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Abstract

This master thesis is written out tife Centre for Integrated Petroleum Research (UNI CIPR)
at the University of Bergen (UiBljhe aim of this study has been tiescribethe polymer
rheology of the high molecular weight synthetipolymer HPAM 3638 andthe lower
molecular weight synthetipolymerHPAM 32308 a linear flow throughporous mediaThe
experiments were set up with a pump, two core samples wired in series, two differential

pressure gauges, and a backpressure regulator.

The idea behid the experiment is to injedow and high molecular weiglmtolymer solutions
through both core samples and measure the differentiségsures at different injection
rates at steady stateWith this information it is possible, with helpN® Y  SsiLawa® &
proportionality formula between injection rate and sheaate, to calculate the apparent
viscosityand apparent shear ratef the polymer solution in the porous medidhe apparent
viscosity could then be compared toother apparent viscosities andheometer

measurements.

In the experiments it was found that the rheological behavior of viscoelastic synthetic
polymers is different from rheometer measurements. The degree of shear thickening
(viscoelasticity) seems to be larger in porous media, a steepeonsity increase compared to

what was expected, especially for the high molecular weight polymer. In the rather short



cores used for injections there was also an evident shear thinning region at injection rates

lower than the onset of shear thickening.

In the rheometer data there was found to be a large deviation in viscous properties for high
molecular weight and low molecular weight polymers. The low molecular polymer did not
only show less viscosity per ppm solution, but also a less shear thinning @adtlsitkening

effect at concentrations wherthe viscosityat a shear rate of 10swas nearly identical.

The viscous behavior in porous media showed that the low molecular weight polymer
showed a later onset of shear thickening, although more viscounseaium to low injection

rates than what to be expected from rheometer results.

The low molecular weight polymealso showed less permeability reduction and less

mechanical degradation of the two
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Nomenclature

Variables

t Shear Stress

‘ Viscosity

V Velocity

y Distance

i Shear Rate

1 Angular Speed

r Radius

| Angle or Pore Geometry Constant
R Radius of Cone

R Radius of Cone Truncation
t Shear Stress on Cone

Te Raational Torque

. Porosity

. Absolute Porosity

. Effective Porosity

Q Effective Porosity

k Absolute Permeability

A CrossSectional Area
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L Length

kP Pressure Loss

T Shear Stress Acting on a Wall
R Frictional Force

Ay Area of Wall

B Pore Geometry Constant

u Bulk Velocity

F Lost Pressure Force

I Injectivity

V(r) Velocity Profile ira Tube

R Tube Radius

Vavg Average Velocity

i Effective Shear Rate in a Tube

‘ Apparent Viscosity in Porous Media

' Viscosity of a Newtonian Fluid

Yu Pressure Loss in a NewtoniBhid

Y0 Pressure Loss in a Ndfewtonian Fluid
Vp.avg Average Pore Velocity

Qouik Bulk Volumetric Flow Rate

Avulk Bulk Cross$Sectional Area

Ro.avg Average Pore Radius

C Pore Geometry Factor
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Abbreviations

HPAM
EOR
IOR

CIPR

NaCl
NaHC®
ppm
°C
WAG
Cco
cP
dP
mD
RF
2-D
3-D
PV

In-Situ

Partially Hydrolyzed Polyacrylamide
Enhanced Oil Recovery

Improved Oil Recovery

Centre for Integrated Petroleum Research
Grams

Liters

Sodium Chloride

Sodium Bicarbonate

Parts Per Millio

Degree Celcius

Water Alternating Gas

Carbon Dioxide

Centipoise (unit for viscosity)
Differential Pressure

Millidarcy (unit for permeability)
Resistant Factor

Two Dimensional

Three Dimensional

Pore Volume

In this Context; In Porous Media
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1 Introduction

Petroleum is hydrocarbon molecules that weiemed from the remains of prehistoric
plants andorganisms Dead plants and organisnvgere buriedunder sand, silt and rocks on
the sea bottom. New layers of dead organic material were constantly formed. After millions
of years with increasing pressurench temperature the sand, rocks and silt turned into
porous source rocland slowcooked the organic layers intmil and gasDuring these years

the hydrocarbons migrated upwards in connected pores due to its low dehsity.a rising
balloon of helium irair. Some of the oil and gas leaked up to the surface of the earth, and
some of it was trapped deep within the eartty impermeable rock barriers. This is oil

reservoirs. [1]

Human beings use petroleum for energy and as materials for different prodeetsoleum
is incredible valuable, due to its high energy densiyith oil and gas being insanely
important to human beings, the demand for petroleum will continue to increase as both

energy use and world population increases.

We know that petroleum fluls are trapped in reservoirs that are made of porous rock deep
beneath the surfaceAll of the overlaying rock, sand, and water make for a high fluid
pressure in the reservoir. This means we chill a well down into the reservoir, and start
producing natirally when we penetrate the cap rock. This is called primary recovery.
Maintaining the reservoir pressure by injecting water or gasa separate wells called
secondary recoveryThe last recovery method is called Enhanced Oil Recovery (EOR)
tertiary recovery and consists of injecting foreign compoung@®lymers, surfactants, gas,
CG3, foam, WAG) into the reservoir to decrease the amount of residuat ¢dl speed up the

production [2]
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The expected recovery factor on the M@gian Continental Shieis 46% for oil fields and
70% for gas fields. Globally, the expected recovery factor for oil fields is estimated at 22%.
2 A0K LISGNRE Sdzy 6SAy3a || y2yNBySélofS NBaz2 dzNDO

demand in mindye haveto explore and improveurrent recovery methods. [3]

This master thesiis focused towardsingle phaseyntheticpolymerinjectionsinto porous

mediaandtheir rheological properties

Polymer injection is an EOR method where polymer molecules are added to the injection
water. This increases the viscosity of fingection water and reduces th&l2 Ogerfnéability

to water.[4]

The objective of this study is to better understh how the viscosityof the synthetic
polymers HPAM 3630S and HPAM 323@Banges in porous mealiat diferent injection
rates. HPAM 3630S is &igh molecular weight polymer, and HPAM 3230S is arow

molecular weighpolymer.

My personal goal for this thesis is to present the theory, experiments and resultslaar
and understandable way.will also ty to discuss some more advanced theoretical ideas that

have been discussed in previous literature.

The thesis was given by Professor Arne Skauge.

15



2 Theory

The theory described here is a basic theoretical background for the subjects and
experiments m this thesis. Rrameters and theoriesiot relevant or considered in the
experimenta work might not be presented or explaine&ome explanations might be
subjective in some form, but it is all related to the experimental work and my personal

understandingof these complex subjects.

2.1 Fluid Properties

A fluid is a substance that will flow or deform when put under shear stidssir molecules
changes positions under applied forGhe more used definition is that fluids are liquids and
gases. All of th valuable hydrocarbons down beneath us are fluitiseir properties are
therefore important parameters imeservoir production. In EOR injections, the properties of

the injected fluid are alsocrucial.

2.1.2 Viscosity
Viscosity is the friction betweerhé molecules in a fluid whestress is appliedt is more

3SySNIftfte SELX FAYSR | Zordéferd O hatwratyChave AlBgher & (0 | y (
viscosity than water; they have more internal friction and thus resistance to flow. Gases flow
very eady, thus they lave very small viscositiesViscosity is dependent on temperagyr
pressure and often the applied shr stress. Increasing temperatuneill decrease the
viscosity of liquids and increase the viscosity of gashs can be explained by moldar
physics, where the cohesive forces between the molecules of a liquid decreases as the
thermal energy increases and molecules become more molbhe. friction between the
molecules has been reducedhe molecules in a gas will have more kinetic enebogy
increasing temperatureand the frequency of intermolecular collisions will increase. This
leads to more resistance and friction internally in the gas when forces are apjljedigher
pressure will result in increasing visty for both liquids andyases, except for wateNote

that the effect of pressureoften can be neglected Viscositycan be measured by a
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viscometeror a rheometer and has the unite@tipoise [cP] or Pascal Secondt | Ore 6 ¢

Pascal Second equals 1000 Centipdigater at 20°C has a viscosity of 1{&p.

2.1.3 Rheology
Rheology is defined as trstudy of flow and deformation of materials under applied stress.

This can besolids liquids or gasedn this thesis, tb rheology term is focused towards
liquids and the study gbolymerviscosity under applied shear stre3ie viscosity of a fluid
can be altered by increasing or decreasing shear rate or strain raten nonNewtonian
fluids. A fluid where the viscositis canstant at any given shear rats called Newtonian
fluids, for examplewater, oil and air.Most fluids we encounter in food, chemicals and

biology are norNewtonian.
Non-Newtonian fluids are typically dividedto:

- Shear thinning fluids (pseudoplastfluids)
- Shear thickenindluid (dilatant fluid$g

- Bingham plastic fluids

- Thixotropic fluids

- Rheopectic fluids

Thixotropic fluids and rheopectic fluids are time dependent; they changesiigcwith
constant shear rat®ver a given timeThixotropicfluids will have thinning properties after a
given time ofconstantshea rate, for example mayonnais2e NJ 4 KNEIF R f 201 Ay 3
Rheopectic fluidswill show thickening properties after a given timevith cream being a
great exampleBingham Plstic fluids(pseudoplastic liquid with yield poinghows flowing
abilitiesonly whenhigheryield shear stress is applied. Mayonnaise and ketchup are Bingham
Plastics because they do not flow when only acted upon gravity and flow under higher shear
stress The viscosity opseudoplastiand plastidiquids will decrease with increasing shear
forces, and shear thickening fluids will behave in the opposite way. Examples of shear
thinning fluids are paint blood, polymers,drilling fluid etc. Examples of shethickenng
fluids, also called dilatantscan be cornstarch mixed with water or certain types of body
armor. Dilatants will behave as a solid when lsggbunder a great shear stredsr example

shot with firearms][9]
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Flow curves Viscosity curves

@
©

Shear stress 1

\\
T
®
Viscosity M
/1:
N
Y © 60O

>

o
Shear rate ¥
@ Newtonian @ Pseudoplastic liquid
liquid
i (3) Dilatant liquid

(4) Pseudoplastic liquid with
yield point = plastic liquid

Non-Newtonian liquids

Figurel: Flow and viscosity curves for different types of fluifB]

It is worth noting that these fluid types are idealizations, and the rheology is generally more

complex[13]

2.1.4 Shear Thinning Fluids
Shear thinning fluidsmost polymersgenerally haveNewtonian regios at low and high

shear rates. This can be explained by looking at the fluid molecules. Shear thinning fluids
generally have bigger molecules with higher molecular weight than Newtonian fluids. At rest
or at very low shear rates, these large2 £ SOdzf Sa aFt 21 0G¢ | NRdzyR
causing a highriction between them, i.e. higher viscosity. This is seerihaslowshear

plateau

18
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Figure2: Orientation and stretching of fluid molecules at rest and during Wo[8]

When the shear forces are high enoughlt@ak this molecule arrangementhe molecules
tend to rearrange to the flow direction causing less friction between them. This
rearrangement process seen as the shear thinning region. When all of theemdes are
alignedand arranged in the flow direction the high shear plateau has been reached. The

total friction between the molecules reaches its lowest lej4]

Low-shear Shear-thinning region , High-shear
plateau plateau

Yo

Viscosity

/

Slope=n -1

T

Shear Rate

Figure3: Carraeu model for shear thinning fluidgL3]

Ths rheological model is called the Carraeu model and is one of many mathematical models

interpretingnon-Newtonian fluid behavior.
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2.1.5 ViscoelasticlHids
Viscoelastic fluids have both viscous and elastic properti#$luids have viscous properties,

i.e. they flow under applied forces like gravity or bigger stresses. Some fluids have elastic
properties; their molecules can be stretched under shear stress and return to their original
form when the stress is removed. Just like a rubber band. These rilalper molecules can

have a big impact on the viscosity at different shear rates and thus a big impact on the
viscosity of the fluid that is being injected into porous meditany biological fluids have
elastic properties like blogdmucus and saliva. Yourcatretch the mucus coming out of
your nose and once you let go the mucus will return to its original féiastic fluids have

the ability to store and release energyhe polymers used in this thesis, HPAM 3630S and

3230Salso have elastic properties gending on the concentration.

Shear thinning viscoelastituids have uniqa viscosity properties at higehear rates.As
explained with inelastic shear thinning fluids, the viscosity decreases as the molecules
become more and more arranged in the flowadition until all the molecules are aligned. If

the shear rate continues to increase, the elastic large molecule®egih to stretch (figure

2). Thus, the resistance to flow will increase there are two friction forces stealing energy
from the flow, friction between the molecules and the stretching resistance of every
molecule. This is seen as a shear thickening zohlee fow of stretching molecules is

sometimes referred to as elongational floj&4]
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Extension-dominated
region

Newtonian I Shear-dominated region

Viscosity

(In situ)

Rate of Strain

Figure4: Viscoelastic viscosity curve, typicafor HPAM.[13]

If the shear rate continues to increase beyond the shear thickening zone, the molecules will
eventually start breaking which causes a viscosity decrease. This is called mechanical

degradation.The rheological propems of thefluid are now altered forever.

There are several phenomenon linked to viscoelastic fluids such as rod climbing

(Weissenberg effect), die swell and open siphon effect.
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viscous liquid visco-elastic liquid

normal forces
overcompensate !
centrifugal forces

Figure5: lllustration of the Weissenberg effedclimbing rod effect)[8]

Here is a figure demonstrating the rod climbing effect. When a viscoelastic fluid is being
stirred by a rotor shaft the fluid will be pulled towards the shaft and climb upwards. This
phenomenon can be explained by the fact thvédcoelastic fluids always try to escape to a
state with less stretching, i.e. their original form. The molecules are more stretched on the
outer layers due to centrifugal forces and they try to escape inwards towards the lower
aKSIF NJ aiNEB a ONP 2 keSEdskhe rotdrHithe moleculestend to escape
upwards [§]

These theories alsapplyin the die swell phenomenon, which is when a fluid expands when
flowing out of a small tubeThis phenomenon is closely related to viscoelastic expansion

porous media flow when a fluid is entering a larger pore.
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R T

Figure6: lllustration of the dieswell effect.[15]

The correlating factor here is the memory of the fluid and the wish to return to its original
shape. Just like aibber band would like to return to a relaxed position. The viscoelastic fluid
wants to be relaxed. An important parameter for viscoelastic fluids is relaxation time.
Relaxation time is the time it takes for a fluid to return to its desired shape aftergbein
stretched. This introduces timesaan important parameter, especially when there are jumps

in shear ratg(strain rate).
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Figure7: Inflicted stressvs.time after a step up in strain rate for viscoelastic fluidfl 3]

An incrased jumpwill increase and then decrease the viscosity (or stress) as a function of
time depending on the relaxation time, degree of elasticity and jump magnitude. This is
given thatthe shear rate reaches the fluidshear thickeningelastic)properties.Imagine a

car pulling a trailer with an elastic tow ropethie car suddenly made a speed step increase

it would take time before the tensional forces in the rope would approach a steady state due
to the elasticity of the ropeThe relaxation time in tki case would be the time from

maximum tensional force tthe steady state tensional force.

2.1.6The Rheometer
A rheometer is a laboratory device that can measflwé parameters, such as viscosity, in

response to applied forces. The rheometer can measuoee parameters, such as viscosity

at different shear rates, than theimplerviscometer.The measurement of viscositgquires
understanding of basic parameters in a laminar flow model case. Laminar flood is when a
fluid flows in parallel layerswithout disruption between the layersAn esy and

understandable model is laminfow between two parallel flat platefor Newtonian fluids
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Figure8: Pardlel plate flow model used to define viscosity for Newtonian fluidg8]

The upper plate is moving at a ostant velocityV, applying a shear stress on the fluid
between the layers. This model assumes a no slip condition along both plates, so called
adhesion. This means that the fluid molecule layer closest to the upper plateksgtto

the plate surface, ergo having the same constant veloéayg the plate This basically means
that the friction between the plate and the upper molecule layer is greater than the friction
between the upper molecule layer and the layer beneathsdéme cases this is not true in a
practical experimentespecially sing certain fats and greases. Howewérthe friction, i.e.

the viscosity between the fluid layers high, thevelocity V of the plate will be smaller at
equal applied shear stressis¥ versa applies with smaller viscositiese velocity of the fluid
molecules will decresethe closer you get to the bottom stationary plate. The velocity of the
bottom layer of molecules will consequently be zero. Newton expressed a basic law of

viscorretry describing the flow behavior of an ideal liquigl}

tf 00— 0 (2.1.0
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Where shear stresq, is defined as;

T — — 0 (2.1.2

And the shear rate is defined as;

r— — i (2.1.3

Using these equations the viscosity can be defined;

¢ - — D0t (2.1.4

For Newtonian fluids the viscosity is constant at different shear ratéss means that the
applied shear stress is proportional to the shear rédne the distancey between the
plates is constant, the shear rate represents the velogftyhe upper plate in figure .8For

non-Newtonianfluids the viscosity is hatonstarn, it is a function of shear rat¢17]

T 173 (2.1.5

In this case, thevelocity profile is not linearThe microscopicviscosity decreases (shear
thinning) or increases (shear thickening) from the moving plate as a functionTdfiy.is
because the shear forces acting on the fluid is larger towards the moving plate. The shear

rate between the plateqequation 2.1.3 is also a function of y because the velocity profile
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no longer is linearFor every amount oShear stress applietb the movng platethere might
be anew anddifferent shapedvelocity profiledepending on the rheological properties of
the fluid.

—>

1 | Plate moving at

constant velocity
— -
:> Shear thinning fluid

Newtonian fluid

Shear thickening fluid

S S S S

Figure9: Parallel plate flow model for nosiNewtonian fluids.

The shear stress dragging the molecualgers in the flow direction is also changing as a-non
linear function of y. However, the shear stress in equation 2.1.5 is only dependent on the
friction between the uppermost flowing fluid molecule layer and thestip molecule layer.

This friction is dgendent on the friction between the other molecule layers. It is this friction
that resembles theresistance of the fluids flow, i.e. its viscosi8ince it is pointless and
practically impossible to measure the molecular level viscosity in aNemwtonian fluid, we

have to measure theesistance to flow on a macroscopic level, and thus measure the
effective viscosity based on the laws and definitions for Newtonian fldite. effective
(shear) viscosity for a nelNewtonian fluid is defined as the equivateNewtonian viscosity

that results in the same shear stress at a surface at equal volumetric flow rates.

The laminar flow between parallplatesmodel is the principle for theotational rheometer
used in this thesisThe geometry used was a truncdteone and plate system, where the
cone rotates and creates a ftliflow over a stationary plate. The cone will simulate the

upper moving plate in figure,&hearing the liquid underneath. The rheometer will apply a
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rotational force on the cone, acting as shear stress on the fluid. The resistance the
rotational movement receives from the fluid peesents the viscosity, and the rotational
speedat the given shear stresgpresents the shear ratélhe distance between cone and

plate is kept constant at dilmes.

Rc = Outer radius of cone
o = Cone angle

Rt = Truncation radius ;
a = Height of removed tip
A St
B-—— Rc >
test sample

]

00

-

Rt

FigurelQ: lllustration of arotational cone and plate rheometer[8]

A cone is used instead of a flat circular plate because the shear rate is constant at any point

on the cone surface.

S (2.1.6)

r is radius and is angular velocity.The truncation of the cone is not taken into

consideration.

Most cone and plate systems use a truncated cbaeause larger errors might occur due to
possible wear and errorat the tip, especially when testing dispersions. Truncation
minimizes the probability of larger errors for the piof a smalkr truncation error which is

about 1% for B30mm and R3mm.[8]
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To calculate the shear stress we can divide the cone into several small horigorftade

layers, every one of them having a radidthe heighth.

Figurell: lllustration of the mathematicalvariables forintegration of the shear stress on a cone.

From this figure we see thdt = dr/cos| . Thesurfacearea of each layer is consequently

¢ 10—. We can now derive an expression five total shear gess acting on the cone

usingsimpleintegrationof the shear stress foeach layeareafromr=0tor=R.

- (2.1.7)
— ©

T; is the rotational torque acting on the cone spindlEhe viscosity can be defined using

equation (2.1.2).

— (2.1.8)

The rod climbing effect described earlier also plays a role in the cone and plate rotational
rheometer when testing viscoelastic fluids. Since the shear stress is higher at a larger radius,

the molecules try to escape to a lower radius where the molecules are being stretched less.
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Since there is no room for more molecules inwards the molecules tries to escape upwards
creatinga normal stress acting on the cone. Note that this only happens at seiffilyi high

shear rates when the molecules begin to stretch at theastthickening region. The normal
stress will increase with shear rate until the fluid suddenly escapes ftemgap and

upwards the outer rim of the cone or until the fluid is expdde mechanical degradation.

[8]

Another often usedgeometryfor rotational rheometers is the coaxial cylinder, a rotating
cylinder in a bigger cylinder filled with sample of the fluid. It is also calléte double gap
geometry. This geometry is better suitdéor lower concentrations, as it has a bigger surface
area and consequently more rotational friction per unit viscosity mmete accurate readings

at low viscositieg8]
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2.2 Rock Properties

All rock samples have a different set of projges, and there are several layers of different
rock within a reservoir. In petroleum engineering these properties are very important to
create good mathematical models and predictioMeasurements of these parameters are

done by core analysis tests an@iWlogging.

2.2.1 Porosity
Porosity is defined as a measure of the storage capacity that is capable of holding fluids in a

rock. It is expressed as a fraction of the bulk volufgE.

« - (2.2.1)

This parameter is important in oil and gas reservoirs because it teltheupotential of
hydrocarbon volumen the field. Some void spacein the rock are isolated from other void
spaces.This leads to two different types of porosity, absolute porosity and effective
porosity. Absolute porosity is defined as the total pore volume as a fraction of the bulk

volume.[5]

. (2.2.2)

The effective porosity is thiaterconnected pore space as a fraction of the bulk volume. This
is the pore spae where fluid can flow. This porosity parameter is used in reservoir

engineering and also used in the experimental work of this thisis.

. (2.2.3)
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2.1.3Absolute SN St 0Af AlsBaw I YR 5 NOe& Q

Permeability is the capacity and ability of a porous medtarhave fluids flow through the
interconnected pore space. It behaves like an electrical conductivity in an electrical flow.
Higher grmeability means less resistance for the fluid to flow through the poiédss

parameter was first defined mathematically by Henry Darcy in 1556.

51 NDeQa flgy

o =3 (22.4)

2 KSNBE v Aa GKS @2t dzYSGNRO Fit2¢ NIXGSz P A& |
is the differential pressurel is the length angl is the viscosity of the fluidFollowing

conditionsfor this equationmust be satisfied:

Linear, laminar and horizontal flow

- Incompressible fluid

- No chemical reactions between fluid and rock

- The porous medium must be 100% saturated with one single fluid

- Constan viscosity

The most used unit for permeability (k) is Darcy (D), bétisroften used in calculations.
Equation (2.24) can be modifiedor different flow angles, but theame conditions have to
be met.[6]ly GKAa GKSaAasz 5 Niaed® appdreatvisgdity, ife. tlieS dz

QX
(0p))
T

average of theeffective viscositiesn the porous mediaveighted by flow ratein different

core samples as well as the water permeability of the porous media.

51 NDeQs tlg Oy 0635 RS NIcesading onsaXlyidhraiigh & pofoasi | 7

media sample.
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When a fluid flows through a capillary tube or a pore thed vebcity is zero at the tube
walls due to the neslip condition. The velocity increases towards the center of the tube

where it reachests maximum speed12]

Figurel2: Velocity profile for a Newtonian fluid flowing in a tubd12]

The frictional forces from the walls are indeed shear stress acting on the fluid. This shear
stressbetween the fluid molecds decreases towals the center of the tubethe shear
forces slows down théuid velocity like brakes on @ar. The amount of shear resistanoce
braking power depends on the fluid viscosity, i.e. the friction between the fluid molecules.
Lower viscosityresults in a higher average velocityhis is in principle how a fluid flows
through pores in a porous medium. One must remember that the pores in a rock have
different shapes, sizes and directiofi$ie principle of friction force or shear strassused ly

the all the pore walls inside still applywe take a look at a simple core flooding experiment

at steady state flow we can usedldefinitions in equation (2.1.2) and (2.1tb havea look

at the forces acting on the injecting flui@ravity is negleted. [6]
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Fluid inlet ------ > Fluid outlet ------- >

K Cross-sectional Area, (A)

Figurel3: lllustration of a linear flow through porous media.

Thetotal shear stres acting on the pore walls
T — 3 (2.2.6)

F is the totalfrictional force creating a pressure drofan is the total interconnected pore
wall area,u is the viscosity and is the apparentfluid shear rae in the porous media

Since theapparentshear rate is proportional with thBuid velocity at the core inlet (the bulk
velocity u) and the total porewall area Ay can be said to be proportional with the total
core volume  giveri constanand homogeneousock properties we can express the total

frictional force as;

O O 20 Oo0'" @ 0O (2.2.7)
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B is a proportionalitconstant dependent on the pore geometry. [B]jwe assume that the
pressurized fluid enters a total pore cresscional area of¢ iA, the pressure forcdost by

the frictioncan be written;

O YO B (2.2.8)

As the fluid flows in a steady state, we have;

The energy from the frictional force transmitted by the pore walls is transformed into heat.
Fromhere Darcy defined the absolufgermeability’Q — resultingint KS Ay ¥l Y2dza 51
law (2.2.3;

5 —d
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2.3 Polymer Injection

2.3.1 Enhanced Oil Recovery
Enhanced Oil Recovery (E@Rjnked to the use of unceentional recovery methods, and is

defined as oil recovery by injecting materials not normally present in the reseBs@amples
of EOR methods:

Polymer flooding

- Surfactant flooding

- Foam injection

- CQinjection

- WAG injection (WateAlternatingGas)

- Low Sanity injection

- Thermal methods

- Microbial Increased Oil Recovery (MIOR)

- Diversion techniques

All EOR methods are injected through at least one separate injection well, often at a greater
distance from the production wells. Regular water injection is rasgfied as an EOR
method, as water is normally present in the reservoir. EOR, water injection and all other
methods that are intended to improve oil recovery or accelerate the production are defined

in a broader manneas Improved Oil Recovery (IOR) nuath.[10]

2.3.2 Polymer Flooding
The basics of polymer flooding start with the basics of water injecflde. purpose of a

water flood is to maintain the reservoir pressward displace the reservoir oil. [10]
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Figurel4: A simde reservoir model during water injection10]

This figure shows a typical water injection in a simple reservoir model. The water is being
injected from the injetion well at a high pressure and thus flowing towards the production

well having a smallerrpssure.

Polymer flooding is injection of water mixed with polymer molecules to increase the
viscosity of the water. This leads to higheviscous forceat equal injection ratesand
therefore reduced water mobility in the reservoiilhe purpose is tamprove the sweep
efficiency in the reservoirThe sweep efficiency is how fast effectivethe injected fluid
flows through the entire reservoir volumed?oor sweep efficiency leads to early water
breakthroughand slower diproduction after breakthrough resting in economic losse$he
reason for poor sweep efficiency can either be unfavorable mobility ratio between oil and

water or excessive reservoir heterogeneity. [17]

Poor mobility ratio:

a) b)

Producer Producer

£l

.

-
S
i

. Polymer flooding gives a
favorable mobillity ratio

TR
o
15

Waterflooding
with unfavorable

AT e

mobility ratio

Injector Injector

Figurel5: lllustration of sweep effieency for unfavorable and favorableatio between the mobility of injection water
and oil. [17]
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Excessive reservoir heterogeneity:

k2> k3> k1

Figurel6: lllustration of sweep behavior in a heterogeousreservoir model formobile injecion water and less mobile
polymer flood. [17]

2.3.3 Polymer Retention
Polymer retention is interactions between the porous medium and the polymer molecules

causing the polymer to be retained by the rock. This does not only méassaof polymer
moleculesbut also an alteration of rock propertieRetention is defined as the cause of
permeability loss after polymer injectiothe polymer molecules can either be absorbed to
the pore surface, trapped mechanically by narrow channelsapped hydro dynamicdy in

stagnant zoned17]

Mechanically entrappad
polymer in narrow pore
throats

Flow paths through
the porous medium

Hydrodynamically
trapped polymer
in stagnant zones

Adsorbed polymer

Figurel?: Retention mechanisms in porous medid.7]
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2.3.4Hydrolyzed Polyacrylamide (HPAM)
HPAM is a synthetic polymer with a flexible chain structlrdnas viscoelastic properties

that give HPAM dutions unique properties in terms of shear viscosity and viscous
properties in porous media[l0] The viscoelastic behavior can certainly behave as an
advantage in a heterogeneous reservoimpared to norviscoelastic polymers because the
shear thickemg effect will decreasahe mobility of the polymer even further in high

permeable zones due to a higher shear rate. [17]

H H H H H H

| I | | | I

C L C C C ¢

| | | I I I

H C=0 H =0 H (=0
| I |
NH, 0" NH,

H

Figurel8: Molecular structure of HPAM (partiallizydrolyzedpolyacrylamide) [10]

There are several ddfent HPAM chain molecules that can be used to create polymer
solutions. In this thesis, HPAM 3630S and 3230S will be used in the experimental work.
Generally HPAM 3630S have bigger and longelecules giving higher viscosigyd more
viscoelastic propereés than of the HPAM 3230S of the saommcentration. The magnitude

of difference does also depend on concentration
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2.3.5Single Phase Polyméilowin Porous Media
This is the theory behind the porous media injections in the experimental wWorik. a

complicated subject due to the very complex fluids flowing through very complex pore
channels.In polymer flooding on a reservoir scale it is important to know the polgmer
viscosityin the rockand thus its resistance to flow through the rock at differemction

rates. An important parameter is the injectivigf a fluid.

0 — (2.3.1)

Q is the volumetric injection ratekP is the differential pressure between two reference
pressures and is the injectivity. The iejctivity is important because an EOR flood read
certain level of volumetric injectiorotsweep the reservokfficiently. If the injectivity is low,
the limitations in pumping equipent and potential fracturing might demand another

injection well to meéthe sufficient effectivaess of thesweep.[10]

Since the differential pressur@nd injectivity)is a direct consequence of the viscous forces
(friction forces),it is important to study the viscosity of polymers in single phase flow in
porous mediaThe viscosity of polymers in porous media also playig role in the sweep
efficiency of a oil reservoir because increased water viscosity decredsemobility and
ultimately leads to the goal of polymer injgns, better sweep efficiency and a faster

production

To understand the flow through individual pore channels alapitube can be used as a
pore approximation.The velocity, viscositgnd shear rate profilefor Newtonian fluidan a
capillary tube are rather simplequations based owiscosty and volumetricrate. This is
because the viscosity is constant throughout the profile in a tube as wéll agore in a
porous mediumWhen the flowing fluid ion-Newtonian the equations become a lot more
complex, and really just a simplificatiorf the actual flow profile based on different

mathematical models of how the viscosdifferentiates under different shear rates
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Figure19: Different flow profiles in a capillary tube for Newtonian and shear thinning nblewtonian fluids.[8]

In this figure different flow profiles for a Newtonian fluid and a shear thinning fion
Newtonian fluid are displayed\ote that the figure only displaythe 2D profilesand that
the profiles need to be weighed bye increasing circular aea to calculate the average
values and @ volume.The shear raterofile is a direct result of how much the velocity
increases in that particular pot (equation 2.1.3 Given constant capillary radius, the
velocity profile is depetient uponinjection rae and fluid properties, i.e. how the viscosity

behaves upon shear stress.

The sheasstress acting on thavallsin capillary tube of length L, radius R and pressure loss

k tcan be expressed as;

&L
@]

o~

T — YU (2.3.2)
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If we introduce the variable r as the radial positiand correlates teequation 2.11 we find
GKFG GKS &aKSFNI NI GS Ydzad oS aSi aAPpSBARyAE@®S

shear stress to the fluid is zero. This is opposite to the parallel plate model.

T { —_— (2.3.3)

Equation 2.3.2, using the variabteinstead of R, can be sulitsted into equation 2.3.3.
Solving this differential equation by integration gives ughe velocity profile V(r)of a

Newtonian fluid.

o~

Wi —Y0 p — (2.3.4)

The average velocity in the-B capillarycan be found by calculating the volume of the
velocity profile divided by the crosectional area. The volume is found by integration of the
velocity profile weighted byhe increasing circumference. The velocitasa higher radius
have more impact on the average value because there are more fluid particles due to the

larger circumference.

W ¢ Yo (2.3.5)

Since the injection rate is the average velocity times the esessional area, the volume of

the velocity profile is equal to the injection rate
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