

Table 6: Polymer Injection 

Polymer!Injection!

!

Pore!Volume!
Injected!

Recovered!
OOIP!(mL)!

%!Recovered!
OOIP!

Core!1! 2% 0% 0.0%%
Core!2! 2% 0.2% 3.7%%
Core!3! 2% 0.45% 7.1%%
Core!4! 2% 0.4% 6.6%%

 

The first trial showed zero oil recovered while the final two showed similar results of an 

additional 7% recovery of the OOIP. The first trials may have not recovered oil because 

the polymer solution could have been subject to large reduction in the apparent viscosity. 

It is also possible the nothing was recovered due to error that may have resulted from it 

being the first trial completed. If the salinity level in the core could have remained high it 

would have screened the electrostatic repulsion of the polymers. This would cause a large 



 

 

25 

decrease in the apparent viscosity of the solution, rendering ineffective for recovering 

additional oil. This would reflect that injecting the polymer at this stage, without a pre-

flush, would result in very little to no oil recovery. 

When analyzing the data after the first trial there appears to be an optimal amount pre-

flush that increases the amount of oil recovered during the polymer injection phase. This 

value is in the vicinity of 2 pore volumes of pre-flush, with any additional amount having 

no effect. The amount of oil recovered from the polymer injecting phase did increase 

with the use of a pre-flush injection phase, with the biggest change occurring from no 

pre-flush to the addition of 1 pore volume of pre-flush. The optimal amount of pre-flush 

to use for the purpose of increasing the additional recovery might be located between 1 

and 2 pore volumes for these core samples and brine level. More trials would have had to 

be completed to study that range however.  

The data collected demonstrates the positive effect of conditioning a high salinity 

reservoir prior to the injection of a HPAM polymer, which is sensitive to salinity levels. 

The mobility ratio would have been lowered during these injection trials. With the higher 

percent of oil being recovered from the polymer injection reflecting a lower mobility 

ratio when compared with the lower-salinity brine injection. This also would imply a 

better overall sweep efficiency of the core.  

 

To better represent the additional OOIP recovered, after the primary recovery phase (low 

salinity brine injection), the following graph was made. This represents the pore volume 

pre-flush pore volume injected compared to OOIP recovered from the polymer injection. 
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Figure 9: % Recovered OOIP vs. Pore Vol. Water Injected 

 

Further depicted by the graph is the optimal size of the pre-flush for the polymer injection 

phase to be the most effective for enhanced oil recovery. The amount of water injected 

for a pre-flush would have been enough to lower the salinity within the core to reduce the 

effect of the high concentration of salt that was initially present in the core. With less salt 

present in the core the electronegative repulsion of the polymer chains is stronger, 

allowing the solution to keep its increased apparent viscosity. On a larger scale the 

amount of oil being recovered as a result of the polymer injection, even for an increase of 

5-7%, would be a considerable amount. 
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Table 7 shows the total recover of the OOIP, totaled from all three-injection phases. 

Table 7: Total Recovery Values 

Total!Recovery!
!! !PreLFlush!injected!(PV)! %!Recovered!OOIP!(total)!
Core!1! 0% 47.0%%
Core!2! 1% 43.4%%
Core!3! 2% 50.7%%
Core!4! 3% 57.9%%

 

Overall the total recoveries after each injection phase ranged from 43.4% to 57.9%, with 

an average recovery of the OOIP of 49.7%. The variance between the results is normal 

due to the small differences that exist between each core, as previously mentioned.  
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6. Conclusions 

After the completion of this set of experiments and after analyzing the results the 

following conclusions have been made. 

• The HPAM polymer used in the experiment, Flopaam 3630s, is strongly affected 

by salinity levels in reservoirs. As a result, if this polymer were to be used in the 

field it would be rendered near useless in such high salinity conditions. This 

would result in continued poor oil production accompanied with an increase in 

production costs. 

• Conditioning a high salinity reservoir prior to injecting HPAM polymer can 

increase the performance of polymer flood. As a result there is an increase in the 

OOIP recovered during that phase, from an increase in sweep efficiency and a 

decrease in the mobility ratio. 

• An optimal amount of pre-flush exists for a high salinity reservoir, which allows 

the polymer flood to be as effective as possible. Using the optimal amount would 

allow for higher recovery of the OOIP while reducing costs that may result from 

injecting excessive volumes of pre-flush. 

• Conditioning the reservoir has the potential to reduce production costs while 

increasing the OOIP recovered. 
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7. Recommendations  

After the completion of this project, if a similar experiment were to be completed the 

following would be recommended  

• Using a core sample with a higher level of permeability. This would allow for 

easier flow of fluids and would decrease the chance of pore plugging occurring 

during the trial runs. 

• Using heavy oil to saturate the cores opposed to kerosene. Kerosene has a low 

viscosity and the heavy oil would better represent oil field conditions.  

• Complete using different equipment; use one that can better create reservoir 

conditions (i.e. Higher pressures and temperatures). This would make the results 

more applicable to field conditions. 

• The low salinity brine injection could be left out of the experiment and the 

injection of varied sized clean waterfloods followed by the polymer injection 

could be studied for comparison. The total oil recovered from the two injections 

could be compared with the use of a low salinity brine injection. 
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9. Nomenclature 

!!": effective water permeability  [mD] 

!!: oil viscosity [cP] 

!!": effective oil permeability [mD] 

!!: water viscosity [cP] 

!: Overall sweep efficiency [%] 

!!: Volumetric sweep efficiency [%] 

!!: Microscopic sweep efficiency [%] 

!!: Aerial sweep efficiency [%] 

!!: Vertical sweep efficiency [%] 

k: Permeability [mD] 

!!: Pore Volume [mL] 

!!: Total Volume [mL] 

!: Porosity 
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10. Equipment Error of Uncertainty  

• Weighing Scale ± 0.05 g 

• 10 mL Graduated Cylinder ± 0.1 mL 

 

11. Additional Equations Used 

! = 7!7 !!.!" !!!![1] Permeability Estimate Equation for Sandstone (Holtz, 2002) 

Where: k: Permeability [mD] 

 !: Porosity 

! = !!
!!

                                  [2] Porosity Equation 

Where: !!: Pore Volume [mL] 

 !!: Total Volume [mL] 

 

  


