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Characterisation of Surfactant Polymer Oil Bank Mobilisation Through Relative
Permeability Analysis

by Maxim WIJSMAN

This research project attempts to improve the understanding of oil bank formation in
Fontainebleau sandstone cores using a surfactant polymer (SP) EOR method. While
oil bank formation is generally successful in longer length cores, it is elusive in short
cores (<10cm). Core flooding experiments were performed in a specially designed
setup allowing tests to be done on cores with varying length and rock properties.
The cores were saturated with a model oil, dodecane, and the injected surfactant
polymer slug was optimised using phase behaviour testing. The first objective was
to see whether the chosen SP could efficiently mobilise the residual oil left after wa-
ter flooding and create an oil bank. This was successful in the 17 and 30cm cores as
expected, the tests were also successful for the shorter (7cm) cores. A small amount
of tests were also done under a CT-scanner. Using iododecane as the dopant, the dis-
placement of oil was visualised at regular intervals during the flooding stages. The
images confirm oil bank formation and also gave insight into the rock properties.
Although the cores were chosen for its homogeneous properties, many of the cores
showed fingering and two layer displacement which would indicate otherwise. Re-
covery factors averaged around 80% for the low permeability cores and up to 90%
for the higher permeabilities. Production data was the main source of output data
and subjected to various methods of analysis with a focus on effective relative per-
meabilities. Using the analytical JBN approach which is normally applied on water-
flood data, this relatively simple method was tested to see whether it could produce
accurate relative permeability curves which are essential to EOR analysis. Current
standard practice involves matching pressure and production data which is both
complex and time consuming. The resulting relative permeabilities show that under
identical displacement processes the surfactant polymer mobilises oil more freely in
cores with higher pore volume. The results from the JBN method were compared to
results using Shell’s in-house numerical simulator (MoReS). For most core lengths
the results from the simulator confirmed the relative permeability curves obtained
using the JBN method. In the experiments with large discrepancies further studies
should be done to determine whether this was caused by an error in the method
or by the heterogeneities in the cores as seen on the CT scan. Using this approach
could offer an efficient and robust alternative to the current technique of establishing
RelPerm curves.
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Chapter 1

Introduction

1.1

Global energy consumption will continue to rise unremittingly and although crude
oil will undoubtedly lose some of its market share, absolute crude oil consumption
is expected to rise for the next two decades (BP, 2018). Due to the down-cycle in
the energy industry and a surge in shale production, new hydrocarbon discoveries
reached a 5-year low in 2017. Given the capital- and time-intensive nature of de-
veloping a new field, existing fields will be looked upon when supply begins to fall
short of demand. Enhanced oil recovery (EOR) is a collection of technologies that
allow operating companies to produce incremental oil from fields that are well into
their production life cycle. At this point the field has most likely undergone sec-
ondary oil recovery (water injection for pressure maintenance and oil mobilisation)
however it will still contain approximately 60-80% of the oil initially in place (OIIP).

This remaining oil is comprised of oil ganglion dispersed in the reservoir pores
plus bypassed oil which has not seen injection water. This trapping occurs because
the capillary forces exceed the viscous forces exerted by the displacing fluid, usually
brine. Mobilising the remaining oil involves improving the sweep efficiency or in-
creasing the capillary number (N.); this can be done by by increasing the viscosity
of the displacing fluid, or by lowering the interfacial tension (IFT) between the two
phases, respectively. Surfactant polymer injection aims to do both of these.

Surfactant addition is one of the fundamental mechanisms in chemical EOR. By
injecting these compounds into the reservoir the IFT of the oil/water interface de-
creases significantly. Since the effectiveness of the surfactant is largely salinity de-
pendent, the formulation must be optimised to ensure that the resulting oil-surfactant
microemulsions exhibit the ultra-low IFT’s for oil mobilisation.

Once injected the surfactant polymer will attempt to mobilise the dispersed oil
droplet, if successful these will begin to propagate ahead of the front. As more and
more oil is mobilised the droplets will converge to form a coherent oil body, also
known as an oil bank. In a field the production of such an oil bank is the most eco-
nomically advantageous method of producing residual oil since it requires minimal
processing.

This research project attempts to recreate oil bank formation using an experi-
mental coreflood set-up. An initially oil-saturated core first undergoes waterflood-
ing and is then flooded with the optimised surfactant polymer solution. Production
data and a CT scanner allows flow-analysis to be done on the displacement pro-
cesses. Using cores of different lengths and properties the different experiments
were compared using relative permeabilities, to determine what factors characterise
the mobilisation of the oil bank.






Chapter 2

Theory

2.1 Concepts of Surfactant Polymer Flooding

To understand and analyse the processes and characteristics of the core flooding
experiments in this research project, some fundamental concepts will be briefly dis-
cussed.

2.1.1 Darcy’s Law

The experiments and simulations performed for this research all try to model the
flow of fluid through a medium of interconnected pores. Henry Darcy described
this flow based on the viscosity (y) of the fluid, the pore geometry and interconnect-
edness of the matrix (k), and the driving force or flow potential (®). The resulting
superficial velocity is given by Darcy’s law.

i = _k Vo (2.1)
K

Originally derived for single-phase, laminar flow; the latter should be acceptable
since flow in a reservoir only occurs in a range of low Reynold’s numbers (Holmes
etal., 2016). However when applying the equation to multi-phase flow the capillary
pressure between the two phases will complicate things. The flow of each phase will
be influenced by local pressure disturbances due to the respective saturation at that
point. Percolation aspects further reduce the permeability of each phase since the
presence of two phases lowers both their respective connectivity. This makes it nec-

essary to introduce a distinction between the two, known as relative permeability.

iy = ——— 2 Y, (2.2)
Mo
k-k,
Iy = _Krkro(So) Vo, (2.3)
Ho
P =po+ puw (2.4)

In the previous equations k- ks, is also known as the effective permeability (k,). It
is the product of the intrinsic permeability of the rock and the relative permeability
of the phase. The saturation of the flowing fluid is the dominant parameter and it
is therefore often plotted against it, however relative permeability is also a function
of the rock properties, absolute permeability, fluid properties, pressure and temper-
ature (Zolotukhin and Ursin, 2000).
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2.1.2 Mobility

Using the concept of permeability we can continue by defining the mobility of the
phase. This is the ratio between the effective permeability and the phase viscosity.

_ k- kyi (Sl)
Hi
Mobility becomes very interesting when comparing the mobility in front and
behind a displacing front. This ratio, known as the mobility ratio indicates whether
or not the displacement will occur stably or not. A mobility ratio less than one is
considered favourable, while a ratio greater than one is unfavourable and means the

displacing fluid will have the tendency to bypass or "finger" through the displaced
fluid.

Ai (2.5)

2.1.3 Interfacial Tension

Interfacial Tension is the force per unit length parallel to the interface i.e., perpen-
dicular to the local density or concentration gradient (Homsy, 1988). In thermody-
namics it is often referred to as the excess free energy per unit area. This excess
energy comes from an imbalance in forces due to molecules interacting at the in-
terface. Although dependent on the intrinsic properties of the two phases, the IFT
can be influenced by temperature, salinity and surface active agents also known as
surfactants.

Methods which measure the IFT all rely on the Young-Laplace equation. This
equation describes the capillary pressure difference incurred at the interface and
relates this to the shape of the interface

AP = —29H (2.6)

This relationship is fundamental to many of the common measuring techniques
such as the sessile bubble, pendant bubble and spinning drop method.

2.1.4 Wettability

When placing a fluid near a solid surface in the presence of other immiscible fluids,
the degree to which it will adhere to said surface depends on the wettability. The
adhesive and cohesive forces which determine the wettability are a result of the rock
properties, saturation history, fluid composition, temperature and salinity. It is an
important characteristic which often dictates the distribution and volume of residual
oil (Goddard, 1989). The wettability can be observed in the degree of deformation at
the three phase contact point. Thomas Young was the first to quantify this effect by
measuring the contact angle of a phase on an ideal surface.

YowC080 = Yos — Yuws (2.7)

His equation 2.7 postulated that this angle was related to the interfacial tension
between the liquids (7,,) and the surface energies of the two phases with the sub-
strate (-yos, yos).
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2.2 Qil Bank Mobilisation

2.2.1 Mobilising Residual Oil

The problem that is faced by all reservoirs during hydrocarbon recovery is the con-
stant interaction between interfacial and viscous forces. It was found that the ratio
between these two could be expressed as a dimensionless term known as the cap-
illary number (N,) (Brownell and Katz, 1947).In some cases the density difference
between the phases means that buoyancy forces must also be accounted for in the
net force on the trapped phase (Morrow and Songkran, 1981), this is done via the
Bond number (N). The two formulas read as followed:
_k-VO

N, — k-g-bp
NC T,Nb—T (2'8)

Under primary recovery the natural pressure gradient (V ®) in the reservoir is
sufficient to mobilise a portion of the oil in place. Once this source is depleted water
flooding can be used to maintain a normal pressure gradient, however at some point
a threshold is reached where the capillary forces trapping the residual oil would re-
quire an unrealistically high pressure gradient to induce mobilisation. The capillary
number for sandstones such as the Fontainebleau used in this research occupy the
range of 107 to 1077 during waterflooding. (Abrams, 1975) showed that it was
necessary to increase the capillary number by two to three orders of magnitude to
mobilise any marginal oil. Beyond this critical capillary number residual oil has been
shown to decrease. This can be confirmed by examining the following capillary de-
saturation curve (Delshad et al., 1986).

I I I I T
Normal range

2 . waterfloods \
.fc_j 30 | Wetting _
5 S e N / phase
3 |
E Swr : ]
§ | |
[ 20 - : | -
=) | |
g | |
g | |
: ] '
E
e | ; |
- 10 | Nonwetting | -
£ / phase I
b=y | |
8 . | . |
o Nonwetting | Wetting |

critical (N,.), | critical (N,.), —— 1

| |
0 1 1| 1 11 ]
1077 1078 1075 1074 103 1072 Nonwetting
N total (N,.),

vC

FIGURE 2.1: Capillary Desaturation Curve for a typical sandstone
core.
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The residual saturations of the wetting and non-wetting phase are relatively con-
stant until the capillary number is high enough. After this the residual saturation of
the non-wetting phase begins to decrease first which is in line with the principle
of wetting discussed in previous section. Capillary forces can be further reduced
by using surfactants to change the oil-water interfacial tension. Rewriting 2.8 us-
ing Darcy’s law to replace the pressure gradient a common expression for capillary
number is obtained.

pou,
N, o (2.9)
Using carefully formulated surfactant solutions the in-situ microemulsions that
are formed produce interfacial tensions (y) in the ultra-low region 10~* dyne/cm.
This reduction combined with an increased viscosity due to the polymer increases
the capillary number beyond the critical threshold and results in the mobilisation of
trapped oil ganglion.

2.3 EOR Chemicals

2.3.1 Surfactant

Surfactants are able to reduce the interfacial tension due to their chemical structure,
more specifically their amphipathic structure. Each molecule has a hydrophobic head
and a hydrophilic tail, placed on opposite ends. This characteristic means that it is
energetically favourable for the molecule to sit at the interface rather than in the bulk
phase (Miller C, 1986). At the interface the tail of the molecule forms a new interface
boundary with a lower dissimilarity in surface energies, resulting in a lower interfa-
cial tension.

Surfactants are classified based on the charge of the hydrophilic group (Rosen
and Kunjappu, 2012):

i) Anionic: Surfactant ion is negatively charged
i) Cationic: Surfactant ion is positively charged
iif) Zwitterionic: Both charges may be present on the surfactant ion

iv) Nonionic: Surfactant ion has a neutral charge

The most commonly used of the four categories are the anionic surfactants. When
dissolved in water this molecule gives rise to a negatively charged surfactant ion
and a positive counter ion. Since many sandstones carry a net negative charge at
reservoir conditions (Hirasaki and Zhang, 2004), the degree of adsorption onto the
formation is low. Combined with their exceptional performance in lowering the IFT
and low cost, these have been the focus of many EOR projects. Examples of com-
monly used anionic surfactants are alkylbenzene sulfonates (ABS), alcohol ethoxy sulfates
(AES), alcohol propoxy sulfates (APS) and internal olefin sulfonates (I0S) which will be
used in this research.

2.3.2 Microemulsions

One of the mentioned characteristics of surfactants is their preference to accumulate
as a monolayer at the interface. However if the surfactant concentration increases
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the molecules will begin to aggregate and form structures called micelles in the
bulk phase. The threshold concentration at which this happens is called the Critical
Micelle Concentration (CMC). These structures are chemically interesting because
they can trap a volume of a phase depending on the orientation of the surfactant
molecules that form the micelle, thereby increasing its solubility.

o O
= » oA
» Td°
-0 b Monomers Micelles q*“’
% 3
2 oS
TS o o~
Q 9% Q
|
[
- S
SB% 'I
-E g E I Critical
A E c | micelle
8 I concentration
| {CMC)

|
Total surfactant concentration

FIGURE 2.2: Illustration of the concept of Critical Micelle Concentra-
tion.

Micelles in the water phase will orientate themselves with the hydrophobic tail
pointing inwards and trapping a volume of oil inside it. Similarly, micelles in the
oil phase will orientate themselves so that more water will be solubized in bulk oil
phase. When the micelle concentration is high enough so that large amounts of
solubized oil or water is present, the solution is called a microemulsion.

The difference between a microemulsion and the more common macroemulsion
is that a former is thermodynamically stable (Winsor, 1948). Usually a high inter-
facial tension will cause the dispersed droplets to coalesce back to their respective
phase. The ability of the surfactant molecules to reduce the interfacial tension means
that the micelles will cause droplets to disperse spontaneously, thereby creating a
microemulsion. The droplet size in a microemulsion is much smaller (100 ym) than
its macro- counterpart. This is a reason they are often clear or translucent instead of
opaque.

2.3.3 Phase Behaviour

The three phases in a surfactant-oil-brine will interact with each other based on con-
centrations, composition, temperature, etc. Winsor (1954) was the first to describe
this behaviour as phase behaviour. He concluded that anionic surfactants were
most sensitive to changes in electrolyte concentration, represented by the salinity
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of the system. Microemulsions can be categorised using the Winsor classification
which looks at the phase preference of the microemulsion.

Winsor I: An oil-in-water microemulsion with an excess o0il phase on top, also called a
lower-phase microemulsion.

Winsor II: Higher salinities cause a change in drop curvature leading to a water-in-oil
microemulsion. The excess phase is now the brine.

Winsor III: A three phase system where similar amounts of oil and brine are solubized and
both an excess brine and an excess oil phase are present.

The Type-3 system is of most importance to EOR processes because it exhibits
the ultra low interfacial tensions needed to mobilise the residual oil. By varying
the salinity the system can be tuned to develop this middle phase. Incrementally
increasing the salinity to find the optimum is called a salinity scan. Concentrations
above and below the optimum salinity are referred to as over- and under-optimum,
respectively.

Surfactant Surfactant Surfactant

Water Oil Water Oil  Water Qil
Type Il (-} Type lll Type Il (+)

Qil Qil
Microemulsion

Microemulsion

Microemulsion
Water Water

Low salinity Intermediate salinity High salinity

FIGURE 2.3: Winsor classification along with the accompanying
ternary diagrams.

2.3.4 Co-solvent

Co-solvents are used to increase the compatibility of the surfactant with the aqueous
phase and improve the stability of the solution itself. Ensuring that the all compo-
nents of the surfactant-polymer slug remain in solution will increase the efficiency of
the flood and therefore also the ultimate recovery (Sahni et al., 2010). The co-solvent
will reduce any viscous phase and increase the equilibration speed of the microemul-
sions (Sanz and Pope, 1995). Alcohols are the most commonly used co-solvents and
2-butanol (SBA) will be used in this project.
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2.3.5 Polymer

Polymer is added as a means of mobility control. On its own it will not result in any
further mobilisation of residual oil, it will however ensure that the mobility ratio of
the surfactant front remains low. This means that the slug will sweep the rock more
efficiently and prevent viscous fingering (Falls et al., 1994). Polymer can also be used
as a chaser slug to achieve a similar result. In this research project polymer is added
to the surfactant as well as the chaser slug. This will reduce the impact of unexpected
heterogeneities and ensure an optimal sweep of the Fontainebleau cores.

2.4 Flooding Analysis

One of the most telling parameters for multiphase fluid flow and saturation dis-
tribution in a reservoir is relative permeability. As mentioned this is the effective
permeability of a phase compared to the absolute permeability of the matrix and
it is primarily determined through core flooding experiments. This can be done
for steady-state (SS) or unsteady-state (USS) experiments. Steady state experiments
allow the saturation of the system to equilibrate at different fractional flow ratios.
While more accurate this method is time consuming since reaching steady-state can
take hours or days. Unsteady-state experiments are time efficient but care must be
taken during the analysis to ensure accuracy. To accommodate the large number of
experiments done for this research, unsteady-state was most suitable.

24.1 JBN Method

One of the most popular unsteady-state methods was chosen to perform the relative
permeability analysis, the Johnson, Bossler and Naumann (JBN) method (Johnson,
Bossler, and Naumann, 1959). Similar to other methods, JBN builds on top of frac-
tional flow theory (Buckley and Leverett, 1942) and the extended Welge technique
(Welge, 1952). The two biggest assumptions for this model to hold true, is that the
flow rate must be constant, and high enough to achieve stable displacement. This
last requirement can also be met by using mobility control and allows the model to
ignore capillary effects.

The input data required for JBN is the differential pressure across the inflow and
outflow of the core, as well as the produced volumes of liquids. For the end point
relative permeabilities (Ky,Swc) and (Ky(1 — Syy), the system is brought to a point
where no more oil can be saturated and no more 0il can be produced, respectively.
At these points the system approaches steady state and Darcy’s law can be used. For
intermediate relative permeabilities JBN method can be applied in three steps:

All calculations correspond to the outlet of the system since this is where the pro-
duced volumes are recorded. First the ratio K;, /K, is determined. Using fractional
flow theory it can be shown that:

dswuv

= 2.1
fo sz ( O)
Rewriting this using the definition of mobility for each phase 2.5:
Ao Kkri (Sz)
= A= 2.11
fo= s m (2.11)

We now have a relationship that includes the ratio between the relative permebaili-
ties:
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1
1+ =

fo (2.12)

Next JBN introduced a term known as the injectivity factor which compares the
pressure drop at the current time to the initial value before flooding has commenced.

_Api 1
AP Qi

The oil relative permeability can now be calculated through differentiation involving
relative injectivity:

(2.13)

1
Ky = fom (2-14)
d(1/Q;)
Leaving K;;, to be defined as:
Ky — L= fo) Py (2.15)
fo Ho

Finally the water saturation at the outlet is calculated using the formulation intro-
duced by Welge:

Sw = 5710 - Qifo; (2‘16)

Using these relationships the normal relative permeability curves can be calcu-
lated from unsteady-state data and plotted as a function of water saturation.

2.4.2 Numerical Simulation

The JBN method was originally designed for water flooding experiments. Since in
this research project it will be used for chemical flooding data, it is important to
have a reference model against which the analytical results can be compared. The
first numerical simulator for EOR was developed as early as 1978 (Pope and Nelson,
1978). This was a 1-D simulator which calculated oil recovery as a function of several
major variables. Today there are countless commercial reservoir simulators each
with their own strengths and weaknesses.

This thesis uses the Modular Reservoir Simulator (MoReS) developed by Shell.
It is a comprehensive package and the decks on which the models are built contain
many features that are important but also many that are unnecessary for this project.
The flexibility of the simulator allows each input to be toggled on or off as desired.

2.4.3 Tracer Analysis

Tracer analysis is built on the theory that over time the mixing of two miscible fluids
is dictated by a number of factors. Most important are dispersion and diffusion,
while secondary effects include gravity segregation, viscous fingering and stagnant
volumes. By adding a tracer chemical to an identical brine solution as what is used
in the experiments we can eliminate most of these secondary effects and use a model
which defines accessible pore volume as a function of porosity and the dispersion
coefficient.

The model used is a 1-D convection-dispersion model as defined by Marle (1981):
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Ci—C —t Ci—C —(tp —t
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Here C; and Cj are the initial and the injected concentration and Xp, tp, tps, are
the dimensionless distance, time and injected volumes, respectively.
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Chapter 3

Experimental Design

This chapter presents an overview of the materials used and experimental proce-
dures followed in this core flooding project. The experiments can be split up into two
distinct steps. The phase behaviour investigation needed to tune the surfactant-oil
system to the required specifications is discussed first. Once the system was work-
ing optimally the core flooding experiments were carried out, which are described
after.

3.1 Phase Behaviour Screening

The optimal phase behaviour was determined by performing a salinity scan on the
chosen surfactant formulation. The components and equipment used are listed be-
low followed by the procedure.

3.1.1 Chemical EOR Fluids
Surfactant

Arguably the most important aspect of this research project is the surfactant used to
reduce the interfacial and induce oil mobilisation. The surfactant chosen is a tried
and tested compound named ENORDET 0242, developed by Shell Chemicals. This
is an internal olefin surfactant (IOS) that has already seen field application. The
structure is built on a hydrophobic carbon chain composed of 20-24 carbon atoms
with the active IOS head placed along it (Barnes et al., 2010).

Na' Na'
0 o
0=8=0 0=8=0
R VA‘_\\‘/_A.%_‘\/;;‘\.%_V/A%_ R Rx*.J’J_\\'-v’A“\_-'ﬁ‘w-’AE R
OH

FIGURE 3.1: Chemical structure of the Enordet 0242 surfactant. The
molecule can either have a double carbon bond or an OH group.
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Co-Solvent

As mentioned in the previous chapter the system contains a co-solvent to decrease
equilibration time and reduce viscous phase build up, which is problem when using
Enordet O242. The chosen co-solvent concentration is 4 wt%, 2-Butanol. This allows
for a more flexible interface while still preserving adequate microemulsion volume.
At higher concentrations the degree of solubisation becomes too small.

Surfactant System

The composition of the aqueous surfactant solution can then be determined. The
table below shows the standard concentrations for the individual components.

TABLE 3.1: Preliminary surfactant compositions

System Surfactant Conc. (%) Cosolvent Conc. (%) Make-up water

I 1 2 Demi Water
II 1 4 Demi Water

The last component of the surfactant solution is the electrolyte sodium chloride.
Its concentration will be determined by the optimal salinity in the phase behaviour
test.

Oil

The oil used in the experiments is dodecane. It is a refined alkane hydrocarbon that
mimics the characteristics of an oleic phase while limiting the amount of secondary
interactions. This "ideal" system allows us to study the effect of the surfactant poly-
mer and a greater degree of reproducibility with a limited number of cores. For the
experiments in the CT scanner iodododecane was used for its refractive properties.

TABLE 3.2: Properties of the oils used

Name Formula Density (kg/m3) Viscosity (mPa s)
n-Dodecane C12H26 750 1.34
1-Iodododecane C12H251 1200 3.00

Polymer & Viscosity Measurements

The polymer that will be added to the optimum surfactant system is hydrolysed
polyacrylamides (HPAM). The stock solution is approximately 3000ppm and will be
diluted to achieve a favourable mobility ratio.

Viscosity will be measured using an Anton Paar MCR series rheometer. This is
a high precision instrument that will be able to accurately determine the viscosity
of the polymer and surfactant-polymer solution. A cup and bob method is used in
combination with a constant shear rate test.
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3.1.2 Methodology
Salinity Scan

To determine the optimum salinity for the chosen surfactant-oil system a salinity
scan was performed. Stock surfactant solution was prepared according to the com-
positions given in table 3.1. Small quantities of solution were separated and sodium
chloride was added incrementally to produce separate batches with increasing salin-
ity. The first series covered a range of 1-5wt% in unit steps. Once properly mixed
10ml of each solution was added to a graduated test tube together with 10ml of do-
decane (1:1 volume ratio). The test tubes were shaken vigorously for 60 seconds to
accelerate microemulsion formation. The samples were placed in a rack and left to
equilibrate under observation. A photo was taken and analysed to determine solu-
bisation ratios and determine optimum salinity. The test was repeated once an ap-
proximate optimum salinity was known. The increments in salinity were decreased
(steps of 0.25%) to get a more accurate measurement of the optimum. This procedure
was carried out for both dodecane and iodododecane.

IFT Measurements

Although it can be assumed that the optimum salinity also exhibits the lowest in-
terfacial tension, it can be tested using a spinning drop tensiometer. The model
used was an SVT 20 produced by Dataphysics. Its range is advertised as 1le % to
2¢3mN /m which should be enough to capture the ultra-low IFT’s of the surfactant
microemulsions. The device uses the density discrepancy between the two phases
and centrifugal force to measure the low IFT’s resulting from the surfactant. A capil-
lary tube is filled with the denser phase (brine when using dodecane; oil when using
iodododecane), and a drop of the less dense phase is added. By rotating at high
RPM'’s the drop will start to elongate due to the centrifugal force towards the tube
walls as seen in figure 3.2.
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FIGURE 3.2: Screen shot showing the elongated oil droplet in the
spinning drop tensiometer, as well as the fitting software.
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The deformation stops when the interfacial tension and centrifugal forces bal-
ance. The radius of the drop perpendicular to the axis of rotation is a function of the
angular frequency, density difference and the interfacial tension (Vonnegut, 1942).
All of the former are known and with the help of software the dimensions of the
drop are measured and the IFT calculated using the Young-Laplace method. The
calculation is repeated 60 times and an average IFT is determined.

3.2 Core Flooding Experiments

3.2.1 Equipment
Core Flood Setup

The main objective of the setup is to reproduce oil bank build-up through surfactant
polymer injection. The set-up is composed of a peek (Polyetheretherketone) core
holder of varying length depending on the core it is housing. Two pumps (Blue-
Shadow 40P) are used to inject the fluids into the system. The pumps can deliver a
wide range of flow rates with minimal pressure pulses.

From an analysis point of view the most important aspects are accurate data in
regards to mass balance and pressure. To achieve this two mass flow meters (mini
CORI-FLOW™) are placed at the inlet and the outlet of the core holder to allow for
an accurate mass balance calculation. The mass flow meters operate based on the
Coriolis principle and therefore measure mass flow and density. The operating range
of 5-200 g/h covers all flow rates that will be used during the core flood. Density
is measured at an accuracy of 5 g/1. To get confirmation of when the injected fluids
have entered and left the system a conductivity meter (AZURA CM 2.1S) was placed
on both sides of the core. Since each fluid has a distinct conductivity response, the
separate processes can be easily identified.

A T

FIGURE 3.3: Schematic of the core flood set-up.

Pressure data is gathered by pressure transducers along the core as well as a
delta pressure meter across the entire length. The primary source of data comes
from the delta pressure meter which has an accuracy of 1% of its maximum range.
An overview of the set-up can be seen in figures 3.3 and 3.4. All data is fed through
a data processing program (LabView) which stores it as a text file.

To attempt to mimic some reservoir conditions a back pressure regulator was
fitted to the system. During experiments this was set at 4 bar to simulate fluid pres-
surisation. The pumps also performed better with the back pressure when set to
low flow rates. The entire set-up is placed in an oven to allow the experiments to be
carried out at 30°C.
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Fontainebleau Cores

The cores chosen for the experiments are drilled from Fontainebleau sandstone. The
formation is known for its exceptional homogeneity. Its mineral composition is al-
most purely quartz (making up 99.5%) and a consistent grain size ranging between
100-300um. These properties make it an ideal choice for core flooding experiments.
Two different samples of Fontainebleau were used, one much more consolidated
with lower porosity and permeability values. This difference is most likely caused
by secondary cementation through quartz overgrowth (Saadi, 2017).

Various analyses of the rock samples showed porosity ranging from 6-11% and
permeability starting at 10mD for the low permeability samples, up to 80mD for
the high permeability cores. The properties vary vertically in the sequence. The
wettability of the rock is water-wet meaning that the oil prefers to occupy the centre
of the pores.

CT Scanner

To visualise the oil bank formation a number of experiments were performed un-
der a CT scanner. The scanner used is a Siemens SOMATOM Definition. This is
a medical grade scanner with dual-beam capabilities, one with an energy of 80kV
and one of 140kV. Using both beams reduces artefacts and results in very clear im-
ages keeping in mind that the core holder and core are significantly more dense than
what the scanner was designed for. The scans are made continuously as the core is
pulled through the beams. The software then reconstructs the individual images in
post-processing and a 3D composition is made.

FIGURE 3.4: Overview of the set-up when placed in the CT scanner.

Pumps are located on the far left, moving to the right the conductiv-

ity meters are flanked by Coriolis meters. Next is the pressure box

containing the delta P and pressure transducers. Finally the core can
be seen lying in the opening of the CT scanner.
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3.2.2 Methodology
The core flooding procedure follows the method stipulated by (Al Saadi, 2016).

1. With the dry core in place the system is flooded with helium and checked for
leaks.

2. The pressure is gradually built up and the helium is replaced by carbon dioxide
since this is miscible with brine. A vacuum pump is then used to vacate the
system.

3. Brine is slowly introduced and allowed to saturate the core and flow lines.

4. Once multiple pore volumes (PV) have been injected, brine permeability mea-
surements can be carried out at various flow rates.

5. Tracer analysis for intial caluculation of pore volume and porosity. Brine flush
after completion

6. Injection of oil via the outlet. Low flow rate ensures sufficient oil saturation
and distribution around the core. A porous plate at the inlet allows brine to be
displaced from the core and results in a spike in pressure once oil reaches the
other end of the core.

7. Water flooding: One pore volume of brine is injected at the field rate, followed
by multiple PV’s at higher rates to produce as much oil as possible.

8. Second tracer run followed by brine flush

9. Chemical flood: Injection of 0.5PV of surfactant polymer at field rate. This is
chased by 1PV of polymer.

10. Third tracer run

11. Core cleaning is done by flushing multiple pore volumes of brine followed by
several PV’s of isopropanol (IPA).

3.2.3 Tracer Analysis

One of the primary objectives of the research is for the results to be reproducible.
Due to the limited number of cores multiple experiments will be done on the same
cores. One of the conditions for reproducibility is that the initial conditions are not
changing between runs. It was chosen to clean the core with isopropanol since this
will remove any surfactant from the system and hopefully return the rock properties
to their initial state. One disadvantage of using this is that it dehydrates the polymer
solution causing precipitation of the polymer in the pore network. This polymer re-
tention in the core will most likely occur in the smallest pore throats and restrict flow
through it. By using a tracer analysis the accessible pore volume can be monitored
at the different stages of the experiment.

For the tracer analysis a potassium iodide tracer is used at a concentration of 1%.
The solution is injected at a rate of 0.01 ml/min. At the same time a fraction collector
is used to collect the effluent at an interval of one test tube every 30 minutes. The
system is left to run until one pore volume has been injected. The collected fractions
are then analysed using a spectrometer to measure the concentration of potassium
iodide against the injected pore volume.
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Using the convection dispersion model the analytical solution is plotted through
the data points from the fractional collector. Porosity and accessible pore volume
can be determined by varying the coefficients to match the model to the data points.
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Chapter 4

Phase Behaviour Analysis

The following chapter describes the results and observations of the phase behaviour
tests conducted prior to the core flood experiments. The success criteria is deter-
mining the salinity at which the oil-surfactant system behaves optimally; defined by
the presence of a third phase and when this microemulsion exhibits an interfacial
tension in the ultra-low region.

4.1 Phase Behaviour

The behaviour of each test tube was captured by photograph for comparison. For
each of the systems the overview of the optimal salinity is listed below:

TABLE 4.1: Optimum Salinity

System SBA Conc. (Wt%) Optimum Salinty (wt%)
n-Dodecane 2 3.8
n-Dodecane 4 3.5

1-Iodododecane 2 45

1-Iodododecane 4

Dodecane

For the dodecane system a Winsor type I behaviour is seen up until a salinity of ap-
proximately 3wt%. From this point on the system exhibits a third phase microemul-
sion up until 4.5wt%, where it transitions to Winsor Type II. Looking at the more fo-
cused scan using increments of a quarter percent, the system initially shows a larger
volume fraction of brine in the microemulsion. Based on the observed solubisation
parameters the optimum was chosen at 3.75wt%.

An interesting observation for the dodecane systems is that the optimum salinity
seems to vary over time. After initial equilibration the lower salinity micro emul-
sions seem to disperse through the oil phase while the higher salinities seemed to
remain stable. Some controversy still exists with regards to how much time the sam-
ples should be given to equilibrate. To ensure consistency the IFT tests were done
approximately two weeks after preparing the tubes.

Iodododecane

The iodododecane system exhibits similar behaviour however due to the density of
the oil it now sits below the brine. The three-phase region occurs at a higher salinity
as the dodecane, starting at 3.5% and extending all the way beyond 6%. Optimum
was recorded as 4.5%, these results can be found in Appendix A.
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T

FIGURE 4.1: Phase behaviour of the dodecane-oil system using 1%
0242 surfactant and 4% SBA as co-solvent. Salinties of the tubes are
2,3,3.25,3.5,3.75,4,5, respectively.

Co-Solvent Concentration

Comparing the two and four percent co-solvent systems, the volume of micro emul-
sions is greater if less co-solvent is present. The interface is also less defined and
more translucent. This is because as the concentration of co-solvent increases the
oil-water interface becomes more flexible and the dispersed droplets can become
smaller. Increasing the concentration of SBA also reduces the optimal salinity, due
to the hydrophobicity of the co-solvent. Eventually the higher co-solvent concentra-
tion was chosen. Although this negatively impacts the microemulsion volume the
viscous phase is not formed and equilibration time is greatly reduced.

4.2 IFT Measurements

The results from the spinning drop tensiometer are given in the graph below. IFT is
plotted as a function of salinity on a log scale, giving the characteristic "V" shape cul-
minating at the optimum. For the lower salinities the lack of sufficient microemul-
sion volume meant that the measurement could not be properly done. It can be
assumed that these values will be equal to, or greater than the initial value of inter-
facial tension. For these results it is assumed that the surfactant is fully contained by
the water phase and oil-water IFT tests show marginal differences when compared
to a test system without surfactant. When micro emulsions are present however the
IFT values drop into the ultra-low region.
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Optimum

The optimum for dodecane from the IFT measurements is 3.75% which coincides
with the result from the phase behaviour test. lodododecane exhibits an optimum
at 4.5% which is slightly lower than what was chosen for the phase behaviour. Due
to the qualitative nature of the phase behaviour measurements it was chosen to use
the value from the IFT test.
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FIGURE 4.2: Interfacial tension data from the spinning drop ten-
siometer. The optimum and underoptimum salinities are marked.
Underoptimum

For both oils a value for underoptimum phase behaviour was also chosen. As men-
tioned, there are certain advantages to injecting the surfactant at underoptimum
salinity. With the IFT data a salinity can be chosen where these advantages are re-
alised, but the IFT is still sufficiently low. For dodecane underoptimum was chosen
at 3.25% and 4% for iodododecane.
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Chapter 5

Results: Core Flood

In this chapter the core flood experiments are discussed. An overview of the core
properties and saturation data are given in table 5.16 at the end of the chapter. The
first data set will be discussed in detail followed by the relevant results from the
other experiments.To get an idea of the displacement processes occurring in the core
floods the CT results will be discussed first.

5.1 17cm Low Permeability

5.1.1 CT Scan
QOil Saturation & Waterflood

The first experiments done under CT were the 17cm low permeability cores. Through-
out the different stages of the experiment scans were taken to visualise the process
and ensure everything was going to plan. The following series shows the oil satura-
tion stage with the oil being injected through the outflow (right side). Over time the
front advances along the core displacing the brine. The iodide bonded to the dode-
cane chain results in strong attenuation of the x-rays causing a very distinct contrast
between the oil and water phases.

FIGURE 5.1: CT scans showing iodododecane injected (from right)
into a core saturated with brine. The iodide attenuates the x-ray sig-
nals resulting in the bright (red) signature.
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Surprisingly, the scans were even able to show the waterflooding stage of the
process. In other experiments the strong response of the iodododecane drowned out
the weaker signal of the brine. Coupled with a low waterflood recovery factor meant
that this stage was not always visible on the CT scans. Additionally the scans show
the porous plate (left side) which aids in the oil filling process.

FIGURE 5.2: CT scan showing the waterflooding of the 17cm core.
The brine is advancing from the left, displacing the oil.

Surfactant Polymer

The surfactant polymer injection was the focal point of the CT scan images. Scans
were taken at intervals of roughly 0.2 PV to monitor oil saturation and oil bank
formation. For the 17cm cores The initial image was promising. As the slug enters
the core the decrease in x-ray attenuation indicates that the waterflood residual-oil is
being mobilised. The Houndsfield units show a significant increase in oil saturation
just in front of the advancing surfactant polymer slug. This area is indicated in figure
5.3 and could be the beginning of an oil bank.

FIGURE 5.3: CT scan showing the chemical flood of the 17cm core.
The beginnings of an oil bank can be seen which dissipates due to an
inhomogeneity.
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Unfortunately as the flood continues it is clear that there is a pronounced inho-
mogeneity in the core. The slug splits between two layers and exhibits preferential
flow through the bottom layer. This stops the stable displacement and any further
oil bank formation.

5.1.2 Production Data

The second source of information is the inflow and outflow data from the sensors
in the set-up. For most experiments this is the only piece of information available,
for these 17cm and the 30cm high permeability cores it was possible to link the pro-
duction and CT data together. Initial oil and water saturations were determined by
material balance. The data was processed to determine flow rate from mass flow
rate and density, and oil production by comparing the density of the injected liquid
to the density of the produced fluids. All of the data is plotted against the dimen-
sionless parameter pore volume which allows comparison between the experiments.
The following graph 5.4 shows the data in graphical format:
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FIGURE 5.4: Production data from the 3rd experiment of the 17cm
low permeability core flood performed in the CT scanner.

A transparent overlay has been added for clarity. The injection is plotted in blue
and is always set to 6ml/hour which is equal to the field rate of 1 ft/day. After each
stage the injection rate is increased to produce any remaining oil and to vacate the
core of any polymer. Spikes in the injection rate during the chemical flood are due to
issues with the pump. Polymer particles would either interfere with the pump head
or clog the inflow lines, this was solved by manually clearing the pump head which
lead to spikes in flow rate that were picked up by the Coriolis meter.
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Waterflood

The initial pore volume (blue) represents the waterflood portion of the experiment.
The first indication of oil production is the sudden spike in outflow density, which
coincides with the density of iodododecane (1180kg/ cc). The conductivity also drops
and then slowly increases after water breakthrough (0.3PV). After this slug flow
dominates which is shown by the fluctuations in density and conductivity. Unfortu-
nately the conductivity meter has an exaggerated response to sharp changes which
causes the behaviour seen in some experiments. Recovery factor from the water
flood is high (53%) which explains why the water flooding was picked up by the CT
scan.

Chemical Flood

Upon injection of the surfactant polymer slug a slight decrease in conductivity is
seen, this is the surfactant polymer. After 0.5PV the conductivity drops even further
as the polymer slug enters the system. Its salinity was chosen to be approximately
1wt%. As a result the system transitions to under-optimum as the flood proceeds
which could result in the produced surfactant entering the brine phase and less oil
in the microemulsions. After 0.6PV of chemical flooding the first oil is produced. As
seen on the CT scan the inhomogeneity means that an oil bank was not formed and
therefore production shows alternating slugs of oil and surfactant coming from the
bottom layer. The two-step response in the recovery factor confirms the presence
of two layers seen in 5.3. The second layer seems to produce a small bank of oil
at around 3.6PV in the graph. The monotonous increase in density and drop in
conductivity show that 15% of the oil from the chemical flood was as clean oil.

Pressure Response

DeltaP

45

FIGURE 5.5: Pressure data from the 3rd experiment of the 17cm low
permeability core performed in the CT scanner.
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Pressure data is needed later on for the relative permeability analysis, but it also
gives an indication of the mobility control during the experiment. Looking at the
pressure difference across the core the build up during the water flood can be seen
up until water break through. The surfactant slug does not seem to come across
which may be due to the issues mentioned before. It is not until the arrival of the
polymer slug that the increasing pressure gradient indicates favourable mobility of
the front. This could explain why the oil bank is only seen later on when the more
viscous polymer is less affected by the inhomogeneity. A larger surfactant polymer
slug could have overcome this problem.

5.1.3 Non-CT Production Data

Three more experiments were done using the 17cm low permeability cores. The
experiments showed a high degree of reproducibility. Oil recovery from the water
flood was 35-40% with the chemical flood producing another 40%, giving an ulti-
mate recovery in the range of 80-85%. In two of the experiments an oil bank was
formed successfully with oil breakthrough occurring at 0.7PV after start of chemical
injection. Of the oil produced during the chemical flood approximately 23% was
clean oil from the oil bank. The remaining oil was produced as microemulsions.
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FIGURE 5.6: Production data from the 3rd 17cm experiment done out-
side of the CT.

Two of the chemical floods were unsuccessful at forming an oil bank. Later it was
discovered that this was caused by improper storage of the surfactant solution. Left
in a glass beaker under a parafilm the co-solvent most likely evaporated out of the
solution. As mentioned in chapter 3, decreasing co-solvent concentration will alter
the optimum salinity. These experiments were unknowingly done at overoptimum
conditions and therefore the surfactant was ineffective.
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5.2 39cm Low Permeability

For the next experiments the core length was increased to 39cm with the objective of
seeing how core length influences oil bank formation.

5.2.1 CT Scan

FIGURE 5.7: CT scans taken at 0.2 PV intervals showing surfactant
polymer propagation and oil bank formation.

From the scans we see the surfactant "tongue" forming as more SP is injected.
This is an indication that the displacement is not stable. In this experiment and the
following one the same increase in oil saturation as in the 17cm core is seen preced-
ing the surfactant front. However instead of dissipating due to an inhomogeneity
the front is now able to build and propagate through the core. This is visual con-
firmation that a oil bank has been created by surfactant polymer injection. Towards
the end some degree of gravity override can be seen, keeping in mind that the oil is
the denser phase in this experiment.
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5.2.2 Production Data

Looking at the production data of the CT experiment, the waterflood recovery factor
is relatively low at 28%. This is a possible reason why the chemical flood was very ef-
fective. The chemical flood data shows a relatively clean oil bank compared to other
Iodododecane experiments, however the characteristic slug flow is also present. The
oil bank begins to be produced 0.35PV after SP injection and approximately 30% of
the oil initially in place is produced in the oil bank. After this the gradual rise in
conductivity indicates microemulsion breakthrough. This coincides with the grav-
ity override seen on the CT scan which explains why we see almost 0.8PV of mi-
croemulsion production.
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FIGURE 5.8: Production data from the 2nd 39cm experiment done
under the CT Scan.

Total recovery factor after chemical flood is approximately 85% with the last 15%
produced in microemulsions.
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5.2.3 Non-CT Production Data

Two experiments were done with dodecane and showed reproducible results. The
average recovery from the water flood was 30% leaving a residual oil saturation of
0.55 after waterflood. The low waterflood recovery is due to the lower initial oil sat-
uration. The injection data shows that we were only able to achieve an oil saturation
of 0.7 which is significantly lower compared to other experiments. The surfactant
polymer flooding recovered 28% as clean oil starting 0.3PV after chemical injection.
The microemulsion tail contained another 20% of incremental oil production result-
ing in a cumulative recovery of 81%. It is possible to characterise another type of oil
bank in these experiments. Initially slug flow is observed with an increasing fraction
of oil over time, 0.25PV later the oil production becomes continuous which is the oil
bank.

5.3 7cm High Permeability
The following experiments used cores with similar mineralogical composition but

different rock properties. The sandstone was much less consolidated with porosities
ranging from 10-14% and permeabilities between 60 to 80mD.

5.3.1 Production Data
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FIGURE 5.9: Production data from the 7cm high permeability core-
flood experiment.

The water flood in the 7cm core recovered 40% of the dodecane. The total re-
covery after the chemical flood equalled 85% with the majority coming from oil
bank production. The microemulsion tail only produced 5% of the incremental oil.
The shorter core length reduces the degree of dispersion and effects of any hetero-
geneities. One important observation is the malfunction of the inflow conductivity
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meter. It reads an almost constant value throughout the experiment whereas other
experiments showed distinct changes in conductivity for the surfactant polymer and
the polymer. Given as the polymer was made as a large batch for multiple experi-
ments the meter itself is most likely responsible for the erroneous readings.

5.4 17cm High Permeability

5.4.1 Production Data

Four experiments were done using the 17cm cores of the high permeability vari-
ant. The first three experiments produced almost identical results. For these exper-
iments the waterflood recovery was 40% and the ultimate recovery after the surfac-
tant polymer was around 80-85% in every experiment. From the production data an
oil bank seems to form in all of the experiments, which becomes visible 0.4PV after
the start of SP injection. Almost 35% of the oil is clean oil with only 5-10% was oil-
in-microemulsion. This points to the low-salinity polymer transitioning the system
to Winsor type I phase behaviour over the course of the flood.
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FIGURE 5.10: Production data from the 17cm high permeability core-
flood experiment.

The last experiment produced different results. Waterflood recovery was signifi-
cantly lower at 25% which is half as effective as in the rest of the series. Oil saturation
after waterflood was 0.52 compared to the usual 0.4-0.45. With this higher oil satu-
ration the oil bank seems to be more developed with more clean oil produced and
only a small fraction produced in microemulsion.
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5.5 30cm High Permeability

The final set of experiments were done on 30cm cores both in and outside of the CT
scanner.

5.5.1 CT Results

From the scan following the waterflood its clear that there is preferential flow through
a part of the core. The area outlined below shows a lower residual oil saturation af-

ter waterflood than the rest of the core. A large pocket of oil is left on the upper side

of the core.

FIGURE 5.11: Scan showing area of lower residual oil due to fingering
effects.

Based on previous experiments with iododecane, the surfactant polymer will
most likely follow the same path as shown above; leading to the multiphase slug
flow without successful oil bank formation.

FIGURE 5.12: Scan showing Surfactant Polymer flood of 30cm high
permeability core in intervals of 0.15PV.
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Up until about 0.4PV of injection the slug seems to be sweeping relatively well.
The start of oil bank formation can even be seen (marked in Fig. 5.11). However
when it reaches the area highlighted before the front breaks down and exhibits poor
stability up until SP breakthrough after approximately 0.8PV of chemical injection.
After approximately 1.6PV the polymer is able to sweep the remaining sections of
the core and oil production concludes.

CT Production Data

From the production data (Fig. 5.13) the waterflood recovery factor seems to be in
line with other experiments however it is possible that the majority of the residual oil
is in the upper section of the core as seen in the scan. This would skew the recovery
factor downwards even though average residual oil saturation is lower.
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FIGURE 5.13: Production date of the second experiment of the 30cm
high permeability core done under the CT scanner.

The production data confirms a number of other observations made from the
CT images. We see slug flow starting 0.3PV after the start of SP injection and con-
tinuing for 0.6PV which is when SP breakthrough is seen. What is unique about
these experiments is a period of decreasing oil cut right after the end of slug flow.
Oil production slows down and then increases again ending with a microemulsion
tail seen in other data. It is possible that the surfactant causes an unstable interface
with the iodododecane. The SP slug is produced first followed by an increase in oil
production as the polymer front displaces more oil due to better mobility.

5.5.2 Production data

A single experiment was done outside of the CT room which supports the obser-
vations mentioned above. Waterflood recovery in this experiment is higher and the
production seems to point to a more stable, piston-like displacement. The initial oil
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bank contains approximately 80% of the oil production from the chemical flood with
the remainder produced as microemulsions. Total recovery for this experiment was
90% Which is the highest of all the experiments.

5.6 Discussion

5.6.1 Reproducibility

For every set of core floods the results were deemed reproducible if: the recovery
factor differed by less than 5%, and the displacement behaviour was similar. For
example step-wise production due to inhomogeneities should be seen across all data
sets. Analysing the production data from of the experiments for reproducibility the
exceptional results of the 17cm high permeability cores can be highlighted.
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FIGURE 5.14: Recovery factor of the 17cm high permeability cores,
showing excellent reproducibility between them.

Four separate experiments were done using this single core. The recovery fac-
tors fall within a range of 82-86% with a 4-step pattern seen at the start of the oil
bank in every experiment. The last experiment had significantly lower water flood
recovery however the production curve and ultimate recovery falls within the other
experiments. This confirms that the surfactant polymer slug has increased the cap-
illary number to similar levels as the other runs leaving the system at a comparable
position on the capillary desaturation curve.

The other experiments were repeated until a similar degree of reproducibility
was seen. The first run of each set often showed a slightly different response proba-
bly due to unconsolidated grains moving through the core. After this the core seems
to reach a stable state and the floods become more similar. In Figure 5.14 this is seen
in a slightly lower recovery rate. This effect is more prominent in the low permeabil-
ity cores.
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Although not all successful, the CT scans also allowed us to judge the repro-
ducibility from a qualitative standpoint. Although the snapshots in Figure 5.15 are
not taking at identical times the tongue formation and path through the core are sim-
ilar in both cases. Three time steps are shown with two images (x- and y-direction)
for each.

30cm High Permeability CT Scans

Experiment 1 Experiment 2

FIGURE 5.15: CT scans showing reproducible displacement patterns
between the two experiments.

5.6.2 Decreased Surfactant Polymer Slug Size

In two of the experiment sets the injected SP slug size was decreased to 0.3PV rather
than 0.5PV. This was done to test the sensitivity of the recovery factor on slug size,
with obvious economical motives. Comparing the production data of the low per-
meability chemical floods a decrease in recovery factor of 10% is seen in both of the
experiments with good reproducibility between them. Residual oil saturation after
the chemical flood with the smaller slug size is 0.21 which is significantly more than
in all other experiments, regardless of length. Little to no difference is seen in the oil
bank behaviour or in the recovery factor in the high permeability cores. A decrease
in slug size will reduce the ratio of active surfactant to pore volume and the sweep
efficiency of the flood. Most likely the homogeneity of the core is good enough to
ensure sufficient SP sweep even with a smaller slug size.

5.6.3 Underoptimum Injection Conditions

Only one experiment was carried out at underoptimum conditions so the reliability
of the data and any conclusions can be disputed. Initial observations show that a
larger fraction of the oil from the chemical flood is produced in the oil bank with less
oil-in-microemulsion. Overall production was lower for this experiment. Purely
from a recovery standpoint this approach seems less effective however it does not
take into account the added benefits of the salinity buffer for the divalent electrons.
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ful core flood experiments.
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Chapter 6

Results: Analytical JBN Method

The following chapter presents the results of applying the analytical JBN method to
the production data from Chapter 5. When processing the data attention was paid to
the quality and accuracy of the pressure data. The model is sensitive to unexpected
changes in pressure. For certain data sets the pressure response could be smoothed
or interpolated, however in some cases the data could simply not be used. This
was due to calibration issues, faulty pressure sensors, or equipment malfunction
(blockages, backpressure fluctuations, etc.). An example of a faulty data set is given
in Appendix D.

6.1 17cm Low Permeability

The production results are analysed using JBN and plotted below:
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FIGURE 6.1: Relative permeability curves resulting from the JBN
analysis of the 17cm production data.

The front of the waterflood in many experiments seems to be particularly sharp.
This means that there are very few data points in the two-phase flow region which
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are needed for calculating the intermediate relative permeabilities. This is why a
"gap" can be seen in the water flood curves. Where possible the points were mod-
elled using Corey relations if the fit was acceptable.

Calculating relative permeabilities of the 17cm chemical flood data did not re-
quire any modifications to the JBN method. The immediate onset of the oil bank
followed by surfactant polymer breakthrough and a subsequent two-phase flow re-
gion leads to the curves on the right. Comparing the two we see a shift right due to
the increase in S;,; from the waterflood and oil bank production. Residual oil satu-
ration after the chemical flood is 0.12. Initial oil relative permeability is lower for the
chemical flood however it decreases less per unit of S, increase.
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FIGURE 6.2: Oil relative permeability curves resulting from the JBN
analysis of two different 17cm core floods.

The chart above plots two data sets on top of each other to examine the repro-
ducibility of the JBN interpretation. Since one of the criteria for the production data
is that the core floods must be reproducible it can be expected that similar inputs
will lead to similar outputs. Indeed the rel-perms from the different runs are the
same. Small discrepancies are most likely caused by the data points chosen and/or
pressure variations.

6.2 39cm Low Permeability

The results for the 39cm cores reflects the higher residual water saturation observed
in the core flood experiments.

When analysing the chemical flood data the method was slightly altered to ac-
count for two factors. First, the slug flow that precedes the oil bank will result in
incorrect values for the subsequent data points. This is because the JBN method
assumes piston like displacement with three stages: First single-phase flow of the
displaced phase, secondly a region of two-phase flow after initial breakthrough of
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FIGURE 6.3: Relative permeability curves resulting from the JBN
analysis of the 39cm production data.

the displacing phase, and finally a period of single phase flow of the displacing fluid.
The pressure readings during the slug flow is so erratic that it is hard to trust the data
after smoothing.

Secondly this initial oil production starts 0.2PV after the start of chemical injec-
tion. Given that 0.12PV is dead volume of the inflow, the slug has barely entered the
core. At this point the majority of the matrix is still under waterflood relative per-
meability conditions. By shifting the starting point of the analysis to the start of the
oil bank we are able to apply JBN as well as capture a more accurate representation
of the chemical relative permeabilities.
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6.3 7cm High Permeability

The 9cm relative permeability results are given next. Looking at the K;, values we
see a lower end point relative permeability at the start of the chemical flood. They
also remain higher as the water saturation increases compared to the water flood
data.
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FIGURE 6.4: Relative permeability curves resulting from the JBN
analysis of the 7cm production data.

6.4 17cm High Permeability

This set of experiments showed an extremely high degree of reproducibility and this
was also seen in the JBN results. The pressure data was also of a very high quality
since the lower pressures allowed for a more accurate delta pressure meter, the core
also behaved very homogeneously. One of the drawbacks of this is a very instanta-
neous microemulsion breakthrough which also contained little oil. The absence of a
large two phase flow region leaves some empty regions in the relative permeability
curves which needed to be interpolated.
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FIGURE 6.5: Relative permeability curves resulting from the JBN

analysis of the 17cm production data.
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6.5 30cm High Permeability

The last data set only includes experimental data using iodododecane oil. The un-
stable displacement seen in the production data and pressure data means that the
relative permeabilities for the chemical flood are incorrect (Fig. 6.6). The graph is
included as an example of an output when displacement is not piston-like, and oil
bank not successfully formed.
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FIGURE 6.6: Incorrect rel perms due to unsteady displacement in the
30cm high permeability cores.



6.6. Discussion 45

6.6 Discussion

6.6.1 Low Permeability 17 vs 39cm

Setting the curves from both cores side-by-side (Fig. 6.8) we would expect the most
prominent confirmation of our hypothesis. The pore volume of the larger length core
is almost 200% that of the 17cm core, 33ml and 17ml respectively. What is immedi-
ately obvious is the difference in initial oil saturation observed in the production
data. Regardless the oil saturation after waterflood is similar in both cases. A big
difference can be observed in the oil relative permeability. Not only is the o0il bank
larger but the oil rel-perms are almost twice as high in the longer length core. This
is evidence supporting the hypothesis that given more pore volume, the oil bank is
able to coalesce effectively and be transmitted more easily through the core.
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FIGURE 6.7: Comparison of the relative permeability results of the
low permeability (solid curves) and the high permeability curves
(dotted curves).

6.6.2 High Permeability 7 vs 17cm vs 39cm

The data sets for the two high permeability cores and the 39cm core meet the ini-
tial criteria regarding accuracy and reproducibility. Therefore we are also able to
make comparisons regarding the differences in rel-perms across core lengths. This
is shown in figure 6.8 which overlays the curves over each other. The water flood
rel-perms are very similar as expected since rock properties and displacing fluids are
the same. The 39cm water flood rel-perms are shifted rightwards since the initial oil
saturation for these experiments are lower. During the chemical flood we see a larger
shift to the right due to the higher oil bank recovery in the 17cm cores (S,, of 0.10 as
opposed to 0.13). The oil relative permeabilities are also slightly higher but not to
the extent in the low permeability cores. The reason for this is likely two-fold: Firstly
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the increase in pore volume is not as dramatic as in the low perm cores. Secondly
the homogeneity of the high permeability cores means that the majority of the oil
will most likely be mobilised regardless of whether or not an oil bank is formed. As
permeability and homogeneity decreases the effectiveness of the surfactant polymer
slug to reduce IFT and mobilise residual oil into an oil bank becomes more essential.
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FIGURE 6.8: Comparison of the relative permeability results of the
low permeability (solid curves) and the high permeability curves
(dotted curves).

6.6.3 High vs. Low Permeability

Similarly the data allows for a comparison of the results of the high and low perme-
ability core-floods. In this case we are not increasing the core length but due to the
higher porosity and permeability the pore volume has increased by 40%. Looking
at the two curves in figure 6.9 it can be concluded that under similar displacement
conditions, the o0il is moving more freely most likely due to a larger oil bank.
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FIGURE 6.9: Comparison of the relative permeability results of the
low permeability (solid curves) and the high permeability curves
(dotted curves).
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Chapter 7

Results: Numerical Simulator

The JBN method is an unsteady-state analytical solution which has a number of in-
herent uncertainties. Taking into account the uncertainty of the production data it is
important to check the accuracy of the analytical results. This can be done by using
the data as input parameters for a reservoir simulator. Shell Global’s modular reser-
voir simulator (MoReS) was used to do this. It uses a finite difference scheme where
the coupled material balance and flow equations are solved at the centre of the grid
points. A model was created that mimics the core properties and set-up used in
the experiments. The core flood is then modelled numerically using the analytically
derived relative permeabilities from chapter 5. With the first model, Atlas 23, the
waterflood and chemical floods are simulated individually. The Atlas 53 model is
more extensive and combines the water and chemical flood in one simulation. Com-
paring the simulated production results to the experimental results gives an idea of
how realistic the input parameters are.

7.1 Atlas 23

This model is based on a simple 2D grid representing the core flood set-up. It can
model a single sweep of the core with a displacing fluid. To initialise the model the
grid parameters and rock properties are defined. Next the injection properties are
specified, such as polymer concentration and interfacial tension as measured in the
phase behaviour test. The injection rate is stated and finally the user defined two-
phase rel-perm and production data is imported. The model simulates an arbitrary
number of pore volumes injected and plots the numerical data over the experimen-
tal data. A visual representation of the model is given below with the core shown
together with an injection point at the bottom and a production point opposing it.
The snapshot is taken approximately 30 minutes into the 9cm core flood. This coin-
cides with around a little under half a pore volume of injection which is replicated
by the model.

7.1.1 17cm Low Permeability

The following chart (Fig. 7.2) shows the simulated data plotted over experimental
data from the 17cm low permeability cores. The cumulative oil recovery over time
and the pressure data are shown. Using the JBN rel-perms for the waterflooding
stage we see a similar pressure response as in the core flooding experiments. The
match will never be perfect since the experimental data contains some irregularities
such as the small dip 0.1 hours into the data. The experimental data rarely shows
the sharp pressure response which is produced by the simulated flood. From the
CT data and production data we see the chemical front is slightly "smeared" which
results in some early breakthrough and a flattened pressure response.
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FIGURE 7.1: Simulator grid showing the chemical flood (blue) dis-
placing the oil in the core with the flow characteristics determined by
the rock properties and JBN rel-perms.

One interesting observation is that the initial porosity-permeability tests per-
formed on the rock showed a permeability in the order of 10mD. From the data
the maximum pressure difference over the core during the chemical flood is almost
40bar. When doing the initial runs of the Atlas 23 model the pressure never reached
this order of magnitude, staying in the 5-6bar region. Unfortunately brine perme-
ability testing was not done for these experiments. Using pressure data from the
core flushes a retrospective brine permeability test was done. This resulted in per-
meability values of 1-2mD which is significantly lower than what resulted from the
core plugs. Using this new value the simulator pressure data resulted in a much
better fit.

A likely explanation for this are heterogeneities in the rock. In a failed exper-
iment using 1m cores an analysis was done using the CT images. The resulting
image shown in Appendix E attempts to relate the permeability to the CT numbers
from the x-ray attenuation. It can be seen that the first sections of the core fall in the
permeability regimes seen in the core plugs tested in the permeameter. The pressure
in the subsequent sections was so high that it caused failure of the delta P sensors.
Assuming the Houndsfield units are indeed a linear transformation of the attenua-
tion coefficient the permeability in one section approaches 0.5mD. The scale of these
variations are in the order of half a meter. It is possible that cores contain similar
heterogeneities as seen in the 1m sample which were missed by the plugs due to
their scale.
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FIGURE 7.2: Comparison of the experimental and analytical pressure
and production data for the 17cm LP cores.

7.1.2 39cm Low Permeability

The match for the numerical and analytical data for the 39cm core is relatively good.
There is a slight mismatch between the pressure data however this is likely due to
poor shifting of the pressure data when correcting for dead volume. The data is
being recorded across the core in real time, however the production data is delayed
by approximately 0.2PV due to the dead volume between the end of the core and the
data recording equipment. The second curves plotted represent the water saturation
in the core. Looking at the cumulative oil production a similarly good match can be
seen between the two data sets.
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FIGURE 7.3: Comparison of the experimental and analytical pressure
and saturation data for the 39cm LP cores.
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7.1.3 7cm High Permeability

The JBN rel-perms perform less convincingly for the higher permeability cores. The
cumulative oil production is approximately 20% higher in the experimental results.
The saturation data seems to fit well however the pressure data match is also poor.
This is where we see some of the shortcomings of the Atlas 23 model. It lacks the
complexity to accurately model the surfactant polymer slug and the polymer chaser.
The chemical flood is treated as a whole with the two components lumped into one
displacing fluid with constant properties. This is why it resembles a waterflood
with a single pressure spike. In reality the pressure shows a steady increase before
oil bank breakthrough, a decrease with the arrival of the surfactant front and a sub-
sequent increase as the polymer is produced.
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FIGURE 7.4: Comparison of the experimental and analytical pressure
and saturation data for the 7cm HP cores.

714 17cm High Permeability

The final data set fed into the Atlas 23 model is the 17cm cores with higher perme-
ability. Again we fail to get accurate replication of the pressure data. This is due
to the reason mentioned in the previous section. The experimental pressure shows
the expected build up as the oil bank propagates through the core and the gradual
decrease as the microemulsions and surfactant polymer are back produced. Sim-
ilarly cumulative oil production from the simulator shows an underestimation of
approximately 15%.
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FIGURE 7.5: Comparison of the experimental and analytical pressure
and saturation data for the 17cm HP cores.
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7.2 Atlas 53

The Atlas 23 model was able to accurately model the waterflood component in each
of the experiments using the JBN rel-perms. With some tweaking it also gave a crude
estimation of the quality of the chemical rel-perms, however it lacked some essential
parameters needed to correctly model this part of the flood. Therefore it was chosen
to use the Atlas 53 model. This is more complex model designed for a variety of
core flood models. It uses passive tracers to model the chemical components which
is less computationally intensive and simplifies the history-matching process. The
model captures the following chemical processes:

1. Interfacial tension (IFT) lowering due to the presence of soap and surfactant.
Salinity effects on the IFT are also captured.

2. Desaturation of the oil saturation below the residual to water flood due to in-
creased capillary number.

3. Polymer viscosity modelling. Impact of polymer concentration, salinity, shear
rate and resistance factor on polymer mobility are taken into account.

4. Polymer hydrodynamic acceleration

5. Adsorption of chemicals

The 3D model and accompanying grid is shown in Figure 7.6 below:
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FIGURE 7.6: The 3D grid used in the Atlas 53 model.
A number of these parameters (polymer mobility effects and saponification) go
beyond the scope of the research project and will therefore be disabled in the model.

Although this is already a big step forward the model still has some short-comings.

1. No modelling of the micro-emulsion phase.



7.2. Atlas 53 55

2. All chemicals remain in the aqueous phase, no partitioning or interactions.
3. No modelling of the (geo)chemistry.

4. Capillary pressures are largely negelected however imbibition curves can be
incorporated.

The model allows for specification of the individual SP and polymer character-
istics. Surfactant concentrations and the resulting IFT are all taken into account as
well as polymer viscosities and salinity effects. In the resulting visualisation we are
able to see the two phase displacement during the waterflood. And even oil bank
formation in the model, where a front of higher oil concentration is seen preceding
the SP front.

Grid: SIMDATA.SAT
WATER

FIGURE 7.7: Snapshot taken during the chemical flood with a re-
gion of higher oil concentration seen preceding the surfactant poly-
mer front.

721 17cm Low Permeability

Below is the result of the complete modelling of the 17cm low permeability core
flood. After initial saturation the model is flooded with water until no more oil is
produced. This is followed by a chemical flood of 0.5PV of surfactant polymer and
a polymer chaser of 1PV. The flow characteristics are determined by the JBN relative
permeabilities determined in chapter 5.

The two data sets match very closely with the majority of the difference coming
from the effect of the inhomogeneities in the core. There is some degree of two-layer
flow seen in both the water- and the chemical-flood. The preferential flow through
one of the layers results in a subtle two-step response in o0il production which is
not seen in the model data. Incorporating two separate layers in the model would
result in similar behaviour. The match in pressure data is not as good. The biggest
differences are intentional due to large increases in flow rate during the experiment
to speed up the flushing process (seen @ 1.1 and 5.2PV). The linear decline in the
model after polymer breakthrough seems unrealistic.



56 Chapter 7. Results: Numerical Simulator

O Exp data

Model data

1.0+

OilRF
[REALUNITP-9

0.8+ él

0.71

0.6+
0.59

20 30 20 5.0 6.0
PV_inj [REALUNIT]

FIGURE 7.8: Match of the experimental production data and the re-
sults of the Atlas 53 model.
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FIGURE 7.9: Match of the experimental pressure data and the results
of the Atlas 53 model.
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7.2.2 7cm High Permeability

Using the JBN rel-perms for the 9cm cores resulted in an overestimation of the oil
recovery and a mismatch in pressure. This means that the relative permeabilities
from the ]JBN method were too optimistic and would explain why little difference
was seen between the 7 and 17cm JBN results. Tuning down the rel-perms resulted
in a much better fit of the production and pressure data, see figures 7.12 and ??.
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FIGURE 7.10: Match of the 7cm high perm experimental and Atlas 53
numerical production data, before and after tuning the rel-perms.
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FIGURE 7.11: Match of the experimental pressure data and the results
of the Atlas 53 model for the 7cm high perm core-flood.
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7.2.3 17cm High Permeability

The final data set tested using the Atlas 53 model is the 17cm high permeability
cores. Comparing the numerical results this match is the closest of all the runs. These
cores showed the lowest degree of heterogeneity and very good reproducibility. This
means that the homogeneous model used comes very close to the ideal displacement
simulated.
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FIGURE 7.12: Match of the 9cm high perm experimental production
data and the results of the Atlas 53 model, before and after tuning the
rel-perms.
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Chapter 8

Conclusions

A core flood set-up was used to investigate oil bank formation in a dodecane sys-
tem by surfactant polymer injection. Data from these experiments was then used as
input for an analytical JBN relperm analysis, who's accuracy was then tested in a nu-
merical simulator. Recalling the initial research objectives, starting with determining
the optimum phase behaviour of the chosen surfactant/dodecane system.

e The microemulsions formed during the phase behaviour tests exhibited ultra-
low interfacial tension values needed to increase capillary number and mo-
bilise residual oil.

The second objective was whether or not oil bank formation could be observed
in all lengths of cores. The hypothesis being that the longer length cores (read larger
pore volume) would form a more defined and effective oil bank. Two important
success criteria were the robustness of the set-up and reproducibility of the results.

e Core flood experiments using n-dodecane showed successful oil bank forma-
tion at core lengths 7, 17, 30 and 39cm, at both low and high permeabilities.
Cumulative recovery factors for low permeable samples averaged 80% and
high permeable samples 85-90%.

e Longer core lengths lead to larger relative oil banks however they are preceded
by a region of slug flow as seen in other research (Batenburg et al., 2015).

o At higher permeabilities the waterflood recovery factor is significantly higher
and the oil bank is less defined. This points to a potential relationship between
residual oil saturation and oil bank formation.

e Reduction of surfactant polymer slug size from 0.3PV to 0.5PV showed no sig-
nificant effect on the effectiveness of the sweep or oil bank formation and size
in the high permeability cores. In the low permeability cores the smaller slug
size resulted in a 20% lower recovery from the chemical flood leaving a resid-
ual oil saturation of 0.2. The o0il bank was also smaller with a relatively greater
production of microemulsions. This suggests that the effect of reducing the
slug size is a function of the heterogeneity of the cores.

e All core flooding experiments showed reproducibility in successive experi-
ments. The differences seen were within the uncertainties of the set-up and
large differences were caused by user error (ex. poor storage of the surfac-
tant polymer solution). Tracer data showed minimal decrease in accessible
pore volume during a series of experiments however brine permeability was
reduced by approximately 10% during every run. This is likely due to do poly-
mer deposition during flooding or cleaning with IPA (which is known to de-
hydrate solutions).
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e Experiments performed in the CT scanner using iodododecane gave insight
into the displacement processes happening during the core flood. In a number
of experiments oil bank formation was not successful. Unstable displacement
at the 0il/SP interface led to viscous fingering seen on the scans and early
breakthrough followed by slug flow observed in the production data. In two
of the experiments oil bank formation and propagation was seen.

The final objective was whether or not the production and pressure data could
be successfully be interpreted into relperms using the JBN method. Criteria for suc-
cess was checking the results by inputting them into a tried and tested reservoir
simulator. The following conclusions can be made in this regard:

e The JBN emthod was successfully applied to waterflood (as expected) but also
to chemical flooding data. For smaller cores with immediate oil bank produc-
tion the original model can be applied as-is. For longer cores where the oil bank
can be characterised by slug flow preceding the bank an alteration should be
made. In these cases the slug flow and the oil bank should be analysed sepa-
rately. The slug flow contributes to incremental oil production from surfactant
polymer but should be ignored for the chemical relperm analysis.

e We modify the method by applying it only when solid oil bank is seen, shifting
the pressure data to match breakthrough and extrapolating pressure before the
oil bank since the slug flow leads to large fluctuations. Using this approach
chemical relperms can be determined for the longer core lengths too.

e A second implication is that during this slug flow the majority of the core is still
under waterflood relative permeability conditions. The surfactant polymer has
only just entered the core and although it is mobilising oil in this region it is
also displacing brine in front of it. The flow preceding the front is still dictated
by waterflood relative permeabilities. In reality the system transitions from
waterflood to chemical relperms over the course of the flood. This is one of the
aspects the Atlas 53 deck attempts to model.

e From the resulting curves comparisons can be made between core lengths and
permeabilities. With identical displacement processes the surfactant polymer
mobilises oil more freely in cores with higher pore volume. Relative perme-
abilities for the 39cm low perm cores are higher at similar saturations than for
the 17cm cores and the same trend is seen to a lesser degree in the high perme-
ability cores.

The JBN rel-perm curves were fed into numerical simulator to test their accuracy.
While the simplified Atlas 23 deck showed that the JBN curves were a reasonable
estimation, the more complex model confirmed that the relative permeabilities led to
a very close match with the simulated production data. The relative permeabilities
for the 9cm high permeability cores were overestimated. Any further mismatches
were the result of inhomogeneities in the cores.
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Chapter 9

Recommendations

Based on the performed experiments and analysis of the data the following recom-
mendations and areas of further research can be made:

e There is still a lot of uncertainty with regards to the nature of phase behaviour.
The salinity scan used to determine the optimum is a static process whereas
the core floods are dynamic. One can ask whether the results from the phase
behaviour test (waiting two weeks for equilibration) is representative of the
core flood processes occurring over a matter of hours.

e Research should also be done into the phase behaviour and displacement pro-
cesses involving iodododecane. It was shown that the oil has a different phase
behaviour than dodecane and based on the production and CT data it results
in an unstable interaction with the surfactant polymer even at favourable mo-
bility ratios.

e Effect of polymer on the phase behaviour of the systems. In this research they
were not included in the study however from literature it is known they of-
ten do not solubise in the microemulsion. It is possible, for example, that the
polymer in the iodododecane system came out of solution which led to un-
favourable mobility.

e More experiments should be done using smaller slug sizes. For this system
there will be a lower bound where the lack of volume causes the front to break
down.

e Similarly more sensitivities are needed for injection at underoptimum condi-
tions. The limited number of experiments in this research showed proportion-
ally more oil produced in the oil bank with less oil-in-microemulsion. Recovery-
wise this seems less effective however there are other advantages which are not
taken into account. Such as the increased solubility and more less surfactant
precipitation as a result of divalent electrons.

e Analysis of the effluent would be helpful in understanding the microemulsions
formed in the core. Due to the high SBA concentration we assume no viscous
phase was formed however this could still be the case.

e Performing the same experiments with "non-ideal" systems using crude oil.

e Splitting the core up into multiple regions and performing JBN analysis on
these sections to capture the transition from waterflood to chemical relperm
conditions.
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Chapter 9. Recommendations

e The JBN method assumes negligible capillary pressure, but this is still an im-
portant aspect of the core floods. This is likely one of the contributors for the
remaining mismatches between the Atlas 53 simulations and the experimental
data.
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Appendix A

Phase Behaviour

This appendix contains the iodododecane salinity scan results as well as some extra
observations on the phase behaviour equilibration times.
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FIGURE A.1: Phase behaviour of the dodecane-oil system using 1%
0242 surfactant and 4% SBA as co-solvent. Salinties of the tubes are
3,4,4.25,4.54.75,5,6, respectively
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As mentioned the salinity scan is based on static system where the test tubes have
been allowed to rest and equilibrate for a number of days and sometimes weeks. The
core flooding experiments on the other hand are dynamic systems where the oil and
surfactant polymer solution are constantly interacting. This mismatch is important
to note since it raises the question whether or not the phase behaviour tests are repre-
sentative of the situation in the core. To get a rough understanding the equilibration
was monitored in the minutes and hours after agitation. The results can be found
below

FIGURE A.2: Equilibration of the dodecane phase behaviour test. The
tubes were agitated for 60 seconds and then left to settle. Photos were
taken every 5 minutes intitially and every hour afterwards.

The takeaway from this is that the equilibration time for the optimum phase
behaviour occurs within the first 5 minutes. In the first picture the micro-emulsion
phase is already visible and almost at its maximum volume. The core floods occur
in a time frame of hours and it is therefore a welcome confirmation that the micro-
emulsions are able to form well within this. Unfortunately the same images were not
recorded for the iodododecane systems however from conducting the experiments
memory recalls that it was nowhere near as fast for equilibration. This might be a
contributing factor to the poor performance of the iodododecane core floods.
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Appendix B

Surfactant-Polymer Viscosities

Polymer and surfactant polymer viscosities were recorded using the rheometer as
mentioned in Chapter 3. The output report is given below and show that the solu-
tions meet the required conditions of £10cP for the surfactant polymer and a poly-
mer viscosity 25% higher at +15cP. This will ensure favourable mobility of each
respective front.
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SP10pt, Shear test, Interval 1
Point No. Time Shear Rate Shear Stress Viscosity Torque Status
N2 t 7 T n M Stat
[s] [1/5] [Pa] [mPas] [mN-m]
1 15.0 6 0.063291 10.551 0.0033609 Dy_auto
2 30.0 6 0.061847 10.31 0.0032842 Dy_auto
3 45.0 6 0.061017 10.17 0.0032401 Dy_auto
4 60.0 6 0.06044 10.074 0.0032095 Dy_auto
5 75.0 6 0.060128 10.021 0.0031929 Dy_auto
6 90.0 6 0.05985 9.975 0.0031781 Dy_auto
7 105.0 6 0.05984 9.9734 0.0031776 Dy_auto
8 120.0 6 0.059672 9.9454 0.0031687 Dy_auto
9 135.0 6 0.059536 9.9226 0.0031615 Dy_auto
10 150.0 6 0.059332 9.8886 0.0031506 Dy_auto
11 165.0 6 0.059219 9.8698 0.0031446 Dy_auto
12 180.0 6 0.059112 9.8521 0.003139 Dy_auto
13 195.0 6 0.059268 9.8781 0.0031473 Dy_auto
14 210.0 6 0.059131 9.8553 0.00314 Dy_auto
Anton Paar

FIGURE B.1: Viscosity of the surfactant polymer (black/red) and the
polymer (blue). Tests were done at room temperature and a constant
shear rate of 6 [1/]
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Appendix C

Tracer Analysis

An example of a tracer analysis result is given below. This is from the 9cm high per-
meability data set. The most important aspect of the tracer analysis is to see whether
or not the accessible pore volume of the core is affected by subsequent runs. As oil
is injected and the core is waterflooded the dispersion curve shifts to the left indicat-
ing a loss in pore volume since this is now occupied by residual oil. After chemical
flooding the curve shifts back to the right since more 0il is produced. Cleaning the
curve afterwards should bring it back to its initial postition. Polymer deposition,
viscous phase from the microemulsions, dislodged grains and solution contamina-
tions can all block the pore throats leading to restricted flow. This will show up as
a reduction in accessible pore volume in the tracer analysis. In most experiments
there was an initial loss in pore volume after the first run. Afterwards however the
tracer analysis showed that cleaning with isopropanol consistently brought the pore
volume back to its initial state.
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FIGURE C.1: Example of one set of tracer results from the 9cm high

permeability experiments. Reduction in accessible pore volume, due

to residual oil and/or contamination is represented as a shift to the

right. Cleaning with IPA shifts the curve back rightward indicating a
return to initial conditions.
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Appendix D

Pressure Data - 30cm Chemical
Flood

Pressure Data - 30cm CT
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FIGURE D.1: The pressure data from the 30cm chemical core flood ex-

periment. The unstable flow results in constant slug flow and erratic

pressure data. This is the reason the data set could not be analysed
further.






71

Appendix E

Analysis - Im Low Perm. Cores

After seeing a pressure drop along the core that was much greater than expected
the CT images were analysed in an attempt to get an idea of the permeabilities in
the core. Since DP meters were placed along 10cm intervals along the core we knew
the permeabilities in the first four sections of the core. Beyond this the pressure
drop become so great that the meters failed. The average value of the Houndsfield
(HF) units was calculated along every CT slice and plotted as the blue line over the
scan itself. The general trend is similar to what was seen in the pressure drop, which
became greater over each subsequent section. Beyond section 5 the density increases
even more and if we assume a linear relationship in HF and permeability, the 8th
and 9th sections approach sub-ImD permeabilities. These permeability variations
are the reason these experiments failed and why the simulator results for the 17cm
LP cores gave different results.
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Appendix E. Analysis - Im Low Perm. Cores

“ e 2 @ 2
g 8 B = S b4
] & S o o

59 S10

58

CT # vs Permeabiity in Core2
55
6.93

S3 sS4
13 12.18 8.27

52
9.

51
20.78

FIGURE E.1: Attempting to relate CT scan (Houndsfield Units) to the
permeability along the core length.
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