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Abstract

Low salinity water flooding has attracted the academic and industry
communities due to its relatively simple and applicable technology. One of
the drawbacks of applying IOR/EOR technique is the lack of the availability
of the low salinity water in large quantities at reasonable cost required for a
technically and environmentally successful project. To overcome this
problem, the industry proposed to use produced water/sea water after
dilution, and reverse osmosis filter technology to achieve the required
salinity. Both techniques are quite costly and might hinder the project
economic success. A low salinity water as slug size followed by high salinity
water was proposed to reduce the project requirement of sweet water and
make the project technically and economically more attractive. In this
project, the effect of the carbonate reservoir wettability, reservoir lithology
(limestone and dolomite), and permeability (low and high) on the design of
low salinity slug injection have been investigated. Oil wet and water wet
high permeability limestone cores and high and low permeability oil wet
dolomites cores were flooded in a secondary mode by the following low
salinity slug sizes 10, 20, 30, and 40% of pore volumes followed by
continuous flooding with high salinity water until reaching stable value of
100% water cut. Results indicated that in the case of limestone environment,
wettability of the reservoir has a significant impact on the optimum LSW
slug size and a lower slug size requirement was observed in the case of oil
wet system 10% PV as compared to 30% PV for water wet system. In
addition to the that, 90% of the oil in place was recovered as compared to
60% OIP for the water wet system. The lithology of the system had no
noticeable impact on the requirement for the slug size in oil wet
environment. Low salinity flooding required relatively a smaller slug size in

a high permeability environment for the dolomite oil wet system, while low

vi



permeability system exhibited a higher oil recovery as compared to high
permeability environment. Therefore, in preforming a reservoir simulation
of low salinity flooding of a mixed wettability and heterogenous system, a
laboratory work is recommended using reservoir rock and fluid data to the

determine optimum slug size and relative permeability data.

Keywords: Low salinity water, Limestone, Dolomite, Slug, Permeability,
Wettability, Lithology.
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Chapter 1: Introduction

1.1 Overview

According to the 2019 predictions of the U.S. Energy Information
Administration, hydrocarbons from conventional and unconventional
reservoirs are most likely to remain the major contributor to the growing
energy demand in the next 30 years (Figure 1). The global pandemic that
started at the end of the same year however, introduced an unexpected dip
(Figure 2) and generated new challenges to the industry. Forecasts made
in February of 2022 by EIA displays that the world oil markets have
successfully rebounded from the massive demand shock. Prices have risen
due to current heightened market concerns about the possibility of oil
supply disruptions, this is notably related to recent political tensions paired
with receding market concerns about the Omicron variant of COVID-19
and its possible effects on oil consumption. Fluctuations influenced by
global supply, demand, and geopolitics along with the fast-evolving
governmental plans to accelerate transitions towards a more sustainable
future in response to emotive public arguments against the industry creates

a constant degree of market volatility.

Most hydrocarbon alternatives remain immature and not
economically feasible, according to BP statistical review of world energy
in 2019 (Figure 3), it will take until 2040 for renewables to produce more
primary energy than coal and gas. Thus, despite governmental and public
pressures, it is the hydrocarbon industry’s responsibility to supply an
abundance of low-cost energy to prevent the social disruption that would
ensue if demand outstripped supply. This calls for recovery techniques

designed to maximize hydrocarbon yield while minimizing operational



costs and environmental imprint. This thesis explores designer water in

secondary mode which falls under improved oil recovery.
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1.2 Statement of the Problem

Designer water, also known as advanced ion management or smart
waterflooding, is a technique in which engineers manipulate the ionic
composition of the displacing phase. Flooding fluid destabilizes the initial
equilibrium of the crude/brine/grain system which results in wettability
alteration (Sheng, 2013). This field of study is attractive when compared
to EOR processes because it’s economically feasible (doesn’t require
expensive chemicals), allows use both at secondary mode (early stage of
oil recovery) or tertiary mode (late life cycle of the reservoir), and
environmentally friendly with no associated injection issues (Kazankapov,
2014). However, the principal mechanism of this technique demands

much more research to detail it comprehensively.

The designed technique for this thesis operates as follows in
secondary mode: a slug of low salinity diluted seawater is introduced at
initial formation water saturation followed by the continuous flood by high

salinity formation brine until 100% water cut is realized. This presents the



following curiosity, what percentage of effective Pore Volume (PV) to
liquid should the low salinity slug be to yield maximum recovery and does

wettability, lithology, and permeability affect this size.

1.3 Research Objectives

Researchers agree that designer water improves displacement
efficiency, i.e., increases the capillary number, however there is still
debate on the mechanism especially in carbonate reservoirs. Capillary
number is the dimensionless ratio of viscous forces to interfacial forces
(Tiab & Donaldson, 2015). This parameter is optimized by either
increasing the flow rate or lowering the interfacial tension, limitations in
predicting turbulent flow behavior makes enhancing interfacial tension the
more feasible option since it is a parameter that could be precisely

controlled for a given system.

Experimental work on acquired limestone and dolomite samples
will investigate the possibility of optimizing conventional designer water
by introducing slugs and reducing the amount of diluted water required.
This is critical in the Gulfregion, where seawater salinity averages at about
50,000 ppm, its filtration is quite costly and might hinder the project’s
profitability. Measurement of Interfacial Tension (IFT) between flowing
phases (Diluted seawater, Asab brine, and Asab crude), performance of
effluent analysis pre and post IOR, measurement of the contact angle
between the liquid interface and solid grain through the denser phase
which is a function of the wetting characteristics of the matrix system and
investigating changes in petrophysical properties of core will help justify

findings and clarify mechanisms at work.

This thesis aims to define the optimum slug size during low

salinity water flood for different lithology (Limestone/Dolomite),



wettability (oil wet/water wet), and permeability (high/low) environments

through conducting experimental work.

1.4 Relevant Literature

Over the years, waterflooding proved to be one of the most
popular hydrocarbon recovery methods. Researchers previously neglected
the importance of salinity manipulation and its influence on the
incremental recovery of hydrocarbons. Tang and Morrow (1997), along
with latter researchers such as Webb et al. (2003) and McGuire et al.
(2005), reported that low salinity water flooding is more effective in
comparison to the contemporary recovery processes of high salinity water

flooding due to its simplicity and potential benefits.

In the last decades, laboratory waterflood and successful field tests
have proved improvement in oil recovery through the utilization of low
salinity water flooding in sandstone reservoirs (Webb et al., 2003;
McGuire et al., 2005; Zhang et al., 2006; Seccombe et al., 2008; Morrow
& Buckley, 2011). This has earned LSWF technique popularity among oil
companies and researchers due to its capability to efficiently displace
hydrocarbons, additionally its application proved to reduce both scaling

and souring (Erke et al., 2016).

Contrary to the observed recovery optimization in sandstones, the
effect of salinity manipulation on carbonate formations, that are proved to
contain more than half of the world’s oil reserve (Akbar et al., 2001), has
not shown significant growth due to the relatively limited experimental
data, scarce reported cases of field-scale implementation, and lack of clear

definition of this technique’s leading mechanism.



Justifications of failed laboratory low salinity waterflood
applications in carbonates varied. For example, Lager et al. (2008) argued
that the absence of clays in most carbonates, which play a vital role in
LSWF success in sandstones, explained such pessimistic results. While
RezaeiDoust et al. (2009) clarified that such a lack in recovery
improvement and contrasting results are to be expected considering the
differing chemical mechanisms present in each formation, i.e., crude oil
adsorption onto positively charged calcite surface and negatively charged
quartz surface. In sandstones, low salinity brine was found to wash away
cations bridging the negatively charged crude to the negatively charged
clay. As a result, crude was repelled from clay surfaces and wettability
was altered from oil-wet to water-wet, i.¢., residual crude no longer existed
as a film surrounding formation grains but rather droplets trapped by

capillary forces.

In 2011 Yousef et al. reported Saudi Aramco’s success in
increasing the recoverable Original Oil in Place (OOIP) by 16-18%
through low salinity waterflooding in composite rock samples from the
Saudi Arabian carbonate reservoirs. According to Saudi Aramco,
wettability alteration was the primary contributor to their experimental
success. Research on wettability and imbibition uncovered various
controlling parameters such as brine composition, pH, and temperature. In
1996, Milter proved in his Ph.D. thesis that although monovalent ions are
too weak to prevent the crudes’ adherence onto calcite, strong hydrated
forces might exist for higher concentrations of divalent ions which
promote sufficient short-range repulsive forces. Similarly, Zhang et al.
(2006) discussed in the paper, submitted to the Journal of Energy and Fuel,
titled “Wettability Alteration and Improved Oil Recovery in Chalk: The



Effect of Calcium in the Presence of Sulfate”, the catalytic role of the

divalent ion Ca*" in promoting imbibition and altering wettability.

Zahid et al. (2012) ran experimental investigations to define the
potential for oil recovery increase through low salinity water flooding in
both carbonate and outcrop chalk core plugs. The experiment was
designed to initially flood the core plugs with seawater followed by
sequential injection of various diluted seawater. Zahid et al. (2012) were
conscious of the possible influence of capillary end effect, thus applied
precautionary stepwise flowrate increase. Parameters of interest including
oil recovery, ion-rock interaction, and wettability changes were studied at
both surface and reservoir temperatures. Experimental results revealed
that a substantial increase in oil recovery was possible through the diluted
versions of seawater, but only in the carbonate core sample and under a
high temperature (90°C). Zahid et al. (2012) concluded that as the salinity
of the injected brine dropped, fines migration increased pressure drop
across the core plug and blocked pore throats diverting the flow to non-
swept zones which improved the microscopic efficiency. Additionally,
Ca?" production during diluted injection suggested rock dissolution as the
contributing mechanism to the incremental recovery increase observed.
Finally, a threshold injection rate was observed for each carbonate sample

above which Ca?* production seized.

Both Kyte et al. (1961) and Cuiec et al. (1994) experimental
results have recorded an increase in oil recovery from strong/intermediate
water-wet carbonates as the temperature increased. Additionally, Saner et
al. (1991) studies yielded analogous conclusions that reported an increase
in the water-wetness in a calcium carbonate core as the temperature grew

higher. The 2006 work presented in PE/DOE Symposium on Improved Oil



10

Recovery by Tweheyo et al. evaluated the effect of varying ratios of Ca**
and SO4*, which literature cites as determining ions that greatly impact
the surface charge of carbonate rocks, on wettability alteration and
spontaneous imbibition under various temperatures. The experiment was
conducted under temperature varying between 40-130°C on out-crop
chalk samples aged for 4-6 weeks at 90°C in a modified crude with a 2
KOH-mg/g acid number. Tweheyo et al. (2006) concluded the following:

e High recovery was achieved under high temperatures and
calcium-sulfate ratio given that the injection operates under the
solubility limit of CaSQO4, a compound that the precipitation of
which is controlled by magnesium concentration.

e Interfacial force that traps oil is minimized by both calcium and
magnesium.

e The key determining ion that promotes wettability alteration from
oil-wet to water-wet is sulfate.

e Calcium and magnesium encourage wettability transition by

lowering the characteristic temperature requirement.

Majority of available literature addresses LSWF from a
geochemical point of view. Recent studies stress the importance of fluid-
fluid interactions, for brine-crude oil (micro-dispersion) interactions are
dominant contributors of improved oil recovery in carbonate formations.
According to Mahzari and Sohrabi (2015), micro-dispersion mechanism
consists of micelles of water covered by surface active components in the
oil phase. Tests performed on brines of varying salinity and different
crudes by Alhammadi et al. (2017) showed that the micro-dispersion
formation relates to oil recovery on one hand and the salinity range on the

other, they concluded that there is a direct proportionality between micro-



dispersion amount and oil recovery. Aljaberi and Mehran (2019) utilized
the results of waterflood experiments from a Middle Eastern carbonate
reservoir to develop a new LSWF modelling approach, simulation results
agreed with literature on the leading role of wettability alteration.
Moreover, the research highlighted the importance of residual oil
saturation reduction and shift in the relative permeability curves (for both
oil and water) to achieve a successful history match. Prediction of the latter
could be accomplished by studying the relationship between micro-
dispersion and oil recovery. Expansion of this field of study is hindered
however by the lack of a commercial simulator that can mimic this

mechanism.

Singh and Sarma (2021) analyzed major LSWF field cases;
conducting a comparative assessment of realized incremental recovery
versus expected value generated from laboratory experiments and
simulation runs. Singh and Sarma (2021) observed that the positive impact
achieved from field application was not as high as the reported values from
preparatory studies. The paper recommends laboratory test regimes that
honor site specific reservoir conditions and use representative samples to
yield relevant results. Singh and Sarma (2021) encourage thorough
analysis of major factors such as formation and brine composition, rock
wettability, oil-water interfacial tension, and geochemical reaction before
initiation of field scale LSWF. Limitations and certainties could be
detected and alleviated by designing a competent surveillance program

and collecting field data at regular intervals.
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Chapter 2: Methods

2.1 Research Design
This section of the report shares the designed methodological
procedure to achieve the set experimental objectives. Procedure can be

divided into two stages, Figure 4 shares stage 1 and Figure 5 shares stage 2:

e Stage 1A: Core plug preparation and Petrophysical properties
measurement.

e Stage 1B: Synthetical preparation of brine and seawater and Fluid
properties measurement

e Stage 2A: Core sample selection, categorization, saturation, and
aging.

e Stage 2B: IOR process (Low salinity slug flood) and post IOR

analysis.

Low-Sal Slug Flood in
Sec Mode

Prepare & Dilute
Flooding Phases + Filter|
Crude

1

IFT Measurement Pre_Flood Effluent
Analysis + pH

Core Plug
Prepapration

Petrophysical Properties
Measurement

Measurement

FB-Crude

SW/10-Crude

Figure 4: Stage 1 of Research Methodology
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Age Water-wet Group
in Brine

& Water-wet Systems

q
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Density Re-

pH Measurement
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2.2 Data Collection

2.2.1 Core Samples and Petrophysical Properties

Forty horizontal core samples acquired from supplier (belonging to
groups: ZE-1 and ZE-2) were cleaned, dried in a conventional drying oven,
weighed, and their average dimensions measured using a vernier caliper.
Consequently, effective porosity and absolute permeability to Nitrogen gas
were measured to select 16 samples and group them into 4 categories

according to lithology, permeability, and intended wettability.

Core samples were received from supplier saturated by only water-
base mud, they were retrieved from a dry reservoir. As such, samples were
sufficiently cleaned from salts using Soxhlet extractor (Figure 6), an

apparatus typically used in routine core analysis.

Samples were placed in the Soxhlet thimble. The flask sitting on a
heating mantle was part filled with solvent. In most routine core analysis,
this will be toluene initially but, in this case, only methanol was used due to
absence of hydrocarbons. When the solvent is sufficiently heated, it
evaporated traveling up the side arm, bypassing the sample chamber, to the
condenser. At which point, the solvent vapor condenses and falls into the
Soxhlet thimble containing the plugs. As the hot solvent fills the chamber,
it diffuses into the pores of the core and dissolves unwanted salts. The
distilled solvent slowly fills the sample chamber, eventually submerging the
core samples. When the level of solvent reaches the siphon point, the solvent
and dissolved salts reflux from the thimble into the bottom flask. The
cleaning process continued for 36 hours, then samples were tested by silver

nitrate and found clean (no white precipitate).
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Figure 6: Soxhlet Extractor

Effective porosity, which is the ratio of interconnected pore volume
to bulk volume, was measured using the Poroperm device by Vinci
Technologies (Figure 7). This apparatus uses Boyle-Mariotte’s Law to

provide grain volume, the governing relationship of which is derived as

follows:
PrefVier = PexpVexp +- - - Equation 1
Vexp = Veer + Vimatrix — Vgrain  +- - .. Equation 2
PrefV,
fVref ;
Vorain = Vrer + Vinatrix) — r;a—x: we e Equation 3
nLD? .
Voore = Vpuik = Vgrain = (T)core — Vgrain +- - .. Equation 4

P..r: Reference Pressure (initial pressure), psi
Vyer: Reference Volume (initial volume), cc
P.yp: Expanded Pressure (final pressure), psi
Vexp: Expanded Volume (final volume), cc

Vees: Reference Cell Volume, cc

P.or: Reference Cell Pressure, psi

18
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Vinatrix: Matric Cup Volume, cc

nLD?
(——

7 Jeore: Volume of Cylinderical Core Plug, cc

The pore volume is easily computed using the presented equation above
since both pressure at reference cell and matrix cup are recorded once
stabilized, and volumes of reference cell and matrix cup are constants given
by the Poroperm operator manual [(Vyer = 64.258 cc, Viyqtrix =
101.214 cc]. Thus, solving this equation is simple mathematics. Results for
limestone and dolomite samples are presented in Tables 1 and 2 porosity
computed by device is that to Nitrogen gas, which is always greater than
that to liquid (such as brine). The smaller volume of gases allows them to
saturate smaller pore spaces governed by high capillary pressure at lower
expanded pressure. Porosity to liquid can be calculated by the simple steps

below:

1. Measure core dry weight.

2. Saturate core with brine.

3. Measure saturated weight. Find brine weight by subtracting dry
weight from saturated weight.

4. Calculate brine volume by dividing brine weight by density.

5. Porosity to liquid is ratio of brine volume to bulk volume.

/Figure 7: Poroperm

—_
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Permeability, ability to flow or transmit a particular fluid through a
rock, was measured using the Poroperm device by Vinci Technologies as
well. The calculation of absolute permeability to Nitrogen is derived from
Darcy’s law corrected for gas flow (Eq 5). Nitrogen is compressible, as it
flows towards the downstream end of the core sample and pressure
decreases, nitrogen gas expands and its velocity increases. Moreover,
Nitrogen like all other gases has measurable velocity at pore walls. Thus, it
does not meet the conditions of Darcy’s law. The equivalent liquid
permeability can be calculated using Klinkenberg correction factor (b)
through Equation 6; Poroperm device automatically computes this value.

Results of limestone and dolomite samples are presented in Tables 1 and 2.

Z#ZTPatmLQatm

g = > > -
ATqtm (Pupstream - Pdownstream)

k
k; = g 5 v e . Equation 6
1+
(Pupstream + Pdownstream)

2

... Equation 5

k,:permeability to gas, D

u: gas viscosity, cp

Z:mean gas compressibility factor
T:mean temperature of flowing gas
P,.m: atmospheric pressure, atm

L:length of sample,cm
cm
Qutm: atmospheric gas flow rate at Patm'T

A: cross sectional area of culinder, cm?
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2.2.2 Fluids

Crude taken from Asab onshore oil field in UAE, operated by Abu
Dhabi Company for Onshore Petroleum Operation Ltd (ADCO), of specific
gravity 0.8338 was filtered through an 8.0 micro-meter filter paper multiple
times prior to any laboratory application. Investigation revealed no
asphaltene precipitation. Crude dynamic viscosity value of 7.1045 cp was
measured using rolling ball viscometer at ambient temperature (20°C). The

oil is sweet and has no H,S gas.

Asab brine of Total Dissolved Salts (TDS) 143,008 ppm was
synthetically prepared in the laboratory (using set up depicted by Figure 9)
according to specifications listed in Tables 3 and 4. Salts were added in the
following order: least soluble salts first followed by those required at
smaller amounts. Sodium chloride is added last due to its high solubility and
concentration. Otherwise, water will be sufficiently saturated by NaCl and
will no longer accept Chloride from salts of lower solubility such as CaCl,.
Density of prepared brine was found to be 1.101g/cc simply by using a
pycnometer of 50cc volume and lab weighing balance (Figure 8). This brine
will be used as the high salinity water in the experiment. Both Asab crude

and brine were obtained from well SB-0567.

Table 3: Asab Brine Ion Content

Cations Analyzed Anions Analyzed
(mg/L) (mg/L)
Na+ 44,261 Cl - 96,566
Ca++ 13,840 SO4 - 885
Mg++ 1,604 HCO3 - 332
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Table 4: Composition of Asab Brine

Chemicals 1 Litre
(2)

NaHCO3 (Anhy) 0.46

Na2S04 (Anhy) 1.31
NaCl 111.12

CaClI2 (Anhydrous) 38.32
MgCl12.6H20 13.42
TDS (ppm) 143,008

Figure 9: Brine Preparation Setup

Seawater of Total Dissolved Solids (TDS) 53,936 ppm was
synthetically prepared in the laboratory according to specifications listed in

Tables 5 and 6. Density of prepared water was found to be 1.0244 g/cc.
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Table 5: Seawater Ion Content

Cations Analyzed Anions Analyzed
(mg/L) (mg/L)

Na+ 16,767 Cl - 30,924
Ca++ 690 SO4 - 3,944
Mg++ 2,132 HCO3 - 123

K+ 672

Table 6: Composition of Seawater

Chemicals 1 Litre
(4]
NaHCO3 (Anhy) 0.17
Na2S04 (Anhy) 5.83
NaCl 37.71
CaCl2 (Anhydrous) 1.91
KCl 1.28
MgCI2.6H20 17.83
TDS (ppm) 53,936

Low salinity water required for the IOR experiment was prepared

by diluting the seawater by a factor of 10. Using the simple mathematical

relationship below, the volume required to prepare 1 liter of SW/10 was

found to be 100 cc of seawater diluted by 900 cc of distilled water. Density

of low salinity seawater is 0.9954 g/cc.

CiVy = GV, ... .......Equation 7
C; = 53,936 ppm
¢, =~ 53036

2 =7 = >°7>-bppm

V, = 1000 cc

GV, 5393.6 X 1000
T 53,936

=100 cc
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Diluted seawater was selected as the low salinity water because the

amount of water required to dilute seawater (50,000 ppm) to a lower salinity

of 5,000 ppm is much less than that required to dilute Asab brine (143,008

ppm).

2.2.3 System Selection and Core Saturation

Samples were categorized based on lithology and subcategorized
into groups, in which members have similar permeability (Tables 7
and 8).

12 samples were made oil-wet through primary oil flooding
followed by aging in Asab crude.

4 samples were made water-wet through aging in Asab brine.

Table 7: Core Samples Classification for Limestone Group ZE-1
According to the Intended Investigation
Sample | Group | Introduced | Permeability | Permeability | Mineralogy
Number ID Wettability | Classification md
2 ZE-1 oil-wet High 13.798 Limestone
5 ZE-1 oil-wet High 14.118 Limestone
6 ZE-1 water-wet High 9.364 Limestone
7 ZE-1 water-wet High 10.544 Limestone
8 ZE-1 water-wet High 8.867 Limestone
9 ZE-1 water-wet High 10.655 Limestone
10 ZE-1 oil-wet High 14.444 Limestone
18 ZE-1 oil-wet High 14.462 Limestone
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Table 8: Core Samples Classification for Dolomite Group ZE-2 According
to the Intended Investigation

Sample Group | Introduced Permeability Permeability | Mineralogy

Number ID Wettability Classification md
1 ZE-2 oil-wet High 11.777 Dolomite
3 ZE-2 oil-wet Low 2.724 Dolomite
6 ZE-2 oil-wet High 9.325 Dolomite
8 ZE-2 oil-wet Low 1.361 Dolomite
12 ZE-2 oil-wet Low 3.142 Dolomite
16 ZE-2 oil-wet Low 1.144 Dolomite
17 ZE-2 oil-wet High 16.227 Dolomite
18 ZE-2 oil-wet High 7.301 Dolomite

Selected samples were saturated using vacuum and pressure
method. Initially vacuum was applied to remove all air in core holder and
sample pores. Once negative pressure was recorded, vent was opened to
equalize the pressure between the core holder and brine flask, saturating all
large pores in the process. Finally, pressure was applied to force brine into
smaller pores and fully saturate the sample. This procedure is both simple
and effective. A pressure of approximately 1800 psi was required to force
brine into core pores, which is 18 times higher than that applied to saturate

cores with nitrogen during petrophysical properties measurement.

2.2.4 Oil Flooding
2.2.4.1 Primary Oil Flooding

Cores in Tables 7 and 8 saturated with Asab brine and intended to
be oil wet underwent primary oil flooding by Asab crude. Injectivity issues
and possible permeability impairment were encountered due to introducing
crude to dry well samples (Figure 11). Another possibility would be
incompatibility between crude and brine; thus, a separability test was
conducted to investigate emulsion formation as possible cause for
deposition hindering flow. Figure 10 shows a comparative study conducted
between Asab crude-Asab brine system (Righthand side tube) and Bu Hasa
crude-Asab brine system (Lefthand side tube), both systems displayed
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similar behavior in which no emulsion was formed and crude-brine

segregation occurred gradually due to gravity effect.

Faramarzi-Palangar et al. (2021) suggested the following to
alleviate injectivity issues and possible permeability impairment in
carbonates during laboratory experiments: replace dead reservoir oil with
synthetic oil (n-Decane). Decalin should be used as a buffer fluid between
synthetic oil and reservoir oil to prevent asphaltene precipitation. Such a
solution is not applicable in this study because we are interested in the IFT

between Asab crude and displacing fluids.

The following conclusion was made after concluding primary oil
flooding, both limestone and dolomite samples are initially highly water wet
with strong capillary forces trapping water droplets and hindering
introduction of crude to the pores. This was verified by the high oil cut and
very early oil breakthrough. Results of primary oil flooding can be found in
Tables 9 and 10.

Figure 10: Separability Test
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Figure 11: Precipitate at Limestone Core-Head

Table 9: Oil-Wet Limestone Primary Oil Flood Results (ZE1)

Sample Dry Sat. Press. | Time | Volume Water Pore Swi

ID wt. wt. (si) (sec) (cc) produced | vol. (%)
(gm) | (gm) (co) (co)

127.47 | 134.77 50 60 0.5 2.95 6.63 | 55.5

5 131.7 ] 139.04 480 60 0.04 3.1 6.67 | 53.5

10 131.81 | 138.9 480 60 0.04 3.95 6.44 | 38.7

18 127.38 | 136.54 480 60 0.04 3.75 8.32 | 54.9

Table 10: Oil-Wet Dolomite Primary Oil Flood Results (ZE2)

Sample Dry Sat. Press. | Time | Volume Water Pore Swi
D wt. wt. (psi) (sec) (cc) produced | vol. (%)
(gm) | (gm) (co) (co)
1 138.32 | 144.61 450 60 0.02 3.95 5.71 | 30.8
6 139.3 | 144.54 450 60 0.01 2.6 4.76 | 45.4
17 138.61 | 143.96 500 60 0.33 2.3 4.86 | 52.7
18 138.75 | 143.25 500 60 0.02 2 4.09 | 51.1
3 145.98 | 149.98 500 60 0.03 2.2 3.63 | 394
8 142.9 | 147.03 500 60 0.04 2.6 3.75 84
12 142.38 | 147.93 500 60 0.03 2.2 5.04 | 56.3
16 142.77 148 500 60 0.04 2.5 4.75 | 47.4
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2.2.4.2 Aging
An oil wettability was introduced to the samples by aging them in
Asab crude for 4 weeks (Figure 13). Whereas the samples intended to be

water wet were aged in Asab brine for a similar period (Figure 12).

Figure 13: Samples Aged in Crude

2.2.4.3 Secondary Oil Flooding

Samples aged in Asab crude underwent secondary oil flooding after
4 weeks to investigate success of wettability alteration. This was achieved
using the same flooding apparatus utilized during primary flooding (Figure
14). This device has the following limitation, overburden pressure must be
greater than the injection pressure by at least 400 psi, which is the zero-
confining stress of the core sleeve. Otherwise, oil introduced by injection
will not be confined to enter through core head but would also seep to the
sides of the cylindrical core plug, as such lab conditions would fail to imitate

field practice and results will no longer be representative.
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Secondary oil flooding of both limestone and dolomite cores

confirmed the

success of aging in altering the wettability, water was

produced beyond the initially recorded irreducible water saturation. All

samples were flooded for the same period of time (24 hours) but the size of

the flood differed, a smaller flood size is indicative of tighter flow paths that

will be less efficient in delivering the crude during IOR. Secondary oil

flooding results can be found in Tables 11 and 12.

Figure 14: Core Flooding Apparatus

Table 11: Oil-Wet Limestone Secondary Oil Flood Results (ZE1)
Pore Fl.o od Press. Time Volume Water Swi
Sample vol. size (psi) (sec) (cc) produced (%)
D ) | zpv) | P (cc) o
2 6.63 9.5 750 60 0.202 0.7 44.9
5 6.67 2.7 750 60 0.019 0.25 49.8
10 6.44 5.0 750 60 0.066 0.15 36.3
18 8.32 2.0 750 60 0.048 0.12 53.5




Table 12: Oil-Wet Dolomite Secondary Oil Flood Results (ZE2)

Sa;rIl)ple lz::)ll"e FslioZ(;d Pre§s. Time | Volume p:()v(?ltlecl; d Sowi
o | ¢pyy | @D ] 60| @ pel ICO

1 5.71 35 750 60 0.056 0.15 28.2

6 4.76 1.05 750 60 0.069 0.23 40.5

17 4.86 2.7 750 60 0.067 0.15 49.6
18 4.09 32 750 60 0.075 0.09 48.9

3 3.63 3.1 750 60 0.059 0.12 36.1

8 3.75 2.9 750 60 0.055 0.05 82.7

12 5.04 6.5 750 60 0.035 0.15 53.4
16 4.75 1.3 750 60 0.075 0.2 43.1

2.2.4.4 Water-Wet Samples Oil Flooding

Samples designated to be water wet were removed from brine, in
which they were aged, and flooded with Asab crude. This process imitates
primary drainage in field conditions, i.e., migration of hydrocarbons from
source rock to initially water wet reservoir rock. During oil flooding, water
saturation decreases, and oil saturation increases until irreducible water
saturation is reached (100% oil cut). At the conclusion of the process,
introduced crude within sample, which translates to OOIP, was found by
measuring amount of brine produced. Results of this process can be found

in Table 13.

Table 13: Water-Wet Limestone Samples Oil Flood Results (ZE1)
Sample Dry Sat. wt. Press. Time Volume Water Pore Swi
D wt. (gm) (psi) (sec) (cc) produced vol. (%)
(gm) (cc) (co)
6 125.65 136.91 750 60 0.067 4 10.22 60.9
7 121.46 132.72 430 60 0.6 5.6 10.22 45.2
8 125.62 137.40 430 60 0.6 5.6 10.7 47.7
9 130.65 139.23 750 60 0.077 5.6 7.79 48.7
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2.2.5 Improved Oil Recovery

Improved oil recovery process of all samples at irreducible water
saturation was conducted by introducing a certain slug size of low salinity
seawater then continuously flooding the core with high salinity brine until
100% water cut was realized. Slug size 0.1, 0.2, 0.3, and 0.4 were explored
in this thesis to define the optimum slug size. IOR results can be found in

Tables 14 -17 and Figures 15-18.
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Figure 16: Optimum Slug-Size of Water-Wet High-k Limestone Group
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2.2.6 Interfacial Tension (IFT) Measurement

An interface of few molecular diameter in thickness separates the
two immiscible phases (oil-water) present in the core during IOR. Interfacial
tension results from the imbalance of forces at the interface which is due to
the inward attraction of molecules on all sides and lack of outward
attraction, this causes the surface to contract to the smallest possible area
(Tiab & Donaldson, 2015). IFT has dimensions of force per unit length.
Accurate measurement of the interfacial tension is essential and can lead to
valuable insights into the phenomena taking place at the interface.
Interfacial tension measurement of oil/formation brine and oil/low-salinity
seawater was carried out using KRUSS Spinning Drop Tensiometer (Figure
19) at ambient temperature and pressure conditions. This test was conducted
to investigate whether use of low-salinity water reduces IFT between
displacing phase and oil; IFT is key factor that capillary force is directly
proportional to. Reducing capillary force will increase capillary number
which will help us achieve a higher displacement efficiency. Results are

recorded in Tables 18-21 and Figures 20-23.

Spinning Drop
Tensiometer

\
W\

Figure 19: KRUSS Spinning Drop Tensiometer
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Table 18: Summary of IFT Results for Asab Brine/Asab Crude System

Name Value Unit Description

o 9.786457 £0.075807 | mN/m | “ican IFT and standard
deviation
Mean rotational speed and

frot 1499.5£0.3 pm standard deviation

T 22.8 0.1 °C Mean sample temperature

T Heating | 23.0 £0.0 oC Mean heatmg te;mperature and
standard deviation
Mean drop volume and

v 13.89920.053 uL standard deviation

Table 19: IFT Results for Asab Brine/Asab Crude System

Step IFT T (C) Analysis Vlzfl;)rir)le Rotational
Number | (mN/m) Method (uL) Speed (rpm)
1 9.728033 22.9 Young-Laplace | 13.936 1499.7
2 9.667881 22.8 Young-Laplace | 13.859 1500
3 9.814089 | 229 | Young-Laplace | 13.959 1499.6
4 9.872721 22.9 Young-Laplace | 13.947 1499.6
5 9.777937 22.8 Young-Laplace | 13.892 1499.6
6 9.770534 22.8 Young-Laplace | 13.838 1499.4
7 9.758156 22.8 Young-Laplace | 13.826 1499
8 9.902306 | 22.7 | Young-Laplace | 13.939 1499.4
IFT: 9.947925 mN/m
Measurement: Temperature: 227 °C Heavy liquid: FW 1.1034 g/cm*

FW Asab crude

Step number: -

Heating temp.: 23.1 °C Light liquid: Asab... 0.8338 g/cm®
Rotational speed: 1499.5 rpm

Figure 20: Oil Drop in Asab Brine
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Figure 21: IFT Ascending Trend in Asab Brine

Table 20: Summary of IFT Results for Low-Salinity SW/Asab Crude

System
Name Value Unit | Description
4.099450 mN/ .

c 10.160166 m Mean IFT and standard deviation

£ rot 1499 6 0 3 rpm Mea}n .rotatlonal speed and standard
deviation

T 23.2+04 °C Mean sample temperature

T . 23.040.0 oC Me?m heatlng temperature and standard

Heating deviation

v 11.656 0.082 uL Megn .drop volume and standard
deviation
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Table 21: IFT Results for Low-Salinity SW/Asab Crude System

Step IFT T Analysis Drop Volume Rotational
Number (mN/m) (&9 Method (pL) Speed (rpm)
1 4.436615 | 23.8 | Young-Laplace 11.518 1499.5
2 4.404494 | 23.7 | Young-Laplace 11.512 1499.7
3 4.371423 | 23.7 | Young-Laplace 11.544 1500
4 4.295228 | 23.6 | Young-Laplace 11.542 1499.8
5 4.285299 | 23.6 | Young-Laplace 11.553 1500
6 4.272941 | 23.6 | Young-Laplace 11.564 1499.7
7 4.261354 | 23.5 Young-Laplace 11.575 1499.6
8 4.210093 | 23.5 Young-Laplace 11.59 1499.6
9 4.185621 | 23.4 | Young-Laplace 11.611 1499
10 4.148435 | 23.4 | Young-Laplace 11.616 1499.3
11 4.137652 | 23.3 | Young-Laplace 11.626 1499.6
12 4.091111 | 23.3 | Young-Laplace 11.64 1499.8
13 4.077223 | 23.2 | Young-Laplace 11.651 1499
14 4.043145 | 23.1 | Young-Laplace 11.655 1499.6
15 4.025124 | 23.1 | Young-Laplace 11.677 1499.7
16 4.014159 23 Young-Laplace 11.688 1499.4
17 4.008687 23 Young-Laplace 11.7 1500
18 4.005606 23 Young-Laplace 11.7 1499.5
19 3.988952 | 22.9 | Young-Laplace 11.722 1499.7
20 3.985434 | 22.9 | Young-Laplace 11.722 1499
21 3.962298 | 22.9 | Young-Laplace 11.715 1499.7
22 3.97103 22.8 Young-Laplace 11.743 1499.7
23 3.945486 | 22.8 Young-Laplace 11.737 1499.7
24 3.936971 | 22.8 | Young-Laplace 11.748 1499.8
25 3.938823 | 22.7 | Young-Laplace 11.749 1500
26 3.927937 | 22.7 | Young-Laplace 11.759 1499.6
27 3.935415 | 22.7 | Young-Laplace 11.748 1499.6
28 3.918054 | 22.6 | Young-Laplace 11.769 1499.5

e e e s e L EE S|
IFT: 3.919036 mN/m

Measurement:

Asab crude - SW/10
Step number: --

Temperature: 22.6 °C Heavy liquid:
Heating temp.: 23.0 °C Light liquid:

Rotational speed: 1499.7 rpm

Figure 22: Oil Drop in Low-Salinity SW

SW/10 0.9954 g/cm®
Asab... 08338 gfcm®
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Figure 23: IFT Descending Trend in Low-Salinity SW

2.2.7 Contact Angle Measurement

Trim-ends from sample ZE1-3 were taken as representatives of the
high permeability limestone group whereas those acquired from samples
ZE2-9 and ZE2-2 represented dolomite high permeability and low
permeability groups respectively using core trimmer (Figure 24).
Consequently, trim-ends were cleaned from dust, weighed, and aged in
crude and brine to represent the four groups on which IOR experiment was

performed.

e Group 1: Limestone, high permeability, aged in brine to introduce
water wetness.

e Group 2: Limestone, high permeability, aged in crude to introduce
oil wetness.

e Group 3: Dolomite, high permeability, aged in crude to introduce
oil wetness.

e  Group 4: Dolomite, low permeability, aged in crude to introduce oil

wetness.

44



Contact angle, a method used to quantify wettability of grain
surface, was measured at ambient conditions for both limestone and
dolomite trim ends. Wettability is defined by Anderson (1986) as the rock’s
preference to be in contact with one fluid rather than another, making it one
of the key parameters that define fluid flow in porous media. Grain
preference to fluid depends on various factors including crude heavy
components, pore structure, aging time, rock mineral composition, and

temperature (Graue et al., 2002; Salathiel, 1973).

After three weeks of aging, trim ends were placed in low salinity
seawater for 24 hours then formation brine for 72 hours in an effort to
imitate flood conditions. Contact angles of emerging oil droplets are
displayed in Table 22; conclusions were made according to Anderson’s

(1986) classification of wettability in terms of contact angle:

o  Water-wet: 0°-75°.
e Intermediate-wet: 75°-115°.

e Oil-wet: 115°-180°.

Figure 24: Core Trimmer
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Table 22: Measurement of Trim-Ends Contact Angle

Trim-End | Group Before Aging  (Initial | After Aging + IOR
ID Wettability) (Final Wettability)
ZE1-3 1
ZE1-3 2
No oil droplet observed
ZE2-9 3 No oil droplet observed
ZE2-2 4 No oil droplet observed




2.2.8 Effluent Analysis

Carbonates exhibit reduced oil recovery when compared to
sandstones, this is because such formations are preferentially oil wet, suffer
negative capillary pressure, and are naturally fractured. Preferential oil
wettability is promoted by the adsorption of negatively charged carboxylic
component, present in the heavy end fractions of crude oil, onto positively
charged carbonate surfaces. Negative capillary pressure in oil wet rock
makes spontaneous imbibition in carbonates impossible. Natural fractures
result in early water break through; injected water travels through the high
permeability fractures instead of efficiently sweeping the matrix
(Al-Hadhrami & Blunt, 2000). This makes improved oil recovery

techniques essential for carbonate reservoirs to yield high recovery factors.

IOR methods, such as the topic of interest in this research, are
capable of wettability improvement. Wettability, as discussed previously, is
the relative adhesion of two fluids to a rock surface and ranges from strongly
water-wet to strongly oil-wet. Effluent analysis post flood was conducted
because ions in the displacing fluid play a crucial role in wettability
alteration. Table 23 records the ionic concentration of the post flood
effluent, comparisons with the ionic concentration pre-flood recorded in
Table 3 helped in drawing conclusions of the mechanisms contributing to
improved recovery. ICP was utilized to run the effluent analysis, limitation

of device mandated dilution of formation water by 1000 to run test.
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Chapter 3
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Chapter 3: Results and Discussions

3.1 Overview of the Main Findings

Despite the high permeability of samples ZE1 2,5,10,18 and ZE2
1,6,17,18, pressure drop required to achieve a relatively low flow rate is
high, as recorded by column 4 of Tables 11 and 12. This could be due to
high capillary force trapping fluids; this parameter is a function of IFT,

contact angle, and pore radius.

Secondary oil flooding results recorded in Tables 11 and 12 prove
success of aging in altering initial rock wettability to a more oil wet state.
Comparing recorded Swir in Tables 9 and 10 with values in Tables 11 and
12, shows a decrease in the value; we were able to produce water beyond

the initial 100% oil cut.

The optimum slug size of the four different experimental groups is

as follows:

e Group 1: 30% PV (Figure 15).
e  Group 2: 10% PV (Figure 16).
e Group 3: 10% PV (Figure 17).
e Group 4: 20% PV (Figure 18).

Results prove that optimum slug size was realized at a lower
percentage of PV for oil wet Groups 2 and 3 when compared to the water
wet Group 1. Lithology didn’t influence slug size, optimum size of
limestone oil wet group and dolomite oil wet group is the same, 10% PV.
Group 3 and 4 are both oil-wet dolomite but the former has high
permeability, and the latter contains low permeability plugs. Although the

optimum slug size was realized at a higher % PV in Group 4 when compared
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to Group 3, the cumulative recovery achieved by Group 4 low permeability

plugs was slightly greater.

As discussed in Chapter 1, various literature agrees that LSW ability
to alter an initially oil wet grain surface to a less oil wet state is what makes
this technique recover more oil. Lack of need for significant wettability
alteration in an initially water wet formation dissolves the need of LSW.
Conducted experimental work agrees with literature, Tables 14 and 15
report the results of Low salinity flood in Limestone high permeability
samples belonging to initially water wet environment and initially oil wet
environment respectively. Comparison of cumulative recovery percentages
displayed in column 9 clearly shows the following distinction; while RF for
water wet samples ranged between 25-58%, oil wet samples’ RF was much

more significant ranging between 72-89%.

Carboxylic adsorption onto dolomite surfaces is stronger than on
limestone surfaces, making LSW slug less efficient in altering the
wettability of the core (Mahani et al., 2017; Nasralla et al., 2018). Thus,
limestone is more reactive to the active ions in seawater responsible for
wettability alteration. Reported data in Tables 15 and 16 show higher
cumulative recovery in limestone samples (72-89%) in comparison to
dolomite samples (14-26%) under the same initial wettability and

permeability conditions (oil wet + high k).

Comparison between Tables 16 and 17, reveal comparable
cumulative recovery achieved by flood in both high and low permeability
oil wet dolomite plugs. However, data recorded proves that for the low
permeability cores most of the oil was produced by the low salinity slug,

production almost ceased beyond that point.
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Limestone cores used in this study are pure (anhydrite free) with an
average grain density of 2.68 g/cc, despite that, high oil recovery was
observed especially in oil wet cores. Such results disagree with Austad et al.
(2011) and Zahid et al. (2012) that reported no recovery improvement in

anhydrite free samples.

Sample 6 in the Dolomite Oil-wet High permeability group
displayed a curious trend in Figure 17. Although this sample shares a similar
effective pore volume to liquid and permeability to liquid as other members
of the group, it was an outlier. Porosity is linked to the amount of oil that
could be introduced to the core through oil flooding and permeability is
linked to the rate at which oil is displaced during water flooding, both of
these parameters were comparable to samples 1, 17, 18. Table 12 records
the secondary oil flood data, which shows that while other group members
had a flood size ranging between 2.7-3.5*PV, sample 6 was flooded only
1*PV under the same time period (24 hours). This could be due to
permeability impairment during primary oil flooding. Another possibility
would be high fracture connectivity in this particular sample which results
in high permeability difference between fracture and matrix; petrophysical
analysis required to draw definite conclusion. As a result, sweep efficiency

is expected to be low during waterflooding.

Interfacial tension of crude oil-water mixtures is a complex function
of various parameters including water salinity, temperature and pressure,
crude polar components, pH, etc. (Buckley & Tianguang, 2005). Salting in
effect and polarization of the interface are the two main mechanisms that

compete on interfacial behavior. They result in the following:

e Adsorption of asphaltene molecules to the interface.

e Dissociation of Naphthenic Acids (NA) in the aqueous solution.
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e Diffusion of surface-active materials toward the interface and
displacement, rearrangement, and detachment of adsorbed polar

components at the interface (Mokhtari & Ayatollahi, 2019).

In the Asab brine-crude oil system (Figures 20 and 21), the
accumulation of ions at the interface due to the high ionic strength of the
high salinity brine reduces the adsorption of the polar components from the
crude oil into the oil-brine interface; this hinders the formation of the
asphaltenic film. There are no significant changes in IFT with time; mean

IFT is 9.786 mN/m.

In the Low-salinity seawater-crude oil system (Figure 22 and 23),
the accumulation of surface-active agents at the interface results in the

descending trend of IFT before stabilization. Mean IFT is 4.099 mN/m.

Capillary Number (N.) is the ratio of viscous forces to capillary
forces. Increasing N. reduces residual oil saturation (ratio of remaining oil
to total effective pore volume) and increases oil recovery (ratio of produced
oil to original oil in place). High capillary force plays a major role in limiting
the recovery efficiency by trapping oil phase within rock interstices or pores.
This parameter depends on interfacial tension (fluid-fluid interactions) and
contact angle (fluid-rock interactions). Comparative analysis performed
between LSW-crude and FW-crude, revealed that IFT dropped from 9.786
mN/m to 4.099 mN/m by utilizing low salinity seawater. This change is not
significant enough to make IFT the major contributor to the observed

improved recovery.

Multicomponent lonic Exchange (MIE) between brine containing
Potential Determining lons (PDI) and carbonates grain surface reduces the
strength of the ionic bond holding oil molecules to rock (Lager et al., 2008).

Sulphate (SO4*) acts as a catalytic agent, reducing the carbonate’s surface
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positive charge density by adsorbing to grain. The decrease in grain
electrostatic repulsive forces results in the co-adsorption of Calcium (Ca?").
Reaction between Ca** and crude carboxylic groups breaks the attractive
interactions between oil and grain, releasing adsorbed hydrocarbon and
altering wettability to a more water wet state. This theory might explain the
behavior of Group 2 as reported by Table 23. Calcium concentration
decreased post flood from 13,840 ppm to 12,340 ppm. MIE is not valid for
other carbonates groups in this study. Interestingly, Group 2 displayed the

highest cumulative recovery in Table 15.

According to Hiorth et al. (2008), the lower concentration of
Calcium (Ca*") in the low salinity seawater slug causes Calcium Carbonates
dissolution to restore equilibrium with the displacing phase. Calcite
dissolution releases adsorbed crude polar components from grain surface
and alters wettability to a more water wet state. This phenomenon was

observed in Group 1 and 3 as reported by Table 23.

e Group 1: Calcium concentration increased from 13,840 ppm to
18,600 ppm.

e Group 3: Calcium concentration increased from 13,840 ppm to
14,720 ppm. Effect of designer water under ambient conditions is

not as significant in dolomites when compared to limestone.

Table 23 records insignificant change in PDI content post IOR in
Group 4, which contains the low permeability samples. This proves that
LSW slug has minimal effect on this tight mineralogical group. Recovery
observed in Table 17 under slug is possibility because of the experimental
design that placed the slug flood first, meaning that the sample was going to
release this oil volume regardless of water ionic concentration then cease to

flow.
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As the salinity of the flooding phase decreases, the concentration of
crude oil naphthenic acids dissolved in the aqueous phase increases (Moradi
et al., 2011). Naphthenic Acids (NA) are polar components that exist in
crude oil and act as surface active materials. They stem from the
heteroatoms present in the heavier components. NAs are hydrophilic, they
adsorb at the interface and dissociate to produce carboxylic anions and
hydrogen ions. Table 24 records how the release of hydrogen in the aqueous

phase resulted in pH reduction in the effluent post IOR.

RCOOH, < RCOOHy,
RCOOH,, < RCOO™ + H*

Future work should be instigated with an appropriate evaluation of
crude oil composition, to quantify the amount of carboxylic material.
According to Zhang and Sarma (2012) low salinity flood is more efficient
with heavier oils when compared to lighter oils. Heavier oils have a higher
initial oil wetness (polar components adsorbs to grain surface), meaning that
LSW slug has a higher chance to significantly alter wettability.
Quantification of the amount of carboxylic material is achieved by
measuring the acid number, work by Standnes and Austad (2000) revealed
improved oil recovery and increased water wetness as the acid number

decreases (carboxylic material increases).

Table 24: Post-IOR Average pH Readings

Group ID Mineralogy \"\)’Zf;;ll;)i(;i(:y k pH Avg
FW 7.02 ] 697 ] 995 ] 8.0

1 ZE1-8 limestone water-wet high 7.34 ] 7.36 | 7.33 7.3

2 ZE1-2 limestone oil-wet high 73517331732 ] 7.3

3 ZE2-18 dolomite oil-wet high 73417351 732 | 7.3

4 ZE2-3 dolomite oil-wet low 743 | 744 | 7.41 7.4
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Petrophysical analysis post flood in Table 25 revealed a reduction
in sample ZE1-2 (Group 2) and ZE2-18 (Group 3) permeability. Fines
migration is a mechanism initially proposed for LSWF in sandstone, but has
been adopted by some researchers, such as Zahid et al. (2012) and Zhang
and Sarma (2012), to describe recovery increase in carbonates. Released
movable particles block some pore throats diverting fluid flow to upswept
areas and increasing the microscopic sweep efficiency. Some researchers
argue that this mechanism might be a more significant factor in improved

oil recovery than wettability alteration (Lager et al., 2008).

Table 25 records that both the permeability of the representative
samples from Group 1 and 4 increased. This increase was more dramatic in
Group 4, which might be due to the formation of micro fractures during IOR
process. This can explain how the low permeability group achieved
comparable recovery to the high permeability group (refer to Tables 16 and
17). This proves that the recovery observed in Group 4 is due to mechanical

process (micro-fractures) rather than chemical (wettability alteration).

Table 25: Change in Petrophysical Properties After IOR
Pre-flood Post-flood Notes
Flood Flood
Group | M | g kg [ 0 |k o k(@)
1 ZE1-8 20.5 11.6 15.2 13.1 decreased increased
2 ZE1-2 18.7 17.1 16.5 6.5 decreased decreased
3 ZE2-18 12.8 9.7 10.4 2.9 decreased decreased
4 ZE2-3 10.2 4.1 13.5 18.7 increased increased

Measurement of viscosity and density of crude produced revealed

an increase when compared to original values (Table 26). This is due to the
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formation of soft type emulsions (sodium naphthenates); dissociated

naphthenic acids from crude oil react with sodium ions present in brine.

Nagq™ +RC00,,~ & RCOONay,

Table 26: Change in Crude Properties After IOR

Pre-flood Flood Post-flood Flood Unit
API 0.8338 0.7713 °
Viscosity 7.1045 10.18 cp

Initial measurement of contact angle was conducted by saturating
trim-ends with brine using vacuum and placing them in the denser phase
(brine). Table 22 records contact angle values of representative trim-ends
for the four groups and agrees with previously made conclusions based on
primary oil flooding data; acquired plugs are initially highly water wet
before aging. Final measurement of contact angle was recorded after aging
trim ends, placing them in LSW for 24 hours and then transferring them to

brine and awaiting oil droplet emergence.
Table 22 records the following:

e Group 1: Grain become more water wet after aging and IOR. Angle
dropped from 50° to 36°.

e Group 2 and 3: No oil droplet. 24 hours was not long enough for
chemical processes to take place and alter wettability to a more
water wet state. Trim end is still strongly oil wet as a consequence
of aging for 3 weeks.

e Group 4: No oil droplet. This is consistent with previous
conclusions. LSW (chemical process) was not sufficient to improve

oil recovery in low permeability dolomite samples.
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It is important to note that past field applications of designer water
in both secondary and tertiary mode have displayed improved oil recovery,
however positive impact was not as high as the anticipated percentages
observed from preparatory laboratory assessments (Singh & Sarma, 2021).
Laboratory one dimensional core-floods are performed at low rates
(<0.5 cc/min), thus oil production is governed by capillary forces (combined
effect of interfacial tension, pore throat size, and contact angle). Wettability
alteration to a more water wet state by the LSW slug reduces the capillary
end effect that strongly influence flow which positively impacts oil recovery
(Derkani et al., 2018). Capillary force is not the dominant recovery factor
under field applications which explains the overestimation of laboratory

experiments’ results.
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Chapter 4: Conclusion

4.1 Managerial Implication

The energy industry today is facing great challenges because of the
increasing demand from the prosperous more populous developing world.
Limited availability and accessibility of non-renewable hydrocarbons,
technical difficulty to recover higher percentages, and accountability to
supply cleaner energy are few of the pressures encountered by the oil and
gas industry. Thus, collaboration among industry and academia is crucial to
meet the increasingly complex economic, technical, and environmental
challenges. This thesis paper was written to share insights found through
experimental investigations in hopes to contribute to the continual technical

growth of the industry.

Improving the profitability and enhancing the sustainable potential
of the industry depends on maximizing the crude oil output. Conventional
techniques are capable to extracting only 30% of global oil reserves (Kokal
& Al-Kaabi, 2010) which further highlights the importance of academic
research and experimental investigations to successfully apply innovative
techniques such as Low Salinity Slug Flood on field scale. According to
Kokal and Al-Kaabi (2010), designer waterflooding can produce 10% more
oil than conventional waterflooding. This equates 880 billion barrels of oil
since Sheng (2013) suggested that improving global oil recovery by a factor
of 1% has potential to yield 88 billion barrels of oil.

This thesis experiments on carbonate core plugs (Limestone &
Dolomite), which is of substantial importance because 75% of the oil in the
Middle East is found in carbonate fields (Akbar et al., 2001). Improved oil
recovery techniques are essential in carbonates because of their oil-wet

characteristics, large-scale heterogeneity, and presence of fractures which
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result in complex fluid flow pathways and low oil recovery under simple

waterflooding.

Performing IOR, recording results, and sharing them through this
paper is important because the mechanism behind designer water is still not
well defined in the industry. Inconsistent literature due to carbonate
heterogeneity, high bonding energy between crude polar components and
grain surface, and deficiency of clay makes this field in need of further

experimental investigations.

4.2 Research Implications

Low salinity water flood in secondary mode introduces a slug of
low salinity seawater at Swi, LSW disturbs initial thermodynamic
equilibrium between rock-brine-crude interfaces facilitating a new
equilibrium. This disturbance improves the wetting properties and increases
the oil recovery. Significant parameters that were investigated in this

research include:

o  Wettability: Grain surface affinity towards one fluid over another.

e Contact angle: Quantifies wettability. Liquid wettability increases
as the angle of the droplet on the solid decreases.

e Interfacial tension: Forces governing liquid-liquid interfaces.

e Recovery Factor: Ratio of produced oil to initial oil in place which
is affected by the displacement mechanism. Purpose of flood is to
maximize this parameter.

Significant comparisons made in this research were between four
groups:
Group 1: Limestone, high permeability, aged in brine to introduce water

wetness.
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Group 2: Limestone, high permeability, aged in crude to introduce oil
wetness.
Group 3: Dolomite, high permeability, aged in crude to introduce oil
wetness.
Group 4: Dolomite, low permeability, aged in crude to introduce oil

wetness.
This work yielded the following conclusions:

1. Wettability has a significant impact on the optimum slug size of low
salinity water flooding.

2. Lithology has insignificant impact on the optimum slug size of
LSW flooding of oil wet system.

3. Permeability effect on the optimum slug size cannot be described in
simple terms as the pervious parameters and might require further
investigation. Results revealed a lower optimum slug size and a
lower cumulative oil yield as well for the high permeability plugs
in oil wet system which implies that lower permeability sections of
the reservoir will provide a higher contribution in terms of oil
recovery than higher permeability zones.

4. In preforming a reservoir simulation of low salinity flooding of a
mixed wettability and heterogenous system, a comprehensive
laboratory work is recommended using reservoir rock and fluid data
to the determine optimum slug size and relative permeability data
for various sections of the reservoir.

5. Future work must consider a larger sample size per study group for
more comprehensive results. Time constraint and laboratory
limitations constricted the size of the study and dictated use of
representative samples for data analysis. Data analysis in future

work must consider all subjects of study.
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This study provides a rough estimate of the optimum slug size of a
designer water process conducted on carbonate samples.
Conclusions were made based on data collected from experimental
procedure. Decisions were made taking into account project
economics affected by seawater desalination expenses and
environmental considerations of freshwater requirement along with
oil yield, for example:

Group 1: Optimum slug size is 30% PV because 40% PV yields
only an additional 1% OIP.

Group 2: Optimum slug size is 10% PV, at this percentage
production is maximized (90% OIP) whereas economics and
environmental imprint are minimized.

Group 3: Optimum slug size is 10% PV, at this percentage
production is maximized (15% PV) whereas economics and
environmental imprint are minimized.

Group 4: Optimum slug size is 20% PV because 40% PV yields
only an additional 5% OIP.

4.3 Future Endeavors

Designer water is a complex area of study with broad possibilities

for research and investigation. This research paper focused on: effect of

lithology, permeability, and initial grain wettability introduced through

aging on optimum slug size of low salinity water. However, the mechanisms

at play during IOR introduce many curiosities which means this field of

study has great potential for growth. Example of future endeavors that could

be explored include:
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Dissolving surface-active cationic surfactants in low salinity
seawater and investigating whether that will further enhance

hydrocarbon recovery.



Defining the dilution threshold of the prepared seawater. Dilution
threshold is the value at which low salinity water slug yields the
highest oil recovery value, beyond this value improvement in oil
recovery ceases or decreases.

Flooding dolomite samples at elevated temperatures to explore if
that would increase oil recovery since observed cumulative
recovery at the conclusion of flood under ambient temperature
wasn’t as significant as the values recorded for limestone samples.
According to Mahani et al. (2017) wettability of dolomite surfaces
improved substantially at high temperatures which resulted in
contact angle reduction and wettability alteration from strongly oil
wet to a more water wet condition.

Exploring the increment of increase in oil recovery generated if
mode of low salinity sea water was altered from slug flood of soak
flood. In field, this would translate to injecting a certain PV size of
LSW into the reservoir and closing the well for a certain period of
time.

This study considered recovery key parameters (injection water
composition, grain wettability, immiscible fluids’ interfacial
tensions) to yield meaningful results. Future endeavor should
consider field conditions (operational aspects, subsurface
geological uncertainties, surface facilities) to make study more

representative of real reservoir flood.
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