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Preface

This project is the core of the 10th semester for the students studying MSc Oil and Gas Technology in
Aalborg University Esbjerg and is about Smart water or waterflooding in enhance oil recovery and also
investigate this issue that Smart water will change wettability and surfactant will decrease IFT (may also
change wettability) in this way both effects will play a role to recover additional oil.

This project has divided to three different parts that in first part attempts to investigate, analyze and evaluate
Smart water method and different surfactants.

In second part that is data analyzing, has been used data from labratory and evaluate them in order to use
them in process simulation.

The third part is about Process simulating and using UTCHEM software for simulation of smart water
system.

In this project tried to explain all process and definitions in simple way and everybody with having general
knowledge about engineering, could understand that.

All calculations and units are based on Sl system.

Title of project: Smart water;
Study field: Master Degree in Oil and Gas Technology, 10th semester;
Supervisors: Professor Erik Gydesen Sggaard ;

Ass. Professor Naser Muhammad AdeelSohail

Submission date: 15th of June 2015
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1.1 Project introduction

The project is about introducing Smart water technology by investigating the method of enhance oil
recovery. The ultimate objectivity in the project is to use Smart water method with a surfactant and changing
wettability and IFT to recover maximum oil.

Smart water or water flooding is an interesting solution in oil and gas field, as companies are making
research about it - whether it is a suitable way or not. The most important factor in this topic is the price of
this technology, as companies want the cheapest solution when using surfactants and injections in
reservoirs.

This project is a master thesis for a student studying MSc Oil and Gas Technology at Aalborg University
in Esbjerg. The composition of the well describes its function, as well as the pressure, temperature, and
mass flow. All written numbers and data is from the laboratory or from books. While working in the
laboratory all calculations are in realistic conditions.

The learning objectives are as follows:

. To understand the Smart water process and Surfactants

. The ability to analyze and simulate the system
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1.2 Problem definition

At the beginning, the main problem has to be considered and how it can be solved. What is Smart water
and how can it be used in oil recovery, as well as, which types of surfactants are suitable and to analyze the
final result.

In Enhance Oil Recovery (EOR) the main goal is to increase oil extraction from reservoirs, where there are
several and different methods that can be functional, which are under investigation. EOR uses Smart water
or water flooding to replace oil between rocks and stones by injecting one chemical liquid called surfactants
in the oil field, which mixes together with water. The used surfactants in this method are different, as they
have different parameters, and the selected surfactants have to be evaluated, whether it is suitable or not,
and is it logical or not. To answering these questions, different kind of surfactants will be investigated based
on the projects condition.

Different factors will be analyzed when the theoretical and practical investigation is done with the result
from the laboratory and different experiments. This project will simulate and evaluate the UTCHEM
software.

Other key aspects are:

e To investigate Smart water and surfactants
e Analysis of data (data is given from experiments)
e Modeling of process in UTCHEM program.

The aim in this project is to answer above questions and investigate Smart water technology in the best
condition.
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2. Enhanced Oil Recovery (EOR)

Enhanced oil recovery (curtailed EOR) is the use of a few strategies for expanding the measure of unrefined
oil from an oil field.

As indicated by the US Department of Energy, there are three essential systems for EOR that are chemical
injection, gas injection and thermal recovery.

Infrequently the term quaternary recovery is utilized to indicate to more theoretical, progressed, EOR
systems. Utilizing EOR, 30 to 60 percent, or more, of the supply's unique oil can be extracted, in comparison
with 20 percentage using primary recovery and 40-percentage secondary recovery. [Ref 1]
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Figure 1 Enhanced Oil Recovery [Ref 2]

2.1 Techniques

As specified some time recently, there are three essential systems of EOR: chemical injection, gas injection
and thermal recovery. Chemical injection, that can include the utilization of long-chained molecules titled
polymers to rise the efficiency of waterfloods, can increment around one percent of EOR creation in the
United States.
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Gas injection, that uses gasses, for example, nitrogen, common gas or carbon dioxide (CO2), can build oil
recovery producing almost 60 percent and Thermal recovery, that includes the presentation of warmth,
expand oil recovery producing 40 percent.

In 2013, a strategy called Plasma-Pulse innovation was demonstrated into the United States from Russia.
This procedure can rise oil recovery around 50 percent.

2.1.1 Chemical injection

This technique typically use for decline surface tension and release mobility and for applying, different
chemicals and usually with dilute solutions.

With adding a dilute solution of a water-soluble polymer that can increase the viscosity of the injected
water, we can increase the amount of oil recovery in some structure. Dilute solutions of bio surfactants such
as rhamnolipids of surfactants such as petroleum sulfonates can be injected to lower the interfacial tension
or capillary pressure that postponements oil droplets from moving through a reservoir.

Special constructions of water, oil, and surfactant, micro emulsions may be predominantly effective in this.

Generally, the critical factor in this application is cost. Each reservoir based on their formation and
properties, have different absorption and this factor can play an important role in absorb or retain of
surfactant. This problem cause to increase using of surfactants and it is not economy and suitable for
companies. [Ref 1]
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3. Waterflooding

This technology refer to use of water injection for increase of oil producing from reservoirs. This method
also call secondary recovery and usually come after primary production and it done due to produce oil with
use natural energy of reservoir (solution-gas drive, aquifer influx fluid, rock expansion, and gravity
drainage). [Ref 4]

3.1 Rationale for waterflooding

As said before, the main reason of using water flooding is to increase of oil production. This is complete
by "voidage substitution"—inject of water to expand the pressure to its starting level and keep up it close
to that pressure. This water displaces oil from the pore spaces, but the effectiveness of this displacement is
related to several parameters such as rock formation and structure and viscosity.

In oil fields (this project =North Sea), voidage replacement additionally has been utilized to direct extra
surface diving. [Ref 4]

3.2 History

Salty water or brine was in the beginning of oil industry often produced from a well together with oil, the
oil production decreased, as the rate of water production would grow. Usually, the water was set by putting
it into nearby streams or rivers. The practice began in the 1920’s by reinjections of the made water into
porous and permeable subsurface formations, as well as the reservoir interval where the oil and water in the
beginning came from. Reinjections of produced water had become a common oilfield practice by the
1930’s.

The first reinjection of water happened in the Bradford oil field of Pennsylvania, Us, where the “’circle-
flood’” was replaced with a “’line flood,”” and besides the *’line flood’’ a “’five-spot’” well layout was used
as well in the 1920’s. In the production of wells, the two rows that were put on both sides of an equally
spaced row of water-injection wells.

Water flooding technology and common practice is mostly established in America by 1940 and 1970. The
onshore American oil industry was maturing by the 1940’s, where the main production from its reservoirs
had weakened severely, however, anywhere else in the world most reservoirs were in an early stage of main
production. In America, drilling of closely spaced wells had been made too, to make the effects of water
injections more significant.

The need of positioning the produced salty water alongside with oil, made water flooding a method that is
reasonable and economical for growing recovery from oil fields. It was early noticed, that in most reservoirs
the original oil in place (OOIP) was recovered in small percentage due to the main production period, which
is caused by the depletion of the reservoirs’ natural energy. The large quantity of oil that remained needed
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to be produced by a recovery method. The early success of water injections helped improve the oil-
production period, as water flooding became the natural way to regain additional oil from reservoirs.

By water flooding’s development, water becomes low-priced, as water is available from streams, rivers,
oceans, and from wells drilled into aquifers. It is scientifically proved, that water has viscosity, density, and
wetting properties because of the success by water flooding. As water flooding was the logical recovery
process for most onshore oil fields in America, Russia, and China, some American offshore oil fields, as
elsewhere in the world, were getting water injection. From the 1970’s, many significant water-injection
projects have been applied to oil reservoirs all over the world. [Ref 4]

3.3  Waterflooding considerations

Water displaces oil by unit displacement efficiency from a porous and permeable rock on a microscopic
scale. At this level of analysis, it is most functional when water, oil, and flow measurements are made in
laboratory on a small core-plug samples. To determine how good the water flooding will work, calculations
of the effects of geology, gravity, and geometry must be included. The formula for complete water flood
oil-recovery efficiency, where Eg is the product of three independent terms: [Ref 4]

Ep=EpE;E,

That
e Ep =the unit-displacement efficiency,
o E, =the vertical-displacement efficiency,
o Ea =the areal-displacement efficiency.
However, the independence of these factors assumes not to be valid for real oil reservoirs.

The importance of technical and financial success of a water flood are oil properties, where the
properties are viscosity and density. In a permeable medium, the fluids mobility is defined by its
endpoint that is relative permeability divided by its viscosity. Therefore, a fluid with a low viscosity (<
1 cp) has a high mobility, though, if its relative permeability is very low. Likewise, a low-API crude
oil (<20°API) has a high viscosity and a very low mobility unless it is heated to high temperatures.

The temperature of waters viscosity is usually much lower or equal to the oil reservoir, where the ratio
of water and oil viscosity is usually greater than 1:1. The ratio of water and oil mobility is important to
the efficiency of the water/oil displacement process, as the recovery efficiency increases, the water/oil
mobility ratio decreases.

More details about oil replacement by water injection are:


http://petrowiki.org/File:Vol5_page_1039_eq_001.png
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» Vertical displacement in a waterflood

= Macroscopic displacement efficiency of a linear waterflood
= Microscopic efficiency of waterflooding

= Areal displacement in a waterflood

3.4  Reservoir geology considerations

When evaluating a water flooding project, it is important to understand the reservoir rocks, and to reach
this understanding it is by knowing the depositional environment at the pore and reservoir levels, perhaps
also levels in between. The determination of the digenetic history of the rocks, then the determination of
the structure, and the criticism of the reservoir to understand the interconnectivities among different parts
of the reservoir — in particular the injector/producer connectivity. At the end, the characterization of water,
oil, and rocks is needed to understand due to their control of wettability, residual oil saturation to water
flooding, as well as the relative permeability of oil at higher saturations. Therefore, there should always be
in the water flood evaluation team a developmental geologist.

The main geological evaluation in water flooding is to evaluate the nature and degree of
heterogeneities that are in an exact oil field, as oil reservoirs are all heterogeneous rock formations,
which can take many forms as in shale, anhydrite, or other impermeable layers. Interbedded
hydrocarbon-bearing layers that have different rock qualities such as sandstones and carbonates,
changing continuity, and environmental or digenetic changes that is caused by directional
permeability trends. Fracture trends that developed due to regional tectonic stresses on the rock
and the effects of burial and uplift on the particular rock layer. Fault trends that cause the
connection of one part of an oil reservoir to adjacent areas, because they are either flow barriers or
open conduits that allow unlimited flow along the fault plane. [Ref 4]
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Figure 3 Reservoir geology [Ref 5]
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A geological consideration is the structure of the reservoir, as well as how it affects the water flood process,
because as the structure creates dipping beds at different angles, the interaction between the bed angle,
gravity, and the oil/brine density. Furthermore, it affects the behavior of the relative vertical and horizontal
flow. What can also be included is the structural thoughts whether the oil column has a primary aquifer or
a covering gas cap — both can affect the probability of success in water flooding.

A technical team such as geologists and geophysicists must take into consideration such geological and
structural aspects of a reservoir. To understand depositional environment and post-depositional digenesis,
geologists use cores and routine-core-analysis data, where geologists are able to describe the reservoir’s
internal construction. Geophysicists use seismic data to distinguish between faults and trends in rock
quality.

When using water flood, it is required to describe the quantitative evaluation, as well as different approaches
may be used. The concept of the “’flow unit’’ is how the volume of reservoir rocks affect the fluid flow,
whether it is consistent or different from other rock volumes.

The evaluation process starts when a reservoir has been revealed, then a water flood will be initiated. The
production and injection data will show the internal features of the rock volume that has been flooded,
however, the data is critical, because the data relate to the interwell connectivity within reservoir, which
either validates or causes change of the geoscientists’ concepts.

Tracers can be injected during water flood to track injector/producer pairs. Other techniques include the use
of specially drilled observation wells and 4D-seismic interpretations in order to track the way and shape of
the higher-pressure water swept reservoir areas — they are centered on the injection wells.

3.5 Limitations of waterflood technology

By using water flooding, it can increase the volume of oil recovered from a reservoir, but it is not
always the best solution, which can lead to confusing factors such as compatibility of the planned
injected water with the reservoir’s connate water, interaction between injected water and reservoir
rock, removed oxygen, bacteria, and undesirable chemicals, and occurrence of radioactive
materials. When producing a best oil reservoir, a petroleum engineer should take into
consideration, that the water flooding should be analyzed in various ways such as technically and
economically. [Ref 4]

10
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3.6  Key points concerning waterflooding [Ref 4]

e  Waterflooding is a common method in oil enhance recovery because water is low-cost and almost
available in large volume and based on experiences because water is very effective at substantially, is
very suitable for EOR and increase oil recovery.

o  The efficiency of waterflooding depend on mobility ratio between water and oil and geology of the oil
reservoir. Most of the time Waterflooding is effective and efficient because almost all reservoir rocks
are either mixed-wet or water-wet. The depositional and diagenetic characteristics of a reservoir
regulate major aspects of the oil/water transposition process. These characteristics can increase
waterflood performance or have damaging effects on the WOR during the time. Frequently, the details
of a reservoir’s geology are not known till production wells start to produce injected water.

o  Gravity effects that interplay between the density and gravity effects and the geologic layering of a
reservoir. This parameter is important in waterflood because at reservoir circumstances, oil always is
less dense than brine or injected water. This interplay can either hurt or help to waterflood performance
comparative to a homogeneous system.

o  Waterflooding is a process that characteristically takes several decades to complete. Therefore,
continuous, routine field production and pressure data must be taken for analyzing and monitoring
waterflood performance. There are opportunities to modify the original waterflood design and
operating strategies based on analysis of the actual field production data. Sometimes, more expensive,
special-data acquisition programs (3D- or 4D-seismic data) are run to support the evaluation process.
A diversity of engineering tools have been established to analyze waterflood performance, extending
from simple plots of field production data to full-field numerical-reservoir-simulation models.

o  Waterflood can be modify and with the waterflooded intervals, changing the distribution of injection
water among the injection wells and drilling additional wells at infill locations, and/or modifying the
pattern style.

e  Waterflooding can be used in offshore and onshore all over the world in different fields with different
sizes.

4.  Waterflooding in carbonate reservoirs [Ref 6]

Waterflooding contains the use of water injecting to relocate oil in a reservoir. Usually, oil recovery with
refining volumetric sweep productivity via a variety of techniques and practices, containing in-fill drilling,
improved reservoir description, high resolution reservoir simulation, advanced surveillance and monitoring
and multidimensional wells.

Currently About 50% of world’s known oil reservoirs are carbonate.

11
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- Water
Injection Well Production Well
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Figure 4 Waterflooding [Ref 7]

4.1 Considerations

In carbonate reservoir, whenever waterflooding is main considerationThe all factors and affected aspects
should be evaluate.

Some Factors are constant and some of them are not changeable and also there are some properties that
come from formation and structure of them. Those factors include:

e Permeability

o Wettability

e Porosity

e Contact angle

e Rock properties

e Fluid properties

e Fracture Intensity [Ref 6]

4.2 \Water Modifications

As mentioned before, In waterflooding the water relocates oil from the pore spaces, but the efficiency of
this displacement depends on several parameters such as rock characteristics and oil viscosity.

12
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Since carbonate surfaces have positive charge, the water must be altered, generally by adjusting the salinity,
which will affect the concentration of calcium ions (Ca2+), sulfate ions (SO42-), or magnesium ions
(Mg2+).[Ref 6]

4.3  Low Salinity

Researches have found that with low salinity of injected water can change wettability of rock and increase
oil recovery but it still is not clear why lower salinity water can do this.

For this issue there are three different theories:
e Rock dissolution:

Initially proposed by Hiorth et al., this theory clarifies the low-salinity effect by hypothesizing that the
lower calcium concentration in low-salinity brine causes calcium carbonate from the rock to dissolve
and start equilibrium with the brine. The adsorbed oil components are detached and the rock surface is
purified more water-wet, whenever the calcium carbonate dissolves.

e Surface ion exchange:

At usual carbonate reservoir circumstances, rock surfaces have positive charge whereas the acidic
components of oil have a negative charge, causing the rock to be mixed-wet or oil-wet.

If the determining anions in the water (SO42-) have a higher empathy to the rock surface than the acidic
oil components, the anions are adsorbed and the oil is desorbed.

If the rock surface charge is reduced (because of low salinity), desorption of negative charged oily
material is also simplified.

e In-situ surfactant formation:

The potential of in-situ surfactant generation requires a high pH and Hiorth et al. determined it to be a
rare mechanism in waterflooding.

4.4  Advantages and Disadvantages

Advantages:

The main reasons that Waterflooding can be a suitable method for oil recovery are:

o Injected water is efficient to replace oil of light to medium gravity;

13
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e water is easy to inject into oil field formations;

e water is cheap and almost available;

e Insome aspects, if we compare waterflooding with other EOR methods it is obvious that maybe is
an economic way and operation system is not so expensive.

Disadvantages:

Carbonate reservoir approach a badly-behaved in oil recovery, because about 80% of these geologic
developments are oil-wet. In addition, Carboxylic acid anions have negative charged and it has to involve
for positive charge in carbonate surfaces, hence producing oil-wet surfaces. As we know, because capillary
pressure curves is mostly negative waterflooding cannot be successful in oil recovery. Consequently,
surfactant/polymer waterflooding is suitable for some in the business to be a more practical alternative.
[Ref 6]

5. Definition of theoretical terms

5.1 Porosity

Porosity is a measure of its capacity to hold a liquid. Numerically, porosity is the free space in a rock or
stones divided by the total rock volume (Solid + space or openings).

Porosity is typically characterized as a rate of the total rock, which is taken up by pore space. For instance,
a sandstone may have 8% porosity, this implies 92 percent is solid rock and 8 percent is open space
containing water, oil or gas. and left 8 percent is about the minimum porosity that is obliged to make a
proper oil well, however non-economic wells or poorer have less porosity.

In any case, sandstone is hard and seems extremely strong; it is similar to a wipe (a hard, incompressible
wipe). Between the grains of sand, enough space exists to trap liquids like oil or normal gas! The gaps in
sandstone are called porosity (from "permeable™).[Ref 8]

14



«

AALBORG UNIVERSITY
STUDENT REPORT

Sandstone Under
a Microscope

Porosity
(black)

Modified from Eardley

Figure 5 sedimentary-rocks-sandstone-schematic [Ref 9]

The porosity is indicated as dark in the drawing. Gas, water or oil will fill these openings in the rock!
Subsequently, a poor-routed sandstones will have less porosity than a well-rounded one!

A well-rounded sandstone can be more interesting for geologist because these kind of rock can hold more
amount of oil and gas!

Porosity (&) can be defined:

Porosity = Pore Volume _
2 Total Volume

Porosity define as a volume proportion so, is dimensionless and is generally reported as a part or percent.
To evade disarray, especially when variable or changing porosities are included, it is regularly reported in
porosity units (1 PU = 1%).

A few volume definitions are obliged to represent porosity:

Total volume of rock =TrorV,
Volume of mineral phase =V, oV,

Volume of pores or openings = Voor

15
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From these we can characterize the different sorts of porosity experienced:

Total porosity
Effective porosity
Ineffective porosity

Crack or fracture porosity

5.2  Permeability [Ref 10]
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The permeability factor in rock is a term that define as resistance to the stream of a liquid through a rock.
The rock called low-perm whenever needs lots of pressure for press the fluid through the rock and if liquid

goes through the rock effortlessly; its call high-perm or the rock has high permeability.

Figure 6 Permeability measures how easily fluid passes through a rock [Ref 11]

In oil production, Permeability expressed by the unit that is millidarcys. One millidarcy is 1/1000 of a

Darcy. One Darcy is a high amount of permeability!

16
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Most of reservoirs that can be used for oil and gas production have permeability around ten to several
hundred millidarcys.

The increasing amount of US gas production in the last 10 years is coming from shale gas wells that has a
big amount of porosity (much more than sandstone), but it has enormously low permeability. Therefore, it
means shale is poor producer of hydrocarbons. For over a hundred years, gas has been produced from shale
but quantities were small. Allowing for improved shale gas expansion, two things have changed the
situation. Based on these concepts, oil and gas companies have been allowed to persuade more permeability
into shale gas rock artificially:

e Horizontal Drilling — The broad adoptance of Horizontal Drilling method, in which the drill bit is
made to turn from the vertical to the horizontal (a 90-degree turn), where it can keep to drill
horizontally through the structure. The horizontal track can be as much as a mile! [Ref 20]

e Advances in Hydraulic Fracturing (fracking) — Fracking is not another innovation; it has been
around well more than 50 years (regardless of what you may hear on the news). On the other hand,
propels in fracking systems in horizontally gaps, especially in shale structure, has prompted a
massive increment in shale gas producing. These new methods permit the oil and gas administrator
to render low-permeability shale reservoirs more permeable, by artificially bringing little cracks
into the structure.

IPermeabllity Pervious | Semi-Penvious Impernvious
Unconsolidated | Well Sorted | Well Sorted Sand | Very Fine Sand, Silt,
Sand & Gravel Gravel or Sand & Gravel Loess, Loam
nconsolidated
Hrconsol : Peat Layered Clay Unweathered Clay
Clay & Organic
Fresh
lidat QilR Fresh
S ORcatee Highly Fractured Rocks o - Limestone, |Fresh Granite
Rocks Rocks Sandstone :
Dolomite
Ik (cm?) 10.001]0.0001 1075 [1078}107 |10~ [107%[107 107" [107"2[107" 10" |107"®
[k mitidarcy) [10*8 [10*7 [[10"€[10*5[10,000[1,000[100 [t0 [+ Jo.1 o.01 [0.001f0.0001

Source: modified from Bear, 1972

Figure 7 Permeability measures how easily fluid passes through a rock [Ref 12]
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Permeability is part of the proportionality constant in Darcy's law. This factor relate to flow rate and
physical properties of liquid (viscosity), to a pressure gradient applied to the porous media:

o=t AP
. H L\;r'
Therefore:
Iu,,ﬁ:t.'
hR=1U
AP
where:

U 1s the superficial fluid flow velocity through the medium (i.e., the average velocity calculated as
if the fluid were the only phase present in the porous medimm) (m/s)
A 18 the permeability of a medium (m?)

H is the dvnamic viscosity of the fluid (Pa-s)
A Pis the applied pressure difference (Pa)
AT is the thickness of the bed of the porous medium (m)

In normally happening materials, permeability values range over many orders of scale.

5.3 wettability

Wettability can define as tendency of one liquid to spread on, or hold fast to, a solid surface in the vicinity
of other immiscible liquids. Wettability refers to the interaction between liquid and solid phases. In a
reservoir, solid phase can be the rock mineral accumulation and the fluid phase can be oil, water or gas.

Wettability is all around branded by the contact angle of the liquid with the solid phase.
Interfacial tension (o) is the energy per unit area (force / distance) at the surface between phases. It is usually
expressed in milli Newton / meter or dynes / cm.

Adhesion tension () is expressed as the difference interfacial tensions between two solid and liquid phases.

When 7 is negative, that means denser phase (water) better wets the solid surface (and vice versa).
An adhesion tension of 0.0 shows that both phases have equal empathy for the solid surface.

As we know at least 3 groups of forces acting on the fluids whenever 2 or more fluids are present, and it
can effect on hydrocarbon recovery.
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Figure 8 Wettability [Ref 14]

vy = adhesion tension

0 = contact angle between the oil/water/solid interface measured through the water
Oos = interfacial energy between the oil and solid

Ows = interfacial energy between the water and solid

Oow = interfacial energy (interfacial tension) between the oil and water

Attractive forces between fluid and rock draw the wetting phase into slight pores. Wetting phase fluid
frequently has low mobility.

Many hydrocarbon reservoirs are either totally or partly water-wet. Attractive forces describe the lower
limit to irreducible wetting phase saturation.

Water

O,

Solid

Figure 9 Wettability [Ref 14]

if water better wets the rock surfaces reservoir rock is water wet and The rock is water wet in these
conditions:
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Ows = Oos
Y < 0 (adhesion tension is negative)
0°<B<90°

When 6 is close to 0°, the rock is reflected to be “strongly water wet”.

Between fluid and rocks repulsive forces effect nonwetting phase to inhabit largest pores. Nonwetting phase
does not better wet the solid rock surface.

In hydrocarbon reservoirs, natural gas is never the wetting phase.

The most mobile fluid is frequently nonwetting phase, especially at large nonwetting phase saturations.

aws

.~ %s  Solid

Figure 10 Wettability [Ref 14]

If oil better wets the rock surfaces, reservoir rock is oil-wet. The rock is oil wet in these conditions:

Gos = Ows
Y > 0 (adhesion tension is positive)
90° < 0 < 180°

When 0 is close to 180°, the rock is well-thought-out to be “strongly oil wet”

o - WATERWET b . OIL-WET bR

o8

FREE WATER

BOUND WATER

Figure 11 Comparison of water wet and oil wet rocks [Ref 14]
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Wettability is categorized by these variations:

e Strongly water or oil wetting.

Neutral wettability — no better wettability to either oil or water in the pores.

o Fractional wettability — reservoir that has local areas that are strongly oil-wet, while most
of the reservoir is strongly water-wet - happens where reservoir rock has changeable mineral
composition and surface chemistry.

o Mixed wettability — smaller pores filled with water and are water wet, while larger pores filled
with oil and are oil wet. Residual oil saturation is low - happens where oil with polar organic
compounds occupies a water-wet rock saturated with brine.

o Wettability differs with surface roughness, so the wettability of a rock will differ with size, grain
shape, and rounding.

Increasing Roundness ———»

HIGH
SPHERICITY
LOW
SPHERICITY &' %i

VERY ANGULAR SUB- SUB- ROUNDED WELL-
ANGULAR ANGULAR ROUNDED ROUNDED

Figure 12 Roughness or angularity of grains affects wettability [Ref 14]

The present measuring technique uses a modern contact angle goniometer and is called the static sessile
drop method.

The contact angle goniometer is an optical subsystem which catch the profile of an immaculate fluid on a
solid substrate. The angle shaped between the solid and liquid interface and the fluid/vapor interface is the
contact angle. More experienced frameworks utilized a magnifying instrument optical framework with a
backdrop illumination. Current-era frameworks utilize high determination cameras and programming to
catch and investigate the contact angle.

The dynamic sessile drop system is like the static sessile drop but obliges the drop to be altered. A typical
sort of element sessile drop study decides the biggest contact angle conceivable without expanding its liquid
and solid interfacial territory by including volume dynamically. This maximum angle is the propelling
angle. Volume is removed to deliver the littlest conceivable angle, the retreating angle. The distinction
between the progressing and retreating angle is the contact angle hysteresis.
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5.4  Surfactants [Ref 15]

A surfactant is fleetingly defined as a material that can greatly reduce the surface tension of water when
used in very low concentrations.

Surfactants are usually organic compounds that are amphiphilic, and it means they have both hydrophobic
groups (their tails) and hydrophilic groups (their heads). Thus, a surfactant has both parts that are water
insoluble (or oil soluble) component and a water-soluble component.

In the mixture of oil and water, surfactants will diffuse in water and adsorb at interfaces between air and
water or at the interface between oil and water.

The water-insoluble hydrophobic group can spread out of the bulk water phase, into the oil or into the air
phase, whereas the water-soluble head group remains in the water phase.

Reliant on on the nature of the hydrophilic part the surfactants are categorized as Cationic, Anionic,
Amphoteric or Nonionic.

hydrophil hydrophob

NN NN
- TN NN TN

TR S VN e
I TR Ve e

Figure 13 Surfactant classification according to the composition of their head: nonionic, anionic, cationic,
amphoteric [Ref 16]

Anionic surfactants

When the hydrophilic part of the surfactant contains of a negatively charged group like a sulphate,
sulphonate, or carboxylate the surfactant is named anionic. Basic soaps can be a good example of anionic
surfactants. In the last 50 years, many soaps have been replaced with more efficient substances such as
Alkyl sulphonates, alkyl sulphates, and alkyl benzene sulphonates.

Anionic surfactants are sensitive for water hardness.
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Nonionic surfactants

A surfactant with a non-charged hydrophilic part, for example ethoxylate, is non-ionic. These materials
are suitable for cleaning purposes and are not sensitive for water hardness.

They have a extensive use in cleaning detergents and include groups like polyglycosides, fatty alcohol
and alcohol ethoxylates.

Cationic surfactants

For this group the hydrophilic part is positively charged for example with a quaternary ammonium ion.
This category of surfactants has no wash activity effect, but secures to the surfaces where they might
provide antistatic, softening, anti-bacterial, soil repellent or corrosion inhibitory effects.

The most typical applications are for antistatic and softeners.

The cationic surfactant also known by DADMAC.

Amphoteric surfactants
For the amphoteric surfactants the charge of the hydrophilic part is organized by the pH of the solution.
It’s means that they can performance as anionic surfactant in an alkalic solution or as cationic surfactant

in an acidic solution.regular increase in TMP after each backwash, however, the backwash process cannot
always remove accumulation of foulants alone. Chemical cleaning are needed.

5.4.1 Effect of surfactants on wetting

Control of liquid dispersal over solid surfaces require many technological processes. When a drop is located
on a surface, it can entirely wet, not wet the surface or partially wet.

By decreasing the surface tension with surfactants, a nonwetting material can become completely or
partially wetting. The extra free energy (o) of a drop on a solid surface is: [Ref 19]
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a = "‘f'S—i— PV + ?TRQ(":KS]'__ — ":r's\,r}

That:

. ¥ = liquid—vapor interfacial tension
. Vs = solid-hiquid interfacial tension
. v=v = solid—vapor interfacial tension
. 5 = area of liquid—vapor interface

. P = excess pressure inside liquid

. R = radius of droplet base

Based on this equation, the excess free energy 15 diminished when v declines, yso declines, or ysv rises.
Surfactants are suck up onto the liquid—vapor solid—liquid, and solid—vapor interfaces, which adjust the
wetting behavior of hydrophobic substances to decrease the free energy. When surfactants are suck up onto
a hydrophobic surface, the polar head groups expression into the solution with the tail pointing outward.

In more hydrophobic surfaces, surfactants might form a bilaver on the solid, triggering it to become more

hydrophilic. The dynamic drop radius can be measured as the drop begins to spread. Therefore, the contact

angle changes based on the following equation:

cos B(t) = cos By + (cos O, — cos fy)(1 — E_Tt)

*  fp= initial contact angle
. 8= = final contact angle

. 7 = surfactant transfer time scale

As the surfactants are sucked up, the solid—vapor surface tension increases and the edges of the drop

become hydrophilic. Therefore, the drop spreads.

6. Experiments

In this part tried to achieve real results from different experiments in laboratory and use them for
analyzing and at the end for project simulation.

24



«

AALBORG UNIVERSITY
STUDENT REPORT

For all experiments, synthetic seawater has been used. For making seawater, this followings considered:

e composition of seawater:

Total Melar Composition of Seawater
(Salinity = 35)
Component | Concentration (mol/kg)

H,0
cl

+
Na

2+
Mg

2—
SOy

(::a2+

+

K
Cr
Br
By

2
sr+

F

Figure 14 Seawater compossition [Ref 17]

e Concentration or Salinity of seawater:

536

0.546

0.469

0.0528

0.0282

0.0103

0.0102
0.00206
0.000844
0.000416
0.000091

0.0000&68

On average, seawater in the world’s oceans has a salinity of about 3.5% (35 g/L). So base on this

concentration, the final mixture is mixture of 500 ml water and 17.5 g sea salt.
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6.1 Aqueous stability

The main aim of this experiment is to find a stable surfactant for waterflooding. Due to find a stable
surfactant, different kinds of surfactants have been test and finally two surfactants are chose. For finding
suitable surfactant, the mixture of seawater and surfactant has to stand on 60 C°.

In this project, one anionic (SDS) and one cationic (P 50-70) [Appendix 1] surfactants have been chose and
for stability test, the mixture of each surfactants and seawater with concentration of 2% stood 2 days on
oven with temperature of 60 C°.

Figure 14 mixture of Seawater and Surfactant in oven on 60 C°

After 2 days, both surfactant mixtures were stable and homogeneous and could use in other experiments.

6.2 Contact angle for wettability

For this part, different mixtures with different concentrations tested and with camera, contact angle ()
calculated.

At the beginning, for making chalk surface one simple technique used that with one adhesive tape and
CaCos powder one thin layer have been made. This method was not functional because surfactant solved
the layer and camera was not able to recognize the drop. So One thin layer of chalk (CaCos) selected as a
main surface and for each mixture one drop evaluated separately.
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Figure 15 Contact angle measurement

These data will be use in calculation of surface tension.

6.3 Surface Tension

The main goal of this experiment is measuring of Surface Tension due to select a specific concentration
of surfactant. This work has been done by Du Nouy ring method with different versions of synthetic
seawater (SSW).

The main equation is:

__m.g.cosb
4m. R

That:

y = Surface tension (N/m)

m = mass (g)

6 = Contact angle

R = Du Nouy-rings radius (m)

For this part, Surface tension in different mixtures with different concentration has calculated.
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Seawater
Cos 0 for water is 1,
_0.65%x1073kg9.81%1

Yy = — =0.05207 N/m
411%9.75x1073m

For SDS (Sodium dodecyl sulfate) in different concentration

In mixture of 2% seawater and SDS, 8 = 45%and if this mixture will be more diluted 6 also reduced. In
this part for SDS:

0 = 37 %in 2D (two times diluted), 8 = 29 °10D (ten times diluted) and 8 = 20 °20D (twenty times
diluted)

0.025
D-Dz _-_l_'-‘-i—l—_______
0.019626409 —“"—'—-—-—-—-_._._.________
0.015 0.017544145
0.0168225636
c 0.015140372
O
‘5 001
[t
Lk}
Rt
L4k
L o005
o
-
-
N 0
505 2D 505 10D 505 200 505

Concentration

For P 70-50 in different concentration

In mixture of 2% seawater and P 70-50, 8 = 72.5%and if this mixture will be more diluted 8 also reduced.
In this part for P 70-50:

0 = 65%in 2D (two times diluted), 8 = 53 °10D (ten times diluted) and 8 = 42 °20D (twenty times
diluted)
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0.05
0.045 S

0.04 004556144
0.035

0.03
0.025

0044059285

0030440596 0028037727

0.0z
0015
001
0.005

Surface Tension

P70-50 2D PTO-50 10D P70-50 20D P70-50
Concentration

6.4 Interfacial tension (IFT)

Interfacial tension is the force that grips the surface of a particular phase together and is normally
measured in dynes/cm and this force exists when two phases are present. These phases can be gas/oil,
oil/water, or gas/water.

In this part, IFT in different mixture of oil and seawater and 2 different surfactants (SDS and P70-50) has
been calculated.

\\\ N

\\\\\‘ \\\\\\

Figure 16 Different mixtures for IFT measurment
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The main difference between IFT and surface tension is the places where it occurs. Surface tension is
defined to a single liquid surface, whereas the interfacial tension is defined to the interface of two
immiscible liquids.

After measurement of IFT in three different scenario base on these two graphs we can say that adding
surfactant increase IFT.

0.03
0025
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L 0.015
0.01

0005

Oil and Swater Qil and Seawater and SDS

0025
0.0z

0015

IFT
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Based on IFT calculations, in P70-50 maximum IFT happened in point 20 dynes oer centimeter and this
number can be use in our simulation.

As conclusion, based on results and graphs we can say that adding surfactants increased IFT and
Wettability and reduced surface tension.

7 Process simulation with UTCHEM software

UTCHEM is a three-dimensional chemical flooding simulator and in this part, tried to simulate the data
that have gotten from experiments [Appendix 4] and evaluate adding P50-70 surfactant with 2%
concentration.

i~
- -
A=
|
| =
" im mt
- o ol T on o on mn En me G EE mn Gm mm e m e e
Reservoir Description Biodegradation
Output Options Recurrent Data
Reservoir Properties Run
Physical Properties Output
Geochemical Data Quit

Figure 17 UTCHEM’s main window

31



7.1

Reservoir description

(

AALBORG UNIVERSITY
STUDENT REPORT

In the first step in this program, reservoir description should be consider.

Run number and Title

Run number

‘ MAIN.P ’

Title and run description

’ MASTER THESIS, ALIREZA POURIMANI I

l USING UTCHEM 9.0 |

‘ SURFACTANT FLOODING ’

Run Options

Model Options

Grid Description

Gridblock Sizes

Number of Components

Total number of components

Number of organic components

Number of water/oil tracers

Number of oil/gas tracers

Number of geochemistiy components

Numher of ael comnanents

Name of components

Units of water/oil tracers

Components Present

Figure 18  Reservoir Description

The title of project and number of components have to write here. As you can see for components part, 6
components considered that 3 of them (Oil, Water, Surfactant) are our main components, two components
are from reservoir (Chloride and Calcium) and other component is an option for other surfactant or

polymer.

Other important adjustment in this part is Model Option.

Model Options
@ First simulation run
Time Step
O Constant Time Step
Automatic Time-Step by
C relative change of first 3 components
(@ relative change of all components

O change in concentration of all components

Numerical Methods

(" Single point upstream weighting
 Two point upstream weighting

(@ Total variation diminishing third order

[~ Using concentration well model
[~ Using capacitance model

™ Using dual porosity model

(' Restart simulation

Figure 19

Reaction Options
(@ gel reactions are not used
O gel reactions are used
() Geochemistry without acidic crude
C Geochemistry with acidic crude
() Geochemistry without acidic crude

and gel reactions are used

[~ Biodegradation reactions occur
Coordinate System

() Cartesian C Radial
( Cartesian (Variable-width gridblock)

@ Curvilinear

[~ Including tracer reactions

[~ Using 2nd order time approximation
I Gas is present

|~ Foam option is used

I Including temperature effect

Model Option
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As you can see in Figure 19:

FIRST SIMULATION RUN have been chose and for TIME STEP part, all components selected. For
NUMERICAL METHOD, total variation diminishing third order has been chose.

For REACTION OPTION, the first option has been chose because in this project, using gel did not
consider and or COORDINATE SYSTEM curvilinear condition has been chose.

7.2 Output Option

For this part, the final data the want to export from UTCHEM has to be consider.

Print Time Unit Max Injection Time Unit
O days @ pore volumes ) days @® pore volumes
Output Files
AT [~ Geochemistiy properties
[v Temperature
C | Printx [ A
1 ‘Water [~ Aqueous phase tracer concentration at observation points
[ 2] o1 Y [~ Component concentration in each phase
3 Surf. Y v

= check print with * Y * [V Phase viscosity
v Relative Permeability

¥ Phase pressure I Capillary number/residual ion/i ial tension

¥ Phase saturations [ Effective salinity

v Component concentration R .
[~ Properties related to hyteresis

I~ Aqueous phase concentration for biodegradation

™ Capacitance/fraction properties Libonctiesbekateditufoan

I Gel properties I~ Properties related to rate-limited mass transfer

Profile Print Options

[~ Adsorption Permeability reduction factor. polymer viscosity, and
equivalent shear rate

[7 X.Y. Z direction phase fluxes I Phase environment indexing

‘ Tracer Concentration

Figure 20  Output Option

As you can see in Figure 20, after simulation we can extract Phase pressure, Phase saturations and
component concentrations and for Maximum injection time, we can export temperature, phase viscosity
and relative permeability.
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7.3 Reservoir properties

In this part, the reservoir details have to be consider.

“Miscellaneous Input Initial Gas Saturation / Drganic C
e ——
Initial Gas Saturation
Rock compressibility -0000043 Initial il Composition
s =
Property Modification
Porosity and Permeability Flag For Property Modification

Porosity

Flag For Porosity and Permeability 0 5 =
irection Permeability

Porosity
Y Direction Permeability

X direction permeability Z Direction P: bilit
irection Permeability

Y Direction Permeability

Initial Water Saturation

Z Direction Permeability

Initial Gas Saturation

" Initial Reservoir Properties " Brine Properties

Flag For Initial Reservoir Properties

Depth of Top Layer Initial brine salinity 627

Initial Pressure Brine divalent cation

Initial Water Saturation gonceniralion | a® |

Initial Aqueous Phase Compositions

l 0K I | Cancel

Figure 21  Reservoir properties

As you can see in Figure 21, maximum simulation time set on 1.15 days or 30 hours. For Rock
compressibility and pressure, Figure 22 can be use that 4.3 and 5000 has been chose.

Overburden Bulk Rock
Pressure PV Volume Porosity Pressure Rock Compressibility
(psia) {cm®) (em°) (%) (psia) Expansivity (107 PV/PV/psi)
200 3.420 20.530 16.66 9,800 0.0000 151
1,000 3.379 20.498 16.48 9,000 0.0120 12.5
2,000 3.337 20.447 16.32 8,000 0.0243 10.2
3,000 3.303 20.413 16.18 7,000 0.0342 8.2
4,000 3.276 20.382 16.07 6,000 0.0421 5.8
5,000 3.257 20.367 15.99 5,000 0.0477 4.3
6,000 3.243 20.353 15.93 4,000 0.0518 4.0
7,000 3.230 20.340 15.88 3,000 0.0556 5.3
8,000 3.213 20.323 15.81 2,000 0.0605 1.3
9,000 3177 20.329 15.63 1,000 0.0711 20.9
9,500 3.144 20.254 15.52 500 0.0807

Figure 21 North sea’s reservoir conditions [Ref 18]
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For porosity and permeability, variable condition has been chose. For initial reservoir properties, the data
that come from North sea reservoir properties has been used. [Appendix 2]

Flag For Initial Reservoir Properties
Depth of Top Layer

() Single value

() Depth of top gridblock and
the reservoir dip angles

® Depth of each gridblock
Initial Pressure

(") Single value for all gridblocks

() Specified Depth

@® Each gridblock is specified

Initial Water Saturation”
() Single value for all gridblocks
(O Constant value for each layer

(® Each gridblock is specified

Initial Aqueous Phase Compositions
(@ Only anion and cation in agqueous phase
(T Constant value for whole reservoir
(O Constant value for each layer

() Initial value for each gridblock

Figure 22 Initial reservoir properties

And for brine properties 2 parameters have to consider that are salinity and concentration

Brine Properties

Initial brine salinity | 630 |

Brine divalent cation
concentration | 140 I

Figure 23 Brine properties

The unit of those number is meg/ml of water.
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7.4  Phisical properties

The most important part In this section is IFT or interfacial tension that calculated in experiments and
other parameters set by data sheet that come from Surfactant description and components description.

Concentration (volume fraction) Organic Mass Transfer

Oil at plait point ‘

Organic Dissolution Data ]
Ciitical micelle (CMC) Residual saturation/Relative permeability

@ Using original Hand's rule C Not depend on capillary number

Flag for Organic Dissolution ‘

@ Depend il b
© Using modified Hand's rule SRR s

C Depend on trapping number
Phase Behavior Type Capillary desaturation curve parameter

(® Using binodal curve aqueous

SR 28665.46
Phase Behavior Data microemulsion phase 364.2

Interfacial Tension Residual saturation/Relative Permeability

() Using solubilization ratio

(@ Healy and Reed's correlation

) Huh's correlation ’ Model and Type Selection ]

Interfacial tension parameters ’ AT low capillary number |

= m (dynes/cm) ’ AT high capillary number I

Figure 24 Phisical properties

7.5 Recurrent data

In this part, data about Well and boundary condition has to be consider.

Boundary Condition ‘Well Information

l Well ID. Location, - - - |

@® Saturated zone is modeled l

Rate. conc. ( Injectors ) ‘
() Vadose zone is modeled

O Saturated and Vadose zone are modeled l Rate. Pwf [ Producers ) l

Boundary Condition ] Time Interval and Step

Cumulative injection time @
Number of total wells (including
pseudowells) Iil Output frequency [ Unit : Pore volumes )

il 124
Radius model Profile ( PROFIL )
Prod. ( PROFIL) 124
( Badu and Odeh model
Prod. histories [ HISTO1, - - - ) .0
® Peaceman model
Individual profile (SATP.---) 124
Min and Max Time Step Units Restart {RESTAR | T

O Days ® Courant numbers

l Time Step Option ]

‘Well Data Changes Information

Number of actual wells Il ’ Well Data Change l

Figure 25 Recurrent data
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7.6 Run

After all calculation and data analyzing, with press of RUN button, all tables and plots are accessible.

TIME.DAYS COURANT NO.
1.389 7E-081 0.4898E-61
-4894E-01
-4882E-081
-4951E-81
-5002E-81
-5065E-81
-4248E-01
-3757E-81

a
a
a
5}
a
5}
a

Figure 26 Runing

: —l
-
o
3 MAIN.P.WARN
-
2 MAIN.P.MESH MAIN_P_HISTxx
<
<
>
] 1 MAIN.P.PROF MAIN_P.TRACxx
" MAIN_P.TTABLE Mapping Files
IQ -~
L=
<
o MAIN_P.OVERAL Input
- .
Quit

LS

¢_:f s
.3 a0

Figure 27 Output files
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As you can see in Figur 27 after running of data some file will export and these files are our final data
about our simulation.

In overal section, all well’s data and final calculation about running ti,e exist. Also in this section we can
extract our data as an exle file or plot them [Appendix 3].

The Plots are :
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MAIN.P: AVE. P (PSl) Vs. PV
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This graph shows the variation of Pressure in different volumes of surfactant and it pressents adding
surfactand cause to rise of pressure and after the point (0,6), the rate of pressure will be steady and It
means the reservoir is in saturation condition and adding more surfactant can not increase the pressure.

MAIN.P: AVE. P (PSI) Vs. Days
4500
A000
3500
/’
7 N
o 2500
o
ui 2000
>
=
1500
1000
500
0
0 500 1000 1500 2000 2500 3000
Days

This graph also is about variation of pressure but during the times and different days and similar to
previous graph presents how pressure change in different days.
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MAIN.P: CUM OIL (% O0IP) Vs. PV
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These two graphs show variation of cumulative oil per volumes (PV) and per days. Based on this
calculation, adding surfactant increas amount of oil production.

The numbers of vertical axes present percentage of OOIP (Orginal oil in place).
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MAIN.P: CUM. OIL REC.(BBLS) Vs. PV
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These two graphs also show variation of cumulative oil per volumes (PV) and per days but in different
unit that is BBLs (barrels).
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MAIN.P: Overall Inj. Rate (B/D) Vs. PV
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These two graphs show overal rate of injection per volumes (PV) and per days and it is clear during the
time, this rate will be increase.
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MAIN.P: Overall Pro. Rate (B/D) Vs. PV
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These two graphs show overal rate of production (barrel per day) in different volumes (PV) and also
different days.

Based on these two graphs, overal production rate is constant but after some days this rate will increase.
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MAIN.P: Total Fluid Inj. (1000 BELS) Vs. PV
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These two graphs presents amount of fluid injection during the time also different volumes.

If there are big variation between some points, it is natural because in some points amount of surfactant
and injected water are different. In some points because of process pressure this amount should be lass
than normal time.
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MAIN.P: Total Fluid Prod. (1000 EELS) Vs. PV
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These two graphs shows rate total fluid production after water injection in different volume and different
days. Again same previous graphs, there different points that is because of reservoir properties and
process conditions.
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MAIN.P: Surfactant Cum. Inj (FT3) Vs. PV
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These two graphs shows rate of surfactant cumulative injection per volume and per day. The unit is FT3
or cubic feet and based on graphs, this parameter at the beginning is 0 and during the time with increase
of surfactant injection will increase.
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MAIN.P: Surfactant Cum. Prod. (FT3) Vs. PV
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These two graphs shows rate of surfactant cumulative in production. As graphs say, at the begginig and
after some days there is no surfactant but after one point this this rate suddenlly increase and in durring
the time this increase will continue.
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MAIN.P: Surfactant Retained (FT3) Vs. PV
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These two graphs present amount of surfactant retained after production. This amount also during the
time increase and after high rise in peak of production, will change to stady and constant rate.
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8 Conclusion

In this project tried to explain main concept of smart water and evaluate different methods in this
technology.

After data analyzing that should be based on theory part, some important experiments had been done. These
experiments can explain different parameters in order to evaluate water flooding.

For experiments, two different surfactants chose and all calculation done for both of them. The main reason
of this selection was comparison between Anionic and Cationic surfactants.

In experiments part, two essential parameters (wettability and Interfacial tension) considered and showed
us with adding surfactant these two parameters also changed.

These parameters analyzed in different concentrations and based on surfactant’s behavior, all calculations
have been done logically.

For simulation part, cationic surfactant was under consideration and according to final simulation, we can
estimate rate of injected surfactant, production rate, surfactant retained and other calculations.

Based on simulation graphs, adding surfactant at the beginning cannot increase oil production and after
some days with increase pressure in reservoir and becoming saturated, oil recovery will increase.

With data about amount of recovered oil and surfactant this issue should be consider that using this
surfactant is functional or not that in this project with using 1% surfactant was acceptable and just related
to geology properties. With exact data and details about reservoir properties, this estimate would be more
real and functional.

Another important issue is environmental impacts. Using chemical materials and inject to the reservoirs
can change many parameters in seabed and effect on animals life. Retained surfactant also has to consider
because based on materials and properties can be harmful for ecosystem.
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APPENDIX — Data sheets

[Appendix 1] surfactant’s properties used from produced company

http://www.accudynetest.com/polytable 03.html?sortby=contact angle

Molar mass variable

Density 11.38 g/cm® (20 °C),
'amorphous: 1.370 g/cm? "]
?single crystal: 1.455 gicm?3!!

Melting point > 250 °C 12 260 °cl1
Boiling point > 350 °C (decomposes)
Solubility in water |practically insoluble?
Thermal 10.155to 024 W m™ T K11
conductivity \
Refractive index  |1.57—1.58 31 1 57501
(np) ‘

Thefmochemistry

Specific 1.0 kdi(kg-K)™!
heat capacity (C) ‘
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[Appendix 2]

2800-3100
Young's modulus (E)

MPa
Tensile strength(oy) | 55-75 MPa
Elastic limit 50-150%
notch test 3.6 kJ/im?
Glass transition temperature

67 to 81 °C
(Tg)
Vicat B 182 °C
linear expansion coefficient 5

7x1072/K
@
Water absorption (ASTM) | 0.16

Sourcel!
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https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/197333/TR_SEA2_Geolog

y.pdf

Aldous Major South
16/2-8

Basement

Jurassic Sand

Avaldsnes

Qil Water Contact

Basement

Rotliegendes
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South North
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