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Abstract

Scale formation on surfaces can normally be divided into two distinct processes: a
“deposition process’ which refers to the process of heterogeneous nucleation and
growth at the asperities of the surface in the bulk solution and an * adhesion process”
which refers to the sticking of pre-existing crystals, which have nucleated in the bulk
solution, and which build up as alayer on the surface. The presented work represents
an experimental study of scaling tests to assess the effect of hydrodynamic conditions
in acomplex scaling environment, supersaturated with sul phate/carbonate-dominated
brine solutions, on the stainless steel substrate coated with a range of commercially-
available coatings. Due to the complexity of the brine solutions, the formed scale
deposits are the product of the co-precipitation process. The morphology of the scale
deposits along with the chemical composition of the surface scale depositsin different

conditions was anal ysed and characterised.

In addition, the effect of the surface energy and surface roughness on both processes
have been studied. The thesis provides data that will assist in the understanding of the
controlling parameters in scale formation in different conditions, and also describes
what characteristics of the surface can make it a good anti-scaling surface for
inorganic scale; however, the results have shown that merely one parameter cannot
assure a surface as a good antifouling surface.

Since most of the surface scaling studies have been focused on laboratory experiments
and very little data are available to demonstrate such results are relevant and can be
scaled-up to field environment, the current study focuses on correl ating the systematic
laboratory results with field trials. The current study shows that if properly selected,
surface engineering offers great promise as an approach to prevent mineral scale

deposition in the piping system of oilfields.
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initial concentration of the solution

Arrhenius constant, or surface area
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solubility of product

distribution coefficient of strontium in aragonite

distribution coefficient of strontium in calcite

pressure
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arithmetic mean of the absolute departure of the roughness profile
Kurtosis value, spikiness of the measure profile

measured profile skewness

peaks number in a certain length

surface roughness average

surface skewness

supersaturation index

supersaturation ratio

temperature

linear velocity of cylinder

ion activity of anion or cation

solution concentration

solution concentration at equilibrium saturation at a given temperature
diameter of cylinder

mass of the solute deposited on the crystal surface during time
Boltzman constant

total measured length of the profile

radius of the particle
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ting induction time

th nucleation time

t, relaxation time
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Ac concentration driving force

AG overall free energy change

AG.rit overall critical free energy change (homogeneous nucleation)
AG/ it overall critical free energy change (heterogeneous nucleation)
AG free energy between the surface of the particle and the bulk
AGy free energy change of transformation

4 interfacial tension (or surface energy)

Yel interfacial tension between crystalline deposit and liquid

Yes interfacial tension between crystalline deposit and the solid surface
Ysi interfacial tension between the solid surface and the liquid
YW liquid surface free energy

ys solid/liquid interfacial free energy

vy solid surface free energy

Y2 dispersion energy of testing drop i

7 polar energy of testing drop i

y& dispersion energy of testing surface

yP polar energy of testing surface

v surface tension contributed by acid

Vs surface tension contributed by base

S thickness of the stagnant layer at the vicinity of crystal surface
o relative supersaturation

distribution coefficient
0 contact angle

u viscosity
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density
surface shear stress of the cylinder

nucleation correction factor

American Society for Testing and Materials
Carbon Capture and Sequestration

Energy Dispersive X-ray spectroscopy
Energy Dispersive X-ray

Enhanced Oil Recovery

Formazin Turbidity Unit

Inductively Coupled Plasma

Rotating Cylinder Electrode

Scanning Electron Microscope

Total Dissolved Solid



Chapter 1

I ntroduction

1.1. Introduction

Calcium carbonate is an abundant inorganic mineral comprising approximately 4% of
the earth’s crust which is widely developed both by nature and humankind [1].
However, the formation of calcium carbonate in the industry is not favourable and is
called fouling or “scaling” in theindustry. It causes the blockage of the pipes, reduces
the heat transfer in boilers and condenser and affects the vulnerability of the
equipment in contact with water e.g. pump failure. Other than calcium carbonate scale
which is the most common scale in the industry, there are other types of scales such
as barium sulphate that is extremely resistant to both chemical and mechanical

removal [2].

Conventionally scale studies have involved in the evaluation of bulk scaling which
describes the process of scale forming in a solution, here referred to as precipitation.
Deposition or formation of scale at a surface has received much less attention. The
surface deposition phenomenon is not well understood so far, therefore the main focus
of this research will be on the surface deposition and the parameters that affect this

phenomenon.

Inhibition has been by far the most commonly employed and effective means of
controlling scale but nowadays the surface engineering has received some attention,

however, itisstill inits early stages for scale control.

There are many approaches to remove scaling, however, prevention is recognised as

amore efficient and preferable method of management.

Surface engineering is a critical technology behind major industries including
aerospace, automotive, construction, the off-shore industries, power generation and
bio-medical applications. Appropriate coatings can solve a diverse collection of
engineering problems and provide protection against corrosion, wear damage or high
temperature, but these can aso supply added-value, increasing economic and
environmental benefits. In this study, we will introduce surface engineering strategies

for the management of scale deposition in valve and pipe components.
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1.2. Oil and gasformation and extraction

The oil and gas that we use today began as microscopic plants and animal living in
the ocean million years ago. These microscopic plants and animals absorbed the
energy from the sun and stored them as carbon moleculesin their bodies. When these
creatures died, they sank to the bottom of the sea. Over millions of years, plants,
sediment and bacteria accumulated over layer by layer, and as they buried deeper and
deeper, the heat and pressure began to rise. High pressure and temperature turn the
decaying plants and micro-organisms into useful hydrocarbons (i.e. oil and natural
gas). A percentage of these formed oil and gas escaped through the pores of the layer
to the atmosphere, but other were trapped under the impermeable layers of rocks or

clay. These trapped deposits are where we find oil and natural gas reservoirs as today.

After geologists find the right place to be potentia for oil and gas extraction, aholeis
drilled and a casing is lowered down into the hole. Then cement is pumped through
the bottom of the casing to fill the area between the casing and the side of the well, in
order to prevent oil, gas and brines from entering and contaminating the underground
fresh water (aguifers). Since the casing should be in the oil well for along time and
the maintenance is costly, a pipe which is called tubing is placed in the casing which
the oil and gas are produced through this pipe.

e The amount of extracted oil and natural gas from deep underground varies
depending on factors like porosity of the rock and the viscosity of the deposits
which hinder the free flow of the product into the well. Oil and gas can be
recovered in three main stages as follows [3]:

1. Primary recovery: Thistechniquerelieson the pressure of the underground
to drive fluids to the surface. There are some other methods to artificially
lift the oil up such as pumping back the gas to the well to push the oil up.
In this method, just 10% of the oil in the depositsis recoverable.

2. Secondary recovery: In this technology the water that is produced and
separated from the oil in theinitial phase of drilling is pumped into the oil-
bearing to boost oil recovery with an additional 20% of the ail in place to
the surface.

3. Enhanced recovery: There are three main approaches to extract the
remaining oil inthereservoir: thermal recovery, gasinjection and chemical
flooding. By employing these techniques, 60% of the reserve can be

recovered to the surface.
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(@ Thermal recovery: In this technique, steam is injected into the
reservoir. Steam increases the pressure of the reservoir and also the
heat from steam reduces the viscosity of the oil which makes the flow

easier to flow.

Production Well

Injection Well

{3
‘l-

Z5 .
NOT Ve o
R T O

Injected COy CO; and Oll expands and moves
encounters trapped oil oll mix towards producing well

Figure 1.1. Enhanced oil recovery (EOR) using COz2 injected into oil reserves
will boost oil production [4].

(b) Gas injection: The aim of this technique is the same as thermal
recovery technique but with different methodology. By injecting
miscible gases into the reservoir, gases such as CO2, methane, propane
or other gases dissolve in the oil to lower the viscosity and increase
flow, and by injecting immiscible gases which do not mix with oil, it
increases the pressure of the reservoir instead. This technique is
nowadays widely used by CO: flooding not only for the purpose of
Enhanced Oil Recovery (EOR) but also for reducing the emissions

from the fossil fuels as a part of global warming scope. The schematic
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of EOR as part of Carbon Capture and Sequestration (CCS) technique
isshownin Figure 1.1.

(c) Chemical flooding: Thistechnique involvesin injecting mixing dense,
water soluble polymers to the reservoir which has an identical effect
like the other techniques [3].

1.3. Scalingin oil and gas

Generdly, the accumulation of dissolved minerals and deposition on equipment
surfaces is called scaling. Scale formation is recognised as one of the major flow
assurance problems affecting production in the oil and gas sector. The main problem
of scaling is clogging the wellbore and preventing fluid from flowing easily, which
could be so costly. For instance, in the North Sea well in the Miller field, the
production fall from 30,000 Barrel per day to zero in just 24 hours. The scale can be
deposited all along the water paths [5].

Figure 1.2. Flowline clogged by scale [6].

The scale is mostly originated either from the precipitation of water that is naturally
in the reservoir or as a result of produced oversaturated water with scale component

when two incompatible water streams meet in the downhole. As a result, wherever
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water isinjected into the oil well to enhance recovery, thereisapossibility of scale to
form [2].

As shown in Figure 1.2, the thickness of the scale deposit is about 3 inches which
have reduced the pipeline cross-sectiona areaby more than 58% in every threeto five

months depending on the water cut.

(@)

Figure 1.3. Theformation of carbonate scalein an oilfield: (a) Beforethedrill
bit reachesand cracksthereservoir (thereservoir isat high pressure) and
(b) After thedrill bit cracksthereservoir, oil production is on-going and
the downhole pressureisdecreasing.

Inorganic scale deposits (e.g. CaCO3, BaSO4 and SrSO4) can deposit all along the
water paths in the pipeline applications. Oil industries normally encounter two types
of scale formation: [7, 8] carbonate scales and sulphate scales.

Carbonate-dominated scale deposits. It happens due to a change in temperature and

pressure, and mainly happens in early stages of the oil extraction process. As shown
in Figure 1.3, the oil reservoir is at its highest natural pressure until the drill bit cracks
the reservoir and the pressure and temperature of the reservoir drasticaly changes
which lead to a change in the chemical composition of the brine solution in the

downhole and the formation of carbonate scale deposits.

Sulphate-dominated scale deposits; This occurs as a result of the mixture of two

incompatible brines, and mainly happens in the latest stages of the oil extraction,
specifically Enhanced Oil Recovery (EOR) process. As shown in Figure 1.4, after a
time interval of oil production, the output rate of the oil well depletes due to the
reduction of natural pressure of the reservoir. To recover such reductions, seawater
which is both cheap and abundant is pumped into the downhole. Seawater isrich in
sulphateions and reacts with aquifer whichisrichin cationion (such as Ba?* and Sr?*)

and results in the formation of sulphate scales.
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Figure 1.4. Theformation of sulphate scalein the oilfield: (a) Oil production at
an optimum rate, (b) Oil production depletion, (¢) pumping seawater into
the oil well, rich in sulphateionsand (d) EOR with seawater .

1.4. Objectivesof thethesis

The principal goal of this study is to understand and predict the process of surface
scaling in the valve and pipe applications in the oil and gas industry. To characterise
the type of scale forming on the surface in the downhole and the ground level of the
oilfield, two laboratory setup has been designed as deposition and adhesion processes.
In the deposition setup, the coated samples are immersed in the brine solution from
the beginning of the tests in the laboratory while in the adhesion setup the coated
samples are immersed in the brine solution when the rate of crystallisation is in

balance with the rate of dissolution.
The main objectives of thisthesis are:

e To understand and characterise a good anti-scaling surface, diverse types of
existing commercial coatings are selected and tested based on operationa
conditions in terms of the chemica and flow conditions.

e To understand and assess the surface scaling tendency in both the carbonate-
dominated and sulphate-dominated brine compositions in laminar and

turbulent flow regimes.
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e To evaluate the surface scale formation for a wide range of modified surfaces
in two processes. “ Deposition” and “Adhesion”, where the former one can be
referred to the process which the nucleated growth of scale for the asperities
at the surface in a heterogeneous form, and the latter one can bereferred asthe
process that the pre-existing crystalsthat are formed in the bulk would stick to
the surface.

e To assess the morphology and chemical composition of the scale deposits
formed in such complex brine compositions.

e Anaysing the scale crystals that are the product of co-precipitation and co-
deposition processes for both of the complex brine compositions.

e A surface engineering study to bridge a systematic experimental scale study
to field data.

The current study shows that if properly selected, surface engineering offers a great
promise as an approach to prevent mineral scale deposition in the piping system of
oilfields.

1.5. Oveview and outline of thethesis

The first chapter gives an insight into the scale formation processes along with its
associating problems it faces in the oil and gas industry. The mechanism of different
types of scale formation in the oil production systems have been addressed, aswell as

presenting the objective and the highlight of this work.

A comprehensive literature review on the type of scales and its formation in the oil
and gas industry, as well as the theories of crystal growth and the parameters that
affect the rate of crystallisation and surface scale formation, are given in chapter two.
This chapter also encompasses the surface parameters that affect the surface scaling

tendency.

Chapter 3 mainly providesthe detail s of the experimental setup and the methodologies
that have been employed to conduct the scaling research as well as the analysis

techniques to study the surface scale formation.

In chapter four, the hydrodynamic effects on modified surfaces in the carbonate-
dominated brine conditions have been studied, as well as the morphology and
chemical composition of the scale deposits. Similarly, the same study has been
conducted and reported in chapter five. The same methodology has been applied but
in sulphate-dominated brine composition.
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In chapter 6, field data has been presented, where scaling tests have been conducted
in one of the oil production sitesin Brazil and the surface scale tendency of modified

surfaces in the re-injection oil facility site is observed.

The discussion of the results and the performance of the modified surfaces in the
sulphate/carbonate-dominated brine composition in the laminar/turbulent flow
conditions for the adhesion/deposition processes, as well as the effect of surface
roughness/surface energy of the modified surfaces on the rate of surface scaling
tendency is provided in chapter 7. Also, the scale deposit crystals as the product of
co-precipitation have been studied for both water compositions.In addition, the field
data has been compared with the results obtained from the systematic |aboratory
surface scaling test.

In the end, the summary, conclusions and recommended future work are presented in

chapter 8.



-9-

Chapter 2

Background and Literature Review

2.1. Introduction

In many industrial systems, scale formation causes significant problems, not only
when it precipitates in a bulk solution but when it deposits on surfaces. In the oil and
gasindustry, many oil wells suffer from flow reduction due to scale deposition within
the downhole utilities and pipe and valve applications, generally in oil recovery
operations. The shared disadvantage of both chemical and mechanical treatments is
that they do not only remove scale from the formation, and thus they ignore all
formation damages. Strategies to prevent surface deposition are of interest. Surface
analysis is the first step towards understanding the scale deposition on the surfaces.
Although surface deposition and precipitation are interlinked, they have very different
kinetics. In developing a surface engineering strategy for scale it is particularly
important to understand some parameters in scaling such as surface parameters, e.g.
the roughness and the wettability, kinetics of surface depositions, and the induction
timefor surface scaling which is dependent on the flow regime and the supersaturation
rate.

2.2. Scalingintheoil and gasindustry

The process of scale formation is aresult of several chemical and physical relations
which tend to bring the whole system to equilibrium; and scale formation happens
when the solubility of different compounds in the water is exceeded, for instance in
reservoir fluidstotal dissolved solids can reach 400,000 (mg/l). However, thisnumber
is so dependent on thermodynamic and chemical parameters such as temperature,
pressure, pH, water composition, etc.,, and so determining the extent to which
compounds can be dissolved or will come out of solution is not trivial.

Groundwater and water in the near surface environment are usually different from the
subsurface water associated with gas and oil fields. Normally, water is a good solvent
for many materials and can carry a lot of ions and scaling minerals. Water is used
during the oil recovery process to enhance the production rate. Water treatment and

analysis are of primary importance in scaling in an oilfield environment.
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The subsurface water in carbonate and cal cite-cemented sandstone reservoirsis rich
in magnesium (Mg®") and calcium Ca*, and sandstone formation fluids contain
barium (Ba*) and strontium (Sr?*). Most scale found in oil fields forms either from
precipitation in the reservoir rocks or as aresult of two incompatible waters meeting
downholewhich majorly resultsin the scale formation of calcium carbonate (CaCOg),
barium sulphate (BaSO4) and strontium sulphate (SrSO4) that is costly to remove
either physically or chemically in the oil and gas applications. In order to effectively
manage these scales forming on surfaces we need to comprehensively understand (a)
type of scales and scale formation rates; (b) process of scaling; (¢) parameters which

affect the scaling rate; and (d) surface characterisation.

2.3. Typeof scalesand scale formation

Generdly, there are two different types of scaling (or fouling): organic scaling
(biofouling) and inorganic scaling. Biofouling refers to the accumulation of micro-
organisms, plants algae, or animal on wetted surfaces which causes the degradation
of surfaces. Inorganic scaling may occur by one or the combinations different
mechanisms, such as precipitation or crystalisation fouling, particulate fouling,

chemical reaction fouling, corrosion fouling, and solidification fouling.

Depending on water chemistry and composition, and the environmental conditionsin
the oil and gas fields, various types of scales can form. Sulphate and carbonate, due

to their low solubility, are the dominant scales.

It is estimated that more than 60% of the world’s oil and 40% of the world’'s gas
reserves are held in carbonate reservoirs. Also in the Middle East, these numbers
escalate to 70% and 90%, respectively[9]. In such reservoirs, as the aquifer water
passes through the bubble point and the carbon dioxide evolves, the carbonate scale

would form, according to Equation 2.1.

Ca** + 2HCO; —— CaCO05 + CO, + H,0 Eq (2.1)

As carbon dioxide evolves the solubility with respect to carbonate drops quickly and
forms a precipitate with divalent ions such as calcium, or iron in some special

circumstances. In cases where the water cut rises to compensate the oil production,
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the injected water (seawater, aquifer) contains sulphate which consequently resultsin

the formation of sulphate scales, as follows:

Ba?* (Sr?* or Ca**) + SO~ —— BaS0, (SrS0, or CaS0,) Eq (2.2)

Depending on the cation, sulphate and carbonate scales have a wide range of
solubility. Common scale minerals that are found in oil and gas industry, their
composition, relative solubility and physical conditions that cause their formation are
shown in Table 2.1.

Table2.1. Common scalesin oil and gasindustry (conditions. T = 100°C, at pH
=7)[10-12]

Mineral type Composition Relative solubility (mg/L)  Causesof solubility change

Calcite CaCOs3 196 Pcoz, Pat, TDS, T, pH
Barite BaSO4 44 P, T, TDS

Celegtite SISO, 520 P, T, TDS
Anhydrite CaS04 3270 P, T

Gypsum CaS04.2H,0 6300 P, T

Siderite FeCOs 100 Pcoz, Pot, TDS, T, pH

Pcoz: Partial pressure of CO2, Pit: Total pressure, TDS: Total Dissolved Solids, T: Temperature, P:
Pressure

The main types of scalethat are normally found in oil and gasfields are carbonate and
sulphate scales. Whilst the formation of carbonate scale [13, 14] is associated with the
pressure and pH changes of the fluid, the sulphate scale occurrence is due to the
mixing of incompatible brines[2, 15]. Normally the reduction of pressure leadsto the
release of CO: into the gas phase leaving the solution which is supersaturated in
calcium carbonate; and the increase in temperature leads to the formation of calcium

sulphate scale, i.e. gypsum and anhydrite.

Due to the lower solubility of barium sulphate compared to calcium carbonate and
sulphate scales of strontium and calcium, it is one of the main barriers of flow
assurance, although the amount of sulphate within the formation water or in seawater
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islow. In one glance, one of the strategies that can be employed is de-sulphating of
seawater, which normally reduces the amount of sulphate to 40ppm; however, the
sulphate level must belower than 10 ppm in order to eliminate barite scale completely
from the whole production system, which seems that it is not economically feasible
[16].

2.3.1. Calcium carbonate scale forms and its polymor phism

Calcium carbonate is the most common type of scale that occursin oil and gasfields.
It has the capability to crystallise in three hydrate forms. (a) amorphous calcium
carbonate, (b) monohydrate and (c) hexahydrate calcium carbonate; and in three
anhydrate forms as (@) calcite, (b) aragonite, and (c) vaterite. The solubility of these
anhydrate crystal are Kegicite = 1.9 X 10™°,  Karqgonite = 478 x 107°,  and
Kyaterite = 12.6 X 107° at 20°C, respectively [17]. The rareness of the vaterite can
be explained by its higher solubility comparing to other two calcium carbonate
polymorphs. Calcite is thermodynamicaly the most stable crystal with the least
crystal defectsin its crystal among these polymorphs, while the vaterite crystal is the
most instable crystal and forms as porous crystal, sinceitisnot asingle crystal and is
the result of the agglomeration of the vaterite crystals together [18].

>‘<-'-'.I.F.E il @

Figure 2.1. SEM images of scales: (a) calcite, (b) aragonite, (c) vaterite; and (d)
vaterite (spherical), aragonite (needle-like), and calcite (rhombic) [19].
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Brecevic and Kralj [20] referred to some studies that showed vaterite is the first
polymorph of calcium carbonate that forms and due to its instability it changes to
calcite and aragonite, acting as a “precursor”. In Figure 2.1, different crystal shapes
of calcium carbonate are illustrated by Scanning Electron Microscope (SEM).

Summary information of different calcium carbonate crystalsis givenin Table 2.2.

Table2.2. A summary of investigations of calcium carbonate polymorphs|[21,

22].
Calcite Aragonite Vaterite
Crystal Rhombohedral Orthorhombic Hexagona
system a=p=y # 90° azb=c a<>c

a Cc
a

a a b a

Morphology | Cubic to rhombohedral Needle-like Hexagonal
Hemispherical
Apricot kernel

Favourable | Instantaneous nucleation, | Temperature above | High supersaturation, Low

condition | Room temperature, | 50°C, High pH | concentration of oxygen,
Harassed by foreign ions | value (above 13.5) | Strong tendency to spread
(Mg), High oxygen laterally
concentration oxygen
State Excellent quality Excellent quality Metastable
Single crystal Single crystal Microcrystalline
Most stable More porous Porous

2.3.2. Sulphate scale for mation

Many researchers [2, 8, 23] have surveyed on operational problems and difficulties
associated with sulphate scales which lead to additional capital and operational costs.
Sulphate scales are hard, adherent and almost insoluble in most acids and common

solvents, and aso are difficult to remove mechanically.

The existence of sulphate in the injected seawater will aso cause the formation of
hydrogen sulphide (H>S), in certain conditions, which resultsin reservoir souring and
corrosion, and more importantly istoxic and lethal. Furthermore, it escal ates the HSE

concerns regarding the radioactive waste disposal (adherence of radioactive species,
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radium isotopes) to such scales [24]. The treatment of sulphate scales is (a) very
expensive, (b) field dependent, (c) a tria-error procedure (necessarily cannot be
generalised for al oil fields), and (d) only successful in less severe cases of scaling.

Figure 2.2. SEM images of normal crystal form of barite: Orthorhombic (a)
and (b) [26]; Bipyramidal (c) and (d) [27].

Barium sul phate (barite) and strontium sulphate (cel estite) are the most common types

of sulphate scales, dueto their low solubility, that occur in oil and gas industry.

Barite, BaSO4, a member of alarge class of isomorphous crystals and is described as
orthorhombic bipyramidal [25]. The crystal shape of barite is not well defined and its
shape would be dependent on the conditions that it is processed. Figure 2.2 illustrates

the common shapes of barite crystals.

Blount [28] has shown in his report that barite has its maximum solubility between
100°C and 150°C. Pressure and temperature effects on barite solubility above 150°C
aresimilar to solubility trends of anhydrite and celestite. However, the author believes
that only in this work such results are presented and not supported by other research

teams.

The morphology of strontium sulphate crystals is shown in Figure 2.3. The
morphology of strontium sulphate is also so dependent on the formation process. In
some studies, its morphology would be sisal-like hierarchical structures[29].
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Figure 2.3. SEM images of strontium sulphate at (a) 298K and (b) 308K [30].

2.4. Scaleformation process/ theories of crystal growth

The scale formation process can be divided into two different processes. nucleation
and crystal growth. However, to have scale formation, the solution itself should have
the ability to form nuclei and increase their size. So the solution should be
supersaturated with ions. In other words, the saturation ratio is thermodynamically the
driving force of scale formation. The schematic representation of the calcium
carbonate scale formation is shown in Figure 2.4.
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Figure 2.4. Schematic representation of the most important stepsin the
pathway from solubleionsto a microscopic calcium carbonate scale
deposit [31].
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2.4.1. Expression of supersaturation

The term “supersaturation” of a system may be expressed in many different ways and
itisessential to quote the temperature when expressing the supersaturation of asystem
since the equilibrium saturation concentration is temperature dependent. There are
some basic units that are commonly used: concentration driving force, Ac, the
supersaturation ratio, SR, and a quantity sometimes referred to as the absolute, or
relative supersaturation, o [32]. These quantities are described as the following

eguations:

Ac=c—c Eq (2.3)
c
SR = p Eq (2.4)
A
a=c—f=5R—1 Eq (2.5)

where, cisthe solution concentration, and ¢* isthe equilibrium saturation at the given
temperature. However, for practical purposes, the supersaturation ratio can be
expressed directly in terms of solution concentration such as molarity (mol/lit of
solution, c), molality (mol/kg of solvent, m), mole fraction, x, or even ion activity
(whichin our study is more common). For example, based on the scale that we would
have the saturation ratio can be expressed as:

_ (ace2+) x (acpzz-)

SR aicite = K Eq (2.6)
sp,CaCO3
ap 2+) X (A 2—
SRyarize = ( BaI;) ( S04 ) Eq (2.7)
sp,BaS04
(ag2+) X (Agpq2-)
SRCelestite = 5 504 Eq (28)

K sp,SrsSo4
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where, a;j+ and a;;- are the ion activities of the anion and cation respectively, and
K, isthe solubility product which is a constant number and is defined as the product
of ions reactants either dissolved or un-dissolved in equilibrium conditions. The
supersaturation ratio would be different in different conditions, since the ion activity
and solubility product are pressure and temperature dependent. The supersaturation
of an aqueous solution refers to how much of a certain salt is currently dissolved in

the solution, above that which would be present at equilibrium [33].

Also, in some studies the saturation index, S, is frequently used which corresponds
to the logarithm of SR, to express scaling tendency.

Homogeneous nucleation

" Supersaturation
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Transient stability \
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a Further growth at sites
‘ Ba of crystal imperfections
@ o’

Figure 2.5. Homogeneous nucleation process: ion pairsin supersaturation
system and then cluster start to grow [2].

The scale formation can be expressed by saturation ratio which can be any of these

cases:

e if SR <1, then the solution is considered as undersaturated and it can still
dissolve any deposits and the scale formation is not possible.
e if SR = 1, thenthesolutionisconsideredto bein equilibrium condition, which

meansthat therate of scaleformationisequal to the dissolution of the deposits.
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e if SR> 1, then the solution is considered as supersatured and the scale
formation is thermodynamically likely to happen.

e if SR > 40, then the precipitation of calcium carbonate would be spontaneous
[34].

2.4.2. Nucleation

Although the driving force for scale formation can be temperature, pressure, pH shift,
outgassing, supersaturation, or the contact of incompatible waters, the scale aways
does not form. Before crystal's can form, there should be sometiny solid bodies, nuclei
or seeds in the system that act as centres of crystallisation. Thereis no genera ruleto
categorize the nucleation process, but researchers[32, 35, 36] categorized them as (a)
primary nucleation which is expressed as all sorts of nucleation provided that the
system does not contain any crystalline matter, and (b) secondary nucleation where
the nuclei are generated in the vicinity of the crystals existing in a supersaturation
system. Furthermore, if the primary nucleation occurs without any external stimuli, it
is homogeneous nucleation (Figure 2.5), on the other hand, if the primary nucleation
happens by the influence of external stimuli (such as pipe surface roughness, or joints

and seams in the production line) it is known as heterogeneous nucleation.

2.4.3. Primary nucleation

24.3.1. Homogeneous nucleation

In a homogeneous fluid, the formation of the nucleus is not well understood but the
Gibbs free energy can explain the nucleation and crystallisation process at some point.
The overall free energy change (AG) required for the formation of small particle of
the solute (for ssimpler casesit is considered as spherical with theradius, r), is defined
as the sum of the free energy change for the formation of a solid surface (AGys), i.e.
the free energy between the surface of the particle and the bulk of the particle, and the
free energy change of transformation (AGy), i.e. the free energy change between a

very large particle (r = o) and the solute in solution, as the following equation [37]:
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Retarding energy

AG, = surface free-energy change
= 4mriy
AG?

P AG, = total free-energy change

Radius of particle, 7 ——p

Drivi ) .
TIVILE ENCLEY AG,, = volume free-energy change

=i a A
=z wr AG,

| === Free energy change, AG ——p L+

Figure 2.6. Free energy diagram with regard to the radius of the particle [38].

AG = AGs + AGy Eq (2.9)

where, the magnitude of AGs is proportional to r2, and is a positive quantity, and the
magnitude of AGy is proportional to r3 and is a negative quantity. Equation 2.9 can

be rewritten as;

4
AG = 4mr?y +mr3AG, Eq (2.10)

where, AG, is the free energy change of transformation per unit of volume and y is
theinterfacial tension (or surface energy), i.e. between the supesaturation solution and

developing crystalline surface.
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As shown in Figure 2.6, the two components of the free energy are of opposite sign
and as aresult, the total free energy passes through a maximum number, AG,., which

corresponds to the critical nucleus, r*(or rcrit), and can be calculated as follows:

dAG
= 8nry + 4nr?AG, = 0 Eq (2.11)

Therefore

=g Eq (2.12)

By referring to Figure 2.6, AG,, isintrinsically a negative number, so:

16my3

AG = ——=
T 3(AG,)?

= 0.75my(r*)? Eq (2.13)

The critical sizer” is the minimum size of a stable nucleus. In other words, particles
smaller than r* will either dissolve or evaporate (in a supersaturated vapour), and

particles larger than r™ will continue to grow [32].

Apart from the size, the rate of nucleation, J, is aso important. The rate of nucleation
isthe number of nuclel formed per unit of time per unit volume, and can be expressed

by the modified format of the Arrhenius reaction velocity equation, as follows:

16my3v?
3Kk3T3(In S1)?

J=A.exp Eq (2.14)

where, A is constant and will vary depending on the order of the reaction, v is the
molecular volume, k is the Boltzman constant, T is the temperature and Sr is the
degree of supersaturation. This equation shows that the rate of nucleation is mainly

depending on three factors. temperature, saturation ratio and surface energy of the



-21 -

particle. There are other modifications to this equation which is out of the scope of

this study but for more information the reader can refer to the crystallization book by

Mullin [32].
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Figure 2.7. The nucleation induced by surface defects or rough spots, called as
“heter ogeneous’ nucleation [2].

24.3.2. Heterogeneous nucleation

In a nucleation process, even pure homogeneous nucleation is induced in some way,
which accentuates that the homogeneous nucleation is not a common process, i.e. at
the nanoscale, the homogeneous nucleation is considered as a heterogeneous
nucleation due to the existence of nanoparticles. For instance, in an aqueous solution
that normally prepared in the lab, there are roughly more than million particles with
the size of less than 1um in the solution. Filtration can reduce this number, but still

some particles can exist in the solution. Heterogeneous nucleation is greatly affected
by the impurities in the solution.

In general, homogeneous nucleation occurs mainly at high supersaturation brine
solution while the heterogeneous nucleation is dominant at low supersaturation brine
solutiong[32]. The general description of heterogeneous nucleation isshown in Figure

2.7, which the nucleation is dominantly induced by surface imperfections or surface
roughness.
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Asseenin Equations2.13 and 2.14, the surface energy (or interfacia tension), y, plays
amajor role in the nucleation process. In the process of scale deposition occurring on
asurface, there are three phasesin contact, and consequently threeinterfacial tensions
between surfaces, comprising as: (a) y.;, theinterfacial tension between the crystalline
deposit and the liquid, (b) y;, the interfacial tension between the solid surface and
the liquid, and () y.s, the interfacial tension between the crystalline deposit and the

solid surface.

Yel

Liquid (L)

Crystalline
deposit (¢)
Ves = g Y

Solid surface (s)

Figure 2.8. Interfacial tension at the boundaries between two solids and one
liquid [32].

As shown in Figure 2.8, by resolving these forces in a horizontal direction will lead

to:

cosO = Vst — Yes Eq (215)
Ya

where, 6 isthe angle of contact between the solid surface and the crystalline deposit.

The overal critica free energy change with the formation of heterogeneous
nucleation, AG/,;; can be expressed by the overall critical free energy change with

the formation of homogeneous nucleation, AG,.,;¢, as follows:

AG(,:rit = QAG Eq (2.16)

where, ¢ islessthan unity and expressed as.
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_ (2 +cos8)(1 — cosh)?

Eq (2.17
2 q(2.17)

These are the conditions [32]:

e |If 8 = 180°, i.e. complete non affinity between the crystalline and the surface
(or non-wetting in liquid solid base) then ¢ = 1 and AG,,;; = AG.,;; Which
means that the overall free energy of nucleation needed is the same as for
homogeneous nucleation.

e If 0 < ¢ < 180, then easier nucleation can be achieved, since the free energy
change required is less than that in a homogeneous nucleation.

e If 6 = 0,i.e. completeaffinity (or complete wetting) then ¢ = 0 and AG/,.;; =

0 which means that no nuclei have to be formed in the solution.

The critical supersaturation number for the homogeneous nucleation is about 40,
while in the case of heterogeneous nucleation, this value is lower compared to the
homogeneous nucleation[32, 39]. As a result, the nucleation rate of heterogeneous

nucleation is higher which affects the crystal morphology of scale depositg40].

24.3.3. Secondary nucleation

The term secondary nucleation is normally used to investigate in particular the
nucleation in a supersaturation solution that the crystals are aready formed in the
solution while in the primary nucleation there is no formed crystal. So many theories
have been proposed for the secondary nucleation which can be mainly categorised
into two categories [41, 42]:

1. Theorigin of theformation of nuclei can bereferred to the parent crystal. This
type of nucleation can be: (a) initial or dust breeding, (b) needle breeding, or
(c) collision breeding. In dust breeding, minute crystalites are formed on the
crystal surface which act as nucleation sites. Needle (or dendritic) breeding
occurs at high supersaturation where needle-like pieces of crystals form as
nucleation sites. Collision (or attrition) breeding happens in high stirring
speeds which result in the rounding of edges and corners of crystals, the
remaining bits are considered as nucleation sites. Such mechanism is

dependent on crystal hardness and the concentration of suspension.
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2. Theorigin of the formation of nuclel can be referred to the solute being in the
liquid phase, and the attributed mechanismsin this category could be: () due
to impurity concentration gradient nucleation; or (b) nucleation due to fluid
shear. In the impurity concentration gradient nucleation theory, it is assumed
that thewholefluid isstructured and the areanear to the surface of the crystals
IS more supersaturated; impurities are either dissolved in the solution or unite
with the formed crystals. So there are impurity concentration gradientsin the
solution which increase the rate of nucleation. It is predictable that stirring the
solution reduces the impurity concentration gradient which leads to lower
nucleation rates. The fluid shear mechanism is expressed in high
supersaturation solution where dendritic crystals are formed and due to either
flow shear or dendrite coarsening mechanism break, which will be the source

of the nucleation sites.

In short, the secondary nucleation originates due to either from the boundary layer
near the growing crystal or from the seed crystal. There are some parameters that
affect the secondary nucleation such as the supersaturation ratio, the degree of
agitation and the presence of impurities. For instance, the size of the critical nuclei
decreases asthe degree of supersaturation increases; the stirring the solution decreases
the absorbed layer around the crystals which leads to alower rate of nucleation; or the
effect of the existence of impurities in the solution will vary but normally by an
increase [32, 42].

2.4.4. Induction time

Sonhel and Mullin [43] describe the induction period as the time el apses between the
achievement of supersaturation and the first observable changes in the physical
property of the precipitation system. These changes could be the variations of solution
composition or conductivity, or the turbidity which is affected by the appearance of
the crystals, depending on the experimental setup or equipment that is employed to
detect this interval. As a consequence, the accuracy of the experimental induction

period depends on the equipment sensitivity.
The induction time encompasses three periods of time, as follows [32]:

() Relaxation time, t,., the time needed for the molecule clusters to distribute

within the solution to reach to a quasi-steady- state conditions. The relaxation
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time depends on the viscosity of the solution, or consequently the diffusivity
of the solution.

(b) Nucleation time, t,,, the time needed to form stable nuclei. Nucleation time
depends on the supersaturation which affects the size of critical nucleus.

(c) Grow time, t,, the time needed for a nucleus to reach to arecognizable size.
Grow time depends on the size at which nuclei are detectable, and the
equipment that are employed.

Solution concentration

Figure 2.9. A de-super saturation curve (diagrammatic): c* = equilibrium
saturation, tn = nucleation time, ting = induction time, tjp = latent period [32].

At lower supersaturation systems another time lag may be observed, expressed as the
latent period. The latent period is defined as the beginning of a significant change in
the system,; for instance, some clear evidence of the solution de-supersaturation. A de-
supersaturation curve isillustrated in Figure 2.9.

The induction time, t;,4, IS affected by either thermodynamic parameters such as
temperature or pressure, or solution composition and saturation ratio. He et al. [44]
demonstrated that the nucleation induction time of CaCOs is delayed in the presence
of inhibitors, and also showed that the logarithm of the induction time of CaCOs is
inversely proportional to SI at a given temperature and proportional to 1/T at agiven
saturation index. Stamatakis et a. [45] reported that the induction time of calcium
carbonate at 25°C decreases exponentially as the saturation ratio increases. They also
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conducted the precipitation test for calcium carbonate at different temperatures and

proposed the following semi-empirical equation, which isillustrated in Figure 2.10.

3.0 959.8 1849.9
= — - Eq (2.18
log ting = 3.2 S T + SIXT q(2.18)

where, T, isthe temperature and S is the saturation index.
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Figure 2.10. Plot of the induction time ver susthe SRcacos for different
temper atures based on an empirical equation [45].

2.4.5. Scalecrystal growth

As presented in the nucleation section, the nucleus needs to reach to a certain
magnitude, i.e. critical sized cluster of molecules, to grow based on Gibbs free energy,
and if it does not reach that, it will dissolve into the solution. Koutsoukow and
Kontoyannis [46] have shown that the precipitation at the initia stage has rapidly
grown in anumber of crystals, while at later stages the crystals formed grow without
anincreasein their quantity. In order to understand different mechanisms and kinetics
of the cluster growth, different theories have been developed such as surface energy

theory and diffusion theory.
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The surface energy theory governs when the differences in solubility are small, i.e.
between the solute and the solution; growth is mainly governed by surface energy.
According to this theory, as the supersaturation enhances, the growth becomes rapid
in al directions and consequently, the shape of the crystals should be spherical. But

in experiments, it has been noted that in high supersaturation, well-defined faces are
propagated [47].

The diffusion theory was first proposed by Noyes and Whitney [48] based on these

assumptions:

1. Inthevicinity of agrowing surface, thereisaconcentration gradient.

2. Dissolution processisthe reverse process of the crystal growth.
They a so proposed the following expression for the solute that will get deposited over
the crystal surface:

dn D
@tz _ Eq (2.18
T SA(C c,) q(2.18)

where, dm isthe mass of the solute deposited on the crystal surface of area A during
time dt, D isthe diffusion coefficient of the solute, § is the thickness of the stagnant
layer at the vicinity of the crystal surface, and (C — C,) isthe difference between the
actual and equilibrium concentration of solute. Like the other theory, there are some
observations that does not support the diffusion theory [47].

2.4.6. Adhesion

The word “adhesion” means “stick to”, and the use of adhesion is expressed as the
state or phenomenon where two entities are stuck together. It is accepted by American
Society for Testing and Materials (ASTM D 907) that the definition of adhesion is
referred to “the state in which two surfaces are held together by interfacial forces,
which may consist of valence forces or interlocking forces or both”. The magnitude
of adhesion is expressed in different ways depending on where the term is used.
Adhesion can be measured by either the forces between atoms at the interface or the
number that results from shear stress, tensile stress and so on. Thefirst term isknown
as “fundamenta” adhesion and tied to one of the theories of adhesion to a particular
model for the interfaced problem; and the latter term isknown as*“ practical” adhesion

and can be referred to the strength of ajoint or coating, known as peel strength [49].
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The adhesion of the particulate matter onto the surface is one of the stages in which
the fouling devel ops. The concepts of adhesion of inorganic particles onto the surface
due to the size of the particulate matters (e.g. less than 1um, known as colloidal size)
can be referred to colloidal concepts. In such conditions, the hydrodynamic and
gravitational forces are negligible since shear forces are not as effective as they are
when the particle sizes are small. The dominant forces between the colloids are van
der Waals forces (considered as attractive forces), and electrostatic double layer
forces (considered as repulsive forces). Van der Waals forces correspond to the
attractions and repulsion between atoms, molecules and surfaces, as well as other
intermolecular forces; whilethe el ectrostatic double layer forces appear on the surface
of an object when it isexposed to afluid. Asaresult, the process of adhesion between
particulates in aliquid medium and the surface is determined by the balance between
the attractive van der Waal s forces and the repul sive el ectrostatic double layer forces,
known as Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. There are other
forces depending on the conditions play a major role in the adhesion process, such as
hydrophobic interactions in polar media; ion bridging with the presence of positively

charged ions, and steric forces in the presence of polymers[50].

2.5. Factorsaffecting scale formation

One of the main reasons not to have a clear idea about the process of scale deposition
is that there are so many factors influencing the scale formation in the bulk solution
and on the surface. These factors could be either the operating conditions of the bulk
solution such as: hydrodynamics of the flow, solution composition, pH, temperature,
dissolved and suspended impurities, the presence of gas bubbles, CO- content in the
water, etc.; or the surface parameters such as surface roughness, surface energy,
complexity of the surface (defined by fractal dimension), etc. At aglance, it seemsto
be practical to analyse each factor that is affecting the scale formation solely, but in
real conditions, there is a combination of factors affecting the scale formation which
make the process of scale deposition on the surface unpredictable. For instance, the
crystallization process in the bulk can be either inhibited by impurities (having
scrubbing effect) or escalate the nucleation process (acting as nucleation sites); or in
surface deposition, higher the velocity have higher deposition rate up to a point where
the shear stress (induced by hydrodynamic conditions) acts as scale removal factor.
So many case studies have been conducted by researchersto study the effect of various

parameters on the scale formation rates which are presented as follows:
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2.5.1. Effectsof temperature

The fluid temperature plays a major role in scale formation due to its effect on the
supersaturation of different salts. For instance, calcium carbonate solubility is
inversely proportional to the temperature, i.e. as the temperature increases, there are
more deposited crystals formed on the surface. On the other hand, the solubility of
barium sulphate is proportional to temperature in the range of 25-100°C and then the
solubility decreases up to 200°C [2].

Merdhah and Y assin [51] have reported that the solubility rate of barium sul phate with
regard to temperature is so affected by the ion centration of barium. They measured
the solubility of the barium ions at 250 and 2200 ppm, and they found that as the ion
concentration increases the solubility of barium sulphate increases by increasing the

temperature, which leads to lower precipitation.

There are some studies that have proved that temperature also affects the morphology
of calcium carbonate scale [52, 53]. At high temperature (e.g. 60°C) the dominant
morphology of calcium carbonate scaleis aragonite, whereasfor low temperature (e.g.
25°C) the deposits are mostly composed of calcite and vaterite. Some surveys have
also conducted regarding the size of the crystals formed at different temperatures. Yu
et a. [54] have reported that as the temperature increases the size of the formed
crystals decreases, e.g. the deposited crystals sizerange 6 to 12 um at 25°C, while the
crystals size sightly decrease to about 4 to 10 um at 80°C.
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Figure 2.11. Reaction rate constant of barium sulphate with regard to
supersaturation in different temperatures[51].
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2.5.2. Effectsof saturation ratio

Supersaturation ratio is known as the driving force to scale formation. Therefore, the
higher the supersaturation the higher the scale formation rate is. As mentioned in the
supersaturation section, for supersaturation value more than one the scale formation
thermodynamically is possible. As shown in Figure 2.11, the reaction rate constant of
barium sulphate increases proportionally with supersaturation and, of course,

temperature.

The reaction rate constant of barium sulphate increases linearly with supersaturation
at 50°C, but as temperature increases, the reaction rate constant of BaSOa increases at
lower speed comparing to lower temperatures. The reason can be explained as the
solubility of BaSOs increases proportionally with temperature, so less scale will form,
and this trend is more effective where the supersaturation of barium is higher. But
eventually, for higher supersaturation value (more than 1.15), it can overcome the

temperature effect and consequently the scale will form with a higher rate.

2.5.3. Effectsof pressure

Pressure changes, as a physical parameter, would definitely affect the scale form, but
its impact is not as high as some other parameters such as supersaturation and
temperature. Some studies have been conducted [2, 55, 56] to investigate the pressure
effect.
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Figure 2.12. Average cover age estimated by electrochemical technique versus
pressure[56].
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Generadly, pressure raise would increase the solubility of barium sulphate and
decrease the supersaturation; Asamatter of fact, the same trend for carbonate scaling

system istrue, as shown in Figure 2.12

Peyvandi et al. [56] have reported that by increasing the pressure, both the number of
nucleation sites and the size of the crystals decrease, and a so they have investigated
the polymorphism of calcium carbonate and found that the dominant polymorph of

calcium carbonate at high pressureis calcite.

Dyer and Graham [55] investigated for systems with low and high sulphate brine
system for different pressure cases, as shown in Figure 2.13; and they found that the
effect of pressure is not as much as temperature and supersaturation; however, they
mentioned that the effect of pressure on the formation of both scales at 180°C is more
significant than at lower temperatures.

Temperature ('C)

Figure 2.13. Prediction of BaSO4 (above) and CaCOs (below) scale formation
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2.5.4. Effectsof bulk alkalinity (pH value)

There are some difficulties in understanding the concept of pH. But in a simple
explanation, pH shows the number of hydrogen ions (H*, also referred as “protons’)
in asolution. The effect of pH valueis one of the major concerns, especialy in oil and
gas industry. In applications where the flow assurance is the main concern, dosing
acid to the system (reducing the pH value) will minimise the scale; however, low pH
value makes the system prone to corrosion problems. Therefore, the pH value should
be monitored carefully throughout the system to minimise both the scale and corrosion
problems. Asshown in Figure 2.14, studies have shown that the scaling process occurs
even in lower pH, but the corrosion increases sharply as the pH decreases, so the
optimum number of pH to avoid the scale and corrosion problem is between 6 and 7

[57].
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Figure 2.14. The effect of pH on corrosion and scale [58].

The effect of CO: in the solution on the rate of scale formation will be discussed in
another section, but the amount of CO» dissolved in asolution isnot as straightforward
as some ions like Ca?*, 3" and Ba®* since in water CO, can form as carbonic acid
(H,CO03), bicarbonate ion (HCO3), or carbonate ion (C0%7), as the following
eguations:
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HCO; «—— CO% +H* Eq (2.21)

C0, —— HCO3 + Ht ——— C0% +2H" Eq (2.22)

By referring to the equations, it is obvious that these four different chemical species
forms interact with H*. Therefore, the proportion of each chemical species depends
on the pH. For instance, when we have high amount of H* in the solution (pH islow)
thenthe CO%~ and HCO3 ionsinteract with H* and will form € 0,; on the other hand,
where thereisfew H* in the solution (pH is high) then CO, and HCO3 will lose H*
and we mostly have C0O5~. Thistrend is shown in Figure 2.15. Thisisthe main reason
in carbonate scale systems that at higher pH, the amount of scale is higher due to the

abundance of carbonate ions which interact with Ca?* as the following equation:

Ca’t + C05~ ——— CaCO0;(s) Eq (2.23)

The specification a normal seawater condition (pH = 8.2, P = latm, T = 25°C) is
indicated by the dashed linein Figure 2.15, where the proportions are 88.4% (HC 03 ),
11.0% (C0%7), and only 0.54% (C0,); Indeed, these proportions would be easily
changed by variations of physical and chemical conditions [59].
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Figure 2.15. Specification diagram for CO2 in seawater showing therelative
proportion of each species.
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2.5.5. Effectsof CO2

In a supersaturated brine solution which is prone to carbonic scale formation, carbon
dioxide affectstherate of scaleformation. Asshownin Figure 2.16, the carbonic scale
formation encompassing carbon dioxide, carbonic acid, bicarbonate ions, carbonate
ions, calcium ions and calcium carbonate, is sketched.
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Figure 2.16. Schematic representation of the carbonic scale system [60].

In a carbonic scale system the following equation governs:

Ca**(aq) + 2HCO3(aq) ——— CaC03(s) + CO,(g) + H,0(D) Eq (2.24)

As aresult, any changes in the system would induce the system to shift the reaction
in a way to reach to equilibrium. With regard to carbon dioxide, there are two

scenarios,

1. Thedecreasein COz: In oil fieldsin the downhole, the chemical species are
in equilibrium till the drill reaches to the reservoir and breaks this equilibrium

which leads to apressure release. Asthe pressure reduces abruptly, the carbon
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dioxide releases into the formation water resulting in carbonic acid formation.
The formation water isrich in calcium ions which interacts with carbonate and
precipitate as calcium carbonate.

2. Theincrease in CO2: The nature of CO: is acidic and its increase in water

leads to the decrease in pH which inhibits the scale formation.

2.5.6. Effectsof water composition

Sulphate scale normally happens at the enhanced oil recovery stage in oil and gas
fields due to the incompatible mixing of the injected water and the formation water.
Seawater is one of the most abundant and cheap liquids that can be employed to
enhance the oil production. The problem isthat the seawater is rich in sulphate anions
which have the potential to react with cations (such as Ca?*, Ba?*and S2*) and form
the sulphate scale (e.g. CaSOs, BaSO4 and SrSO4). The two latter ones due to lower
solubility are of main concerns in oil and gas scale problems, which their formation

with regard to the percentage of seawater is sketched in Figure 2.17.
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Figure 2.17. The amount of deposited scale from different mixtures of
formation water and injected water (seawater) [2].

2.5.7. Effectsof impurities

Many studies have been conducted to assess the effect of impurities on the bulk scale

formation and surface deposition. It has been reported that by increasing the charge
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of the cations (Cr3*>Fe**>Ni?*>Na") in the solution the inhibition effect of such

impurities would increase [32, 42].

Wadaet al. [61] have assessed the effect of different divalent cations (e.g. Fe?*, Mg?,
Ni2*, Co?*, Cd?*, Zn?* and Cu?") in the solution on different aspects of carbonate scale
formation (i.e. induction time, crystal growth, morphology etc.). The existence of such
impurities in the solution did not affect the induction time but they inhibit the crystal
growth; and to compensate the crystal growth, the supersaturation ratio should be
higher. They also found that aragonite is the dominant morphology that is formed in

the existence of such impuritiesin the solution.

Chen et d. [62] have studied the effect of Mg?* on both the precipitation and surface
deposition of the calcium carbonate. They found that the existence of Mg?* in solution
would inhibit more the bulk precipitation than the surface deposition, as shown in
Figure 2.18. So it could be concluded that these processes are two different processes.
They have also reported that by increasing the concentration of Mg?* in the solution,
the crystals that are formed (i.e. calcite and vaterite), the calcite become more
dominant crystal that isformed.
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Figure 2.18. Efficiency of Mg?* on bulk precipitation and surface deposition
[62].

2.5.8. Effects of hydrodynamic conditions of the bulk solution

Hydrodynamics of the fluid is one of the most important parameters in both scale
formation and the removal of scale. Shear stress is the main factor to remove the
deposited scale from the surface. Alahmad et al. [58] surveyed that in a system prone
to CaCOz and CaSOs scales, how the fluid velocity and consequently Reynolds
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number (ranging 400-29,600) and wall shear stress decreases the deposited scale, as
shown in Figure 2.19.

The stirring (or agitation) rate also affects the particles configuration. The calcium
carbonate particles that formed at low stirring rate seems to be dense compared to
particles formed at high stirring rate looked loosely; the author explains this
occurrence due to the effect of hydrodynamics conditions on the formation of

amorphous calcium carbonate crystals, which are unstable and easily affected [52].
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Figure 2.19. Wall shear stress versus deposition weight (mild steel). Condition:
CaS04 conc. = 1000ppm, T=40°C, pH=8[58], q=31082.03 W/m?, time-
48hr.

2.6. Effect of nature of substrate

2.6.1. Surfaceroughness

There have been so many surveys conducted to assess the effect of surface roughness
on the scale formation [63-66]. Rankin and Adamson [65] have mentioned that
roughness increases contact surface area; therefore, a rough surface has a greater
effective surface energy comparing to a smooth surface, and as a result, a stronger
adhesion can occur on rough surfaces. They aso have reported that the scaling rateis
independent of surface roughness and surface material, while scale adhesion is higher
for rough surfaces and is also higher for metallic surfaces comparing to Teflon

surfaces.

Keysar [63] hastested the effect of roughness (0.1um - 24um) of the mild steel under

well-controlled conditions on the calcite scale formation. As shown in Figure 2.20, he
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found that the adhesion force of rough surface is much higher than that of the smooth
surface. On the other hand, he hasreported that the porosity of scalesform on asmooth

surface is higher than that of the rough surface.
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Figure 2.20. The effect of surface roughness (Ra) on calcite layer adhesion
strength [63].

However, recently Cheong [64] has reported that rougher surfaces do not necessarily
end up with higher scale deposits. The report has indicated that in polymer surfaces
the roughness effects found to be of secondary importance and other characteristics
such as surface chemistry and surface energy could be more important. Herz et al.
[66] have also conducted the scale deposition test on a substrate with roughnesses
range 0.18 um to 1.55um and accentuate that as the surface roughness increases the
deposited scale enhances on the surface. They have reported that such behaviour can
be contributed to the reduction of local shear forces at the valleys and the increase in
primary heterogeneous nucleation rate on the surface.

Most surfaces have roughnesses at many different length scales, ranging from the
macro to the molecular. Normally, each unit area of the substrate has a finite number
of nucleation active sites and the probability of nucleation depends on the number of
free sites. On the other hand, if the surface presents a microroughness, a minimal
number of contact points may reduce the possibility of adhesion since it reduces the

contact area between the bodies [50, 67]. Surfaces may possess a roughness at several
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length scales, but due to the short range of the van der Waals interaction, roughness

at the nanoscale ultimately determines the strength of adhesion. [68]

2.6.2. Surface energy

The surface energy of aliquid issimilar to its surface tension, but the surface energy
determination of solids is not as easy as liquids but can be calculated indirectly. The
surface energy of solids is calculated by a set of liquid/solid contact angles,
established by bringing various types of liquids in contact with the solid. As aresult,
there is not a universal set of liquids for use to characterise a specific surface energy
of a specific solid, and subsequently, there is not an exact value of surface energy for

aspecific solid.

To determine the solid surface energy indirectly with the shape of a drop placed on
the surface, three interfacial forces balance at the edge of the drop exist. As shownin
Figure 2.21, two of these forces are in opposite direction and the third one forms a

particular angle to the surface, which is called contact angle.

The wettability of asolid surface can be expressed by the well-known Y oung equation

as follows:

v’ =yt + ycosO Eq (2.25)

where, 6 is contact angle, ¥ is the liquid surface free energy, ¥ is the solid/liquid

interfacial free energy and y*? isthe solid surface free energy.

Figure 2.21. Schemerepresenting the contact angle (8) between the vapour,
liquid and solid phasesfor aliquid on a solid.
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Surface energy is the combination of dispersion (non-polar) and polar energy. The
polar energy exists only when polar groups are present while the dispersion energy
exists between all molecules. The polar energy can be initiated by (a) Dipole-Dipole
interactions (b) Dipole-Induced Dipole Interactions, (c) Hydrogen Bonding, or (d)

Acid-Base Interactions.

There are two independent variables that will affect the surface energy: (a) the liquids
that are used, and (b) the theory that is chosen. Normally, for non-polar surfaces such
as poly(ethylene) and poly(propylene), the liquids are chosen that are non-polar (e.g.
toluene or ethylene glycol) and surface energy theories that do not accentuate on
specific molecular interactions. For polar surfaces such as glasses, ceramics and
metals, the polar liquids (e.g. pure water) are selected along with the surface energy
theories which emphasi se on molecul ar interactions between the solid and two or three
test liquids.

There are common surface energies theories that are normally employed to measure

the surface energy of the solids:

(@) Zisman[69] Theory: A one component model for solid surface energy which
iswidely used in surface energy theories. Zisman defines the surface energy
of asolidto be equal to the surface tension of the highest surface tension liquid
that completely wet the surface, with a contact angle of 0°. This theory works
best for non-polar surfaces; as a result, if the surface is marginally polar the
Zisman method becomes inadequate. Polymers can be calculated by this
theory provided that they themselves do not contain heteroatoms, since
heteroatoms make such surfaces polar, such as polyamides, polyesters,
polyacrylates, polycarbonates, etc. Zisman theory characterises the surface
energy of surfaces and the surface tension of liquids by only one overall value,
as a result, it ignores the specific liquid-solid interactions. This method is
suitable for testing surfaces with low contact angle and requires at least two
drops of low contact angle:

cos0; = LESE 1,2 Eq (2.26)

where 6; is contact angle of testing drop, y; is surface tension of testing drop

and y, is surface tension of testing surface.
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(b) Fowkes[70] Theory: A two-component model for solid surface energy which
is known as “Geometric Mean” method. This method divides the surface
energy into two components, dispersive and polar, and uses a geometric mean

approach to combine their contributions.

y;(1 + cos0;) = 2 (\/yf’y‘} + \/yfyf) i=12 Eq (2.27)

vi=vi+y! i=12 Eq (2.29)

Ys=vi+yh Eq (2.29)

where y? and yl.p are dispersion and polar energy of testing drop i, and y¢ and
yP are dispersion and polar energy of testing surface. This equation is also

rearranged by Owens/Wendt [ 71] to form the equation to the type of y=mx+b

which the slope is (y? )1/ ? and the y-intercept will be (y2)!/2. By doing so,

the total free surface energy is merely the sum of its two component forces.

(c) Wu [72] Theory: Another two-component model for solid surface energy
which isknown as “Harmonic Mean” method. This model is suitable for non-
polar low energy surfaces and requires at least two kinds of drops with
different surface tensions. Like the previous method, it divides the surface
energy into two components, dispersive and polar which are presented as
follows:

vive vv:

v i v | BEELE Eq (2:30)

yi(1 + cos0;) = 4

(d) Van Oss[73] Theory: A three-component model for solid surface energy. In
this method, the surface energy is divided into three components (a dispersive
component, an acid component, and a base component). Like the previous
method, the dispersive component is intended to characterise al of the non-
specific interactions, such as van der Waals type, that the surface would have
awetting liquid. The acid component, in theory, is the tendency of the surface

interacting with wetting liquid to donate the electron density (act basic), while
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the base component is the tendency of the surface interacting with wetting
liquid to accept electron density (act acidic). This method is suitable for
materials with polar surfaces and requires at least three drops of different
surface tensions, at least two of them must be polar fluid.

¥i(1 + cos6;) = 2 (Jy?y‘} + \/y? vs +7i y:) Eq (2.31)

vi=vi+2 |vivi Eq (232)

Ys = vE+2\vivs Eq (2.33)

where, y; issurfacetension of testing dropi, y{ isdispersion portion of surface
tension, y is surface tension contributed by acid, y; is surface tension

contributed by base, and subscript s denotes the solid surface.

2.6.3. Scalecontrol at surfaces

The accumulation of unwanted crystalline deposits, known as fouling, reduce the
efficiency of the system; for instance, the scale formed in the tubes of the heat
exchanger will reduce the heat transfer coefficient and eventually increases the
maintenance cost. So many studies have been conducted to assess the surface

deposition and the ways to decrease the scale formation on the surfaces.

In general, the parameters such as surface chemistry, surface roughness, surface
energy, and surface hydrophobicity of the surface known as the criteria that play a
major rolein scale deposition process, but it is not fully understood the effects of such
parameters all together in aprocess. For instance, low surface energy is known as one
of the parameters which decrease the scale deposition rate on a surface. Forster et al.
[74] have shown that the deposition rate of a substrate with Polytetrafluoroethylene
(PTFE) coating is higher than that with Diamond Like Carbon (DLC) coating,
although the latter one has higher surface energy.

Eroini et a. [75] have surveyed surface resistance test over seven diverse substrates,
such as stainless stedl, stainless stedl pre-treated with Polyphosphineocarboxilic Acid
(PPCA), PTFE, DLC, ceramic, polymer coated stainless steel, and isotropic super-
finished (ISF) stainless steel. They have reported that there is no strong correlation
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between the surface roughness/hydrophobicity with the scaling deposits. For instance,
ISF stainless stedl which is the most hydrophilic surface had a better performance in
scaling deposition (CaCOz) comparing to other surfaces. Although they could not
identify a unique parameter (such as surface roughness, surface chemistry, etc.) to
make a surface efficient in terms of scaling, they have reported that non-directional

Ra profileis aquite efficient parameter in terms of scaling.

Cheong et a. [64] have reported the scale deposition of CaCOs on different coatings
such as stainless steel, six different polymer surfaces, two ceramic coatings and DLC.
They have reported that for polymer surfaces the scale deposition rate proportionally
increases by water contact angle while for other surfaces this trend is inversely
proportional, as shownin Figure 2.22. They have reached aconclusion that the surface
deposition rate decreases as the surface roughness increases, which is opposite to the

general philosophy.
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Figure 2.22. An average mass gain of scale deposit vs. water contact angle [64].

Some researchers have focused on the surface chemistry and modify the substrate to
reduce the scale deposition rate. Zhao and Wang [76] have fluorinated the DLC
coating and investigated its effect on the surface energy and the scale adhesion and
subsequent scale formation. The substitution of hydrogen atoms with fluorine atoms
will lead to a significant reduction of surface free energy [77, 78]. Zhao and Wang

found that by increasing the CoF4: CoHo ratio, there has been a significant reduction
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in the Lifshitz-van der Waals (or dispersive) component (y"), while there is no
change in the Lewis acid-base (or polar) component (y48). They also found that the
scale deposits (CaS0Oy) rate of fluorinated DLC is lower than the untreated DLC.

Bargir et d. [79] have studied the theoretical work of adhesion (CaCOs3) with different
types of substrates, including metalic and non-metallic, with the average mean
roughness value no more than 100 nm. They have reported that the theoretical work
of adhesion is influenced by surface topography or its polar surface free energies or
both, depending on the chemical and physical homogeneity of the surface. They aso
found that the Lewis base component, y ~, had the greatest effect on scaling rate, while

the Lewis acid component, y*, did not have any effect.

There are some studies that show that by surface modifications the induction time can
be extended and predictable [80, 81]. Geddert et al. [81] in 2009 have shown that by
the modification of surface and decreasing the nucleation sites by the electrochemical
treatment the induction time has extended. They mention that this treatment does not
change the mechanical surface characteristics like topography and roughness, but
change the energetic property of the substrate. Geddert et a. [80] in 2011 have
predicted the induction time of CaSOs based on surface parameters and
supersaturation of the salt solution, as follows:
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Figure 2.23. Induction time prediction for stainless steel and copper under
batch conditions[80].



-45 -

P
In(ting) In(SD? Eq (2.34)

where, t;,4 IS the induction time, ¢ is the nucleation correction factor, and SI is the
saturation index. They presented the prediction for stainless steel and copper in Figure
2.23. One of the drawbacks of their approach is that the induction time of calcium
sulphate is based on the assumption that the induction process is dominated by
heterogeneous nucleation.

Jaouhari et al. [82] have reported that the nature of the substrate has a significant effect
on the nucleation process of the scaling rate of calcium carbonate. They have used an
electrochemical test based on oxygen reduction technique for the calcium carbonate
deposition on a different metallic substrate: stainless steel, bronze, and gold. They
found that with different solution composition gold had the fastest scale followed by
bronze and stainless steel had the slowest scale rate. The authors believe that the
presence of oxide on the surface would slow down the oxygen reduction process
which results in the decrease in the nucleation rate. The Same technique has been
conducted on stainless steel by Gabriellie et a. [83]. They found that the presence of
passivating layer (i.e. OH~ formation through local oxygen reduction) on non-noble
metal (i.e. metals prone to corrosion and oxidation in moist air) would decrease the

density of nucleation sites on the surface and consequently lower deposition rate.

2.6.4. Surfacesinspired by nature

Surface chemistry and structure play major roles in the scaling process. There are
different surface characteristicsthat can beinspired by nature that can beimplemented
and developed into technology. Leaves of plants are one the surfaces that have been
modified and developed during million years to adapt themsel ves to the environment.
Koch et. a. [84] have reported the most prominent functions of the plant boundary
layer such as mass transfer of water as hydration and dehydration, surface wettability,
anti-adhesive/self-cleaning properties, surface self-cooling to reduce the surface

temperature, etc.

2.6.4.1. Lotuseffect —self-cleaning surfaces

Leaves of the Lotus plant are extremely water repellent (or superhydrophobic). As
shown in Figure 2.24, the schematic of the wettability of plant surface with regard to
its structure is illustrated. The contact angle of Lotus plant is more than 150° which
can be categorised as superhydrophobic. The surface structure of Lotus leaf is made
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up of convex cells (micro level) superimposed by hydrophobic tubules (nano-level
hair like). In such configuration, air is trapped in the cavity of the convex cells which
reduce the interface of solid-water and consequently the wettability of the surface
decreases. Therefore, water gains less energy from the surface (adsorption energy)
and forms as a spherical droplet. As aresult, both the contact angle and the adhesion
to the surfaces reduce. Cheng et al. [85] have reported the importance of nano- hair
like waxes on the self-cleaning behaviour of the lotus leaf. They have heated up the
Lotus leaf, so the nano- hair like waxes would melt, and the contact angle would
reduce by a magnitude of 20°.

Increasing wettability

Superhydrophobic  Hydrophobic Hydrophilic Superhydrophilic
CA = 150° CA <150°- 90° CA <90°- 10° CA <10°-0°

Figure 2.24. Plant surface structures and wettability, (a) to (c) representing
SEM images with a different resolution of the surface structure of alotus
leaf [84].

2.7.  Co-precipitation and co-deposition

The mechanism of precipitation in the bulk solution has been studied extensively and
in most case scenarios the solo scale formation is studied, although the co-
precipitation theory has been demonstrated for a long time. As Kolthoff [86] has
established his co-precipitation theory, there are mainly three different types of co-
precipitation:
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1. The formation of mixed crystal; the incorporation of the impurities in the
crystal lattice; the structure of the crystal does not change.

2. Occlusion; theimpurities are absorbed during the crystal growth of the crystals
and would affect the structure of the crystals, i.e. increase the formation of
imperfectionsin the crystal and known as “real co-precipitation”.

3. Surface adsorption by the precipitate after it has been formed or separated; this
co-precipitation only happens when the precipitate has a large surface area
where the precipitate has a similar microcrystalline character.

In short, the co-precipitation of impurities can either be incorporated in the crystal
lattice or formed imperfectionsinside of the crystals or absorbed on the surface of the

precipitate.

Distinguishing of such mechanisms is not normally straight forward. For instance, it
was believed that there is a co-precipitation of zinc with copper sulphide or co-
precipitation of magnesium with calcium oxalate, while further studies proved that
these mechanisms are called post-precipitation mechanisms and due to its dight
differences, it is normally misunderstood by co-precipitation mechanismg[86].
Sheikholeslami [87] reported that the standard Gibbs free energy of formation for an
impure salt, as well as the thermodynamic solubility product, and the morphology of

precipitates, are different from that of apure salt.

The logarithmic Doerner-Hoskins law [88] is one of the models describing the

distribution between the precipitate and the solution as follows:

b
=Aing— Eq (2.35)

where, a and b are the initial concentrations of the precipitate and the solution,
respectively; and a-x and b-y are the concentration of the precipitate and the solution
after the separation, and A is the distribution coefficient which for A greater than unity

will result in the formation of solid scale in the solution.

Kushnir [89] has studied the co-precipitation of gypsum with cations (e.g. Na“, K™,
Mg?*, Sr?*) and anions (e.g. Cl") as a function of temperature, brine supersaturation
rate and crystal kinetics. An increase in the kinetics of gypsum would increase the

concentration of cationsin the gypsum up to alimit, while haslittle effect on chloride
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concentration. An increase in the temperature woul d decrease the partition coefficient
of the cations in the gypsum. He explained in this study that the co-precipitation
behaviour can be defined as the relation between the rate of desorption of the cations
from the surface of gypsum, and the rate of gypsum co-precipitating crystal growth
with cations. Lorens [90] found that the distribution coefficient of metal ions (e.g.
Co?*, Mn?* and Cd?") in calcite decreases in a co-precipitation process as the

precipitation ratio increases, while strontium acts quite opposite.

Brower [91] has conducted a research to synthesise the homogeneous barium
strontium sulphate as the (BaxS'1.x)SO4 where 0.1<x<0.9 for a range of temperature
from 35-150°C. She found that an increase in temperature would change the “x” from
0.86 to 0.50.

The presence of other cations can adversely affect the distribution coefficient in the
lattice of calcium carbonate by temperature. For instance, Dietzel et a. [92] have
reported in a system with possible co-precipitation of aragonite with Ba?* and Sr?”,

the distribution coefficient of both cations decreases as the temperature increases.

The co-precipitation of strontium in the calcium carbonate has been studied
extensively[93-96].

The distribution coefficient of Sr?* in calcite (k&) or aragonite (k&) is defined as
the ratio of Sr?* to Ca?*, (mg,2+/m 42+), in the precipitated calcite (or aragonite)
divided by mg,2+/mg,2+ in the solution which the calcite (or aragonite) was
precipitated, asindicated in Equation 2.36 for the distribution coefficient of strontium

in nearly pure aragonite: [93]

Mg, 2+ _ LA Mg, 2+
— = Ks—
me 2. me .z, Eq (2.36)

if the calcite (or aragonite) precipitated from a homogeneous solution and if during
the precipitation a surface equilibrium condition maintained between the solution and
the crystals (i.e. the co-precipitation process is controlled by surface processes), then
the Doerner-Hoskins relation [88] can be applied asindicated in Equation 2.37. [94]
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L L
lOg(f—rz-'-) = kér log(f—az-'-)
(Mmg,2. )y (Mg 24 )f Eq (2.37)
or
LIS (M,
log (1 + | = k§, log |1+ —1%— Eq (2.38)
M52)p) (M24)s

where, “m’ refers to the concentration of ions and subscripts “i" and “f” denotes the
initial and final solutions, respectively, and “M” refersto atotal number of moleswith
respect to its corresponding super/sub-scripts. Equation 2.38 describes the distribution
of trace elements co-precipitated in carbonate minerals and has been found more
accurate compared to Equation 2.37, where there is a small co-precipitation of Sr?*
with CaCQOa. [95]

Holland et al. (1963) [93] determined k2. by the ratio of solubility products °K* (pure
aragonite) and °K ™ (pure strontianite or SrCOs), by the ratio of the activity coefficients
of calcium carbonate and strontium carbonate in the aragonite phase, by the ratio of
the activity coefficient of Sr?* to that of Ca?* in the liquid phase, by the following
equation:

A A L
°K” Ycaco; Vg,2+

oS A "1
K Ysrco; Ycaz+

ks, = Eq (2.39)

Holland et al. [93, 95] have shown that the k4. [93] and the k&, [95] in the solution
is nearly independent even by the presence of large concentration of NaCl, however,
Pingitore and Eastman [96] have demonstrated that the k¢, decreases by the presence
of Na" in NaCl. The importance of temperature is evident in the dependency of
strontium distribution coefficient on the existence of the NaCl in calcite, i.e. the
former reports by Holland et al. [93, 95] are donein atemperature range of 90-100°C,
while the latter one has conducted at 25°C. Oomori et a. [97] have reported that the
distribution coefficient of magnesium ions in calcite increases as the temperature

rises, while this value does not change by temperature increase in aragonite.



-50 -

The k&, in the temperature range of 95°-100°C is around 0.076, [95] while the same
study was carried out in the same range of temperature demonstrating that the k2. is
around 0.593 to 0.798 depending on the concentration of strontium in the solution.
[93] Holland et al. [95] have reported that the kS, isindependent of ionic strength of
the solution up to 1.4M, while the k&. is adequately large and is affected by the mol
fraction of Sr?* in the solution. In other words, depending on the mole fraction of Sr2*
inthe solution, theratio k&. / kS, in the temperature range of 95°-100°C can vary from
7.8t0 10.5.

Kinsman and Holland [94] have demonstrated that the k&. linearly decreases from
1.17 to 0.88 by an increase in temperature from 16° to 80°C, respectively. They have
attributed such a matter to the solubility products ratio of pure aragonite to the pure
strontianite (or SrCOs), as mentioned in Equation 2.39. The K4 /°K*S isaround 11 at
25°C which decreases to unity at 170°C. The activity coefficient ratio for pure
aragoniteisequal to unity andthe y_érn / Vé’a2+ isequal to unity, except for the solution
with very highionic strength. The Vﬁ«cos seemsthe only parametersthat increaseswith
an increase in temperature that its magnitude cannot compete with the decrease of
K4 /°KS in the temperature range between 0° to 100°C.

2.8. Methodsto remove and prevent scalein the oil and gas
industry

As scales form on the surface, the only option which is costly and in some cases
ineffective is the scale removal either mechanically or chemically. Scale removal
techniques should not be damaging to the surface and environment, and be effective
at re-precipitation. Depending on the nature of the scale, the technique that should be
applied isdifferent. For instance, cal cium carbonate can be dissolved with acids, while
some hard scales, e.g. barium sulphate, is extremely resistant to chemical additives
and is so rigid to be removed by mechanical equipment. Pure barium sulphate has a
very low acid solubility with alow degree of porosity and can be removed by modern
mechanical remova techniques. However, the mixture of other scales such as
strontium sulphate, calcium sulphate or calcium carbonate with barium sulphate will

widen the approaches to remove the scale.
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2.8.1. Mechanical removal techniques

The mechanical removal normally applied where there is a thick non-porous layer of
scale should be treated, wherein such conditions, chemica removal techniques are
ineffective. One of the earliest techniques that were applied in the oil industry was
using the explosive to shed off the brittle scales by its wave impact. However, such
technique would also damage the wall itself. On the other hand, safe explosive
remova would not be effective where there is athick layer of scale. Water jetting is
the other option to implement, but it is not so effective even for carbonate scales that
have lower adhesion force comparing to other scales. By adding asmall ratio of solid
particulates, 1% to 5% by weight, the performance of water jet would significantly
increase and is called abrasive water jet. Although such equipment has higher cutting
performance compared to awater jet, thereisahigh possibility of damageto thewall.
There are so many mechanical remova methods that can be employed but due to a
limited range of applicability of such methods, chemica removing treatment would

be the first choice to remove scale [2].

Crystal Modification
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Figure 2.25. Schematic representing the pathways of scale prevention [31].
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2.8.2. Chemical removal techniques

Using chemical removal scale techniques are more conventional where mechanical
remova methods are ineffective or costly. Carbonate scales are well soluble in
hydrochloric acids, while hard sulphate scales are more difficult to dissolve in acids
due to their low acid solubility characteristics. As aresult, there should be chemical
additives to be applied to have another effect rather than solubility.
Ethylenediaminetetraacetic acid (EDTA) is one of the acids that are widely used for
such purposes. EDTA isachelate compound which shares el ectrons from oxygen and
nitrogen with barium ions, forming a barium EDTA chelate compound which helps

the dissolution of solid barium sulphate [2].

2.8.3. Scaleinhibitors

There are different ways to inhibit the crystallisation growth. Adding some inhibitors
(e.g. EDTA, DTPA), known as chelants, in controlling the scale deposits is widely
used. Chelants are molecules that isolate soluble cationic scaling species (such as
Ca?*, Ba?* and Sr?") to prevent their reaction with counter-ions (such as C03~
and SOZ™). Thedisadvantage of such additivesisthat they interact on a stoichiometric
level (i.e. one molecule of chelant reacts with just one cationic species); therefore, a
high dosage of additivesisrequired to attain satisfactory performance, whichiscostly.
Duggirala[31] has introduced in his report a polymeric antiscalant that react on sub
stoichiometric level, and as a result demands lower dosage of inhibitor. As shownin
Figure 2.25, this type of antiscalant operates in one or three possible mechanisms:

threshold inhibition, crystal dispersion, or crystal modification.

2.9. Summary and gapsin theliterature

Scale formation is recognised as one of the major flow assurance problems affecting
production in the oil and gas sector. The main problems of scale deposits in oil and
gas industries are clogging the wellbore; reducing equipment lifetime; impairing the
oil applications, particularly subsurface control valve (SSCV), Electrical Submersible
Pumps (ESPs) and hydraulic actuators; and preventing fluid flow, which could be so
costly for not only lower oil production but also the huge maintenance cost of the

production linein oilfields.
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In the oil and gas industry, many oil wells suffer from flow reduction due to scale
deposition within the downhole utilities, valve applications, and tubular components,

especially during the oil recovery operations.

At the early stages of the oil extraction process, dueto high differencesin temperature
and pressure carbonate scal es are the dominant type of scalesto form, while at the late
stages of oil extraction sulphate scales are the dominant types. The reason is that in
the Enhanced Oil Recovery (EOR) process seawater, which is abundant and cheap, is
pumped down to the reservoir to increase the oil production. Seawater is rich in
sulphate ions and reacts with cations (such as Ba®* and Sr?*) in the reservoir which
leads to the formation of sulphate scales. Although in some cases to prevent the
sulphate scal e problems, the de-sulphated seawater isinjected into an oilfield, itisnot
economically efficient [10].

Inorganic scale deposits (e.g. CaCOs, BaSO4 and SrSOa) can be deposited all along
the water paths in the pipeline applications. Oil industries normally are encountering

two mechanisms of scale formation [7, 8, 11, 12] asfollows:

(a) Carbonate-dominated scales (CaCOz and FeCOz) take place where there is a

change in temperature and pressure which results in the release of carbon
dioxide from agueous form to gas form from the flowing fluid.

(b) Sulphate-dominated scales (BaSO4, SrSOs, CaSO4 and CaS04.H20) come
about where there is a mixture of two incompatible brines.

Surface analysisisthefirst step that should be surveyed to have abetter understanding
about the scale deposition on the surface. In devel oping a surface engineering strategy
for scale, it is particularly important to understand some parameters in scaling such
as. surface parameters (e.g. theroughness [63, 64, 98] and the wettability [64, 79, 99-
103], kinetic of crystallization and surface deposition [2, 53, 54, 56, 104], and the
induction time [80-83] for surface scaling which is depending on the flow regime [51,
58, 105].

Surface deposition and bulk precipitation are interlinked processes. However, they
have very different kinetics[106]. In an oilfield, the type of the scale that deposits on
the surface would be different from place to place i.e. the mechanism of scale
deposition on the surface at the downhole would be different from that of on the
ground level components dueto (a) the difference in water composition and saturation

ratio between these two regions, and (b) the formation of crystals and particles in the
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brine solution while reaching to the ground level valves and pipe components. In so
many studies [107-113] the hydrodynamic effects on the process of scale formation
on the surface have been surveyed as one mechanism referred to as “deposition” on
the surface. In the presented thesis, the scale deposits on the surface are divided into
two mechanisms which are interlinked as: “deposition process’ which refers to the
process of nucleated growth of scalefor the asperitiesat the surface in aheterogeneous
form and “adhesion process’ which refers to the sticking of pre-existing crystals that
are aready nucleated in the bulk solution and built up as alayer on the surface; and

the experimental setup are designed accordingly.

Understanding the flow assurance problems in the oilfield is not an easy task, and
selecting aright procedure to mitigate the surface scaling is dependent on the type of
the scale deposits. Although the importance of mixed precipitates in real flow
assurance problems is clear, only a few studies have been focused on the co-
precipitation of scale deposits[87, 88, 91, 94, 114].

Despite much recent attention to the surface scale formation, there is still no solid
unanimous awareness on characterising a good anti-fouling surface. This necessitates
a comprehensive study of the surface scale deposition for a different type of mixed

scale deposits with different scale mechanisms.

In this study, a systematic laboratory setup has been designed to test the modified
surfaces that are commercially-available, based on the rea flow conditions in the
oilfield. This study is divided into two types of scale deposits. carbonate-dominated
brine (Chapter four) and sulphate-dominated brine (Chapter five). Since the type of
surface scale deposited in the downhole is different from the surface scale formed on
the ground level, the scaling process has two scenarios as adhesion and deposition
processes. The co-precipitation of the scale deposits and their corresponding co-
deposition on the modified surfaces are studied, as well. To correlate the scaling
tendency tests in the laboratory to real conditions, a surface scaling rig has been
designed, and the obtained data is analysed and compared with the experimenta

results.
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Chapter 3
Experimental M ethodology

3.1. Introduction

In order to study the surface scale formation and characterization of various modified
surfaces, a combination of methods, analyses and techniques have been used. This

chapter provides a description of the experimental methodology.

3.2. Chemical reagents

The brine solutions investigated were based on the properties of common brine

solutions found in the Brazilian basins, provided by PETROBRAS.

Table 3.1. lon composition of both brines

Sulphate-dominated brine Carbonate-dominated brine
lon Amount (mg/l) lon Amount (mg/l)
Na B Na 71,131
K+ 2,469 K-+ 2,460

Mg 1&7E Mg 1678
ca’ 11,541 ca 11,541
Ba 157 Ba 157
s 2,686 s 2,686
cr 138,400 o 138,400
Br 1,024 Br 1,024
CH3CO0O 1k CH3CO0O 58
S0 562 0.7 14
HCOs o8 HCOs 562

In the laboratory, the scal e tendency tests have been carried out based on two different
brine compositions for sul phate-dominated and carbonate-dominated brine solutions,
asshown in Table 3.1 and Table 3.2.
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The supersaturated brine used in the study is composed of two complex brines (as
shown in Table 3.2) which were prepared separately by weighing the appropriate
guantity of salts and mixing with distilled water, and then mixed in theratio of 1:1.

Table 3.2. Brine composition of both brines

Brine 1 (g/l) Brine 2 (g/l)

Salt Sulphate | Carbonate Salt Sulphate | Carbonate
CaCl2.2H:0 | 84.6521 84.6521 NaeSO4 1.6604 0.0414
BaCl2.2H20 0.5598 0.5598 NaBr 2.6372 2.6372
MgCl,.6H.O | 28.0756 28.0756 NaHCOs 0.1598 1.5484
SrCl2.6H0 | 16.3241 16.3241 NaCH3;COO 0.0741 0.3068

KCl 9.4228 9.4228 NaCl 228.0267 228.0267

NaCl 180.825 180.825

Both brine solutions were filtered by a membrane with pore size of 0.45um, and
before mixing the two brine solutions, they were heated up to 56°C. “Brine 1” solution
was buffered by CO,. The process of buffering the solution with CO: is called the
“oxygen reduction” processwhichisapplied in such experimentsdueto (a) simulating
the real conditions inside the wellbore and production line which is oxygen-free and

(b) to maintain the level of pH at a constant level throughout the experiment.

Theinitial saturation ratio, calculated by Multiscale® software, isshownin Table 3.3.

Table 3.3. Saturation ratio of brine solutions calculated by Multiscale®
software

Sulphate dominant brine | Carbonate dominant brine

Species | Saturation Ratio | Species | Saturation Ratio
CaCOs 10.79 CaCO:s 12.54
BaSO, 121.50 BaSO, 3.03
SrCOs 4.09 SrCOs 4.67
SrSO4 11.70 SrSO4 0.29

As a result, thermodynamically there is a possible scale formation of calcium
carbonate, barium sul phate and strontium sulphate in the bulk solution of the sulphate-
dominated brine solution, and aformation of calcium carbonate, barium sul phate and
strontium carbonate in the bulk solution of carbonate-dominated brine solution. Kan

and Tomson [115] have shown that with the saturation ratio of barite higher than 3,
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the precipitation and crystal growth can happen even without the existence of seed
crystals of barite.

3.3. Substrates

A standard austenitic stainless steel (UNS S31603) is selected as a metallic reference
material.

The stainless sted (SS316) samples are coated with 21 different commercialy
available types of coatings which cover a variety of surface roughness and surface

energy values with different surface compositions, as shown in Table 3.4.

Table 3.4. Modified substrates with their corresponding coating code

1 DTi Danish Technologica Institute  Si-O—amorphous carbon
2 B1341 Belzona Epoxy

3 B1381 Belzona Epoxy

4 B1391 Belzona Epoxy

5 B1541 Belzona Epoxy

6 B5891 Belzona Epoxy

7 B5892 Belzona Epoxy

8 B5891exp Belzona Epoxy

9 B5892 exp Belzona Epoxy

10 PTFE DuPont Zonyl (3-layers)
11 PFA DuPont Teflon (3-layers)
12 FEP DuPont Teflon (3-layers)
13 ETFE DuPont Tefzel (3-layers)
14 One DuPont 3in 1 fluoropolymer
15 Black DuPont 3in 1 fluoropolymer
16 DHS Diamond Hard Surfaces Diamond Like Carbon
17 TiN Tecvac TiN

18 TiN-Al Tecvac TiN-Al

19 CrN-Ag Tecvac CrN-Ag

20 CrN Tecvac CrN

21 DLC Tecvac Amorphous carbon

Stainless steel grade 416 has also been tested in scale tendency tests (carbonate-
dominated brine) dueto its applicability in the oilfield applications.
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Commercially-available coatings selected in this study can be categorised based on
their applicability in the oilfield applications. In other words, the fluoropolymer and
epoxy coatings can be applied inside the pipeline systemswhile the DLC and ceramic
coatings due to their comparative higher cost of surface treatment and production
complexities are not viable choices. On the other hand, due to the higher relative
thickness of fluoropolymer and epoxy coatings compared to DLC and ceramic
coatings, the applicability of former coatings in valve component (e.g. subsurface
safety valves) is not feasible and leads to malfunction of the valve.

CORE Coat 010™ s produced by Danish Technological Institute (DTi) that has
excellent repellent properties with low surface energy and smooth surface. The
technology employed to produce this coating is called “ Sol-Gel” technology, which
is a method for the synthesis of glass ceramic-like coatings from liquid reagents.
Although the thickness of such coatings is 5um, it is both chemical and heat

resistance.

Belzona Polymerics Ltd. produces and devel ops epoxy and resin-based coatings, such
as.

o Belzona® 1341 has a very smooth, slick surface designed to improve fluid
flow. It has a maximum wet heat resistance of 60°C, but may not be

effective/appropriate at higher temperatures.

e Bezona® 1381 isanew erosion-corrosion resistant coating that does not wear
spray equipment during application. It aso benefits from a relatively low
surface energy. This coating is suitable for wet immersion temperatures up to
95°C.

e Belzona® 1391 is a very popular Belzona high-temperature coating with an
excelent reputation in the Oil & Gas industry. The maximum wet heat
resistanceis ~100°C.

e Belzona® 1541 is a developmental coating designed for ‘non-stick’
applications at elevated temperatures. The maximum wet heat resistance will
be ~90°C.
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Belzona® 5891 is atwo component coating Ssystem for corrosion protection of
metallic surfaces, against attack from agueous solutions operating at a

temperature up to 90 °C.

Belzona® 5892 is a two part epoxy coating for corrosion and chemical
protection of high-temperature equi pment operating under constant immersion
up to 95°C.

Both Belzona® 5891-exp and Belzona® 5892-exp coatings are experimental
coatings that are the mixture of their corresponding resinswith silicon carbide
to amend the surface topography of the samples with the same surface

chemical composition.

DuPont Company is known for the discovery of fluoropolymers. Fluoropolymers are

defined as a polymer consisting of carbon (C) and fluorine (F), known for their non-

stick properties (e.g. Teflon®). The fluoropolymer coatings employed in this study

areasfollows[116]:

Polytetrafluoroethylene (PTFE): This is an example of a linear
fluoropolymer with the chain of (CF—CF>—) with strong bonds of C-C (607
KJmole) and C-F (552 KJ/mole). Furthermore, it hasalow surface energy (18
dynes/cm) with the electrical inertness characteristic and relatively high
melting point (320-342°C). It isa so categorised as ahomopol ymer, a polymer
made from a single monomer. By different applications and needs, different
modifications have been applied to PTFE to reach to a certain level of

chemical and thermal characteristics.

Fluorinated Ethylene Propylene (FEP): It is categorised as a copolymer, a
polymer made from other monomers. If instead of one of the fluorine atoms
on tetrafluoroethylene, there is a trifluoromethyl group (—CF3), then the new
monomer would be called hexafluoropropylene (HFP) which encompasses
five percent or less of the molecule. Depending on how much trifluoromethyl
is added and the molecular weight, it has a lower melting point (274°C)
comparing to PTFE. Worth to mention that, one of the main reasons for such

occurrence is the decrease in crystallinity of 70% while PTFE is 98%.
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o Ethylene-Tetrafluoroethylene (ETFE) Copolymers. If the monomer
contains other atoms such as chlorine or hydrogen instead of fluorine atoms
then these polymers are categorised as partially fluorinated polymers (e.g.
ETFE which is a copolymer of ethylene and tetrafluoroethylene). It has an
excellent el ectrical and chemical resistance with excellent dielectric properties
and non-stick characteristic. Its mechanical properties are superior to those of

PTFE and FEP.

Table 3.5. Themolecular structuresof different fluoropolymers

Fluoropolymer Molecular Structure
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e Perfluoroalkoxy (PFA) Polymers. By making more changes to PTFE
molecule by adding perfluoro akoxy (typicaly as -O—CF—CF>—CFs) we
would have PFA polymer. This polymer still retains its chemical resistance,
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low surface energy and good electrical insulation properties, like other fully
fluorinated polymers, but its melting point is between 305-310°C (as shown
in Table 3.5).

For a better understanding about the fluoropolymers, the molecular structures of these

fluoropolymers are shown in Table 3.5.

Both the fluoropolymer coatings named as “Black” and “One” are the new coatings
that are in the development phase in DuPont’s R&D. Both of these coatings have an

identical chemical composition with different topographical properties.

Diamond-Like Carbon (DLC) is an amorphous carbon coating comprising a network
of sp® (diamond-like), sp? (graphite-like) and hydrogen bonds, and with regard to the
mixture ratio of sp? and sp?, its physical and chemical properties would change. For
instance, a significant fraction of sp? of DLC provides low friction properties similar
to graphite, while the fraction of sp® provides tremendous mechanical properties like
a diamond. DLC coatings are widely used in different industrial applications (e.g.
aerospace, biomedical coatings, oil and gas industries, etc.) due to their exceptional
characteristics such as: low friction properties, high wear resistance, high thermal and
chemical stability, high corrosion resistance, high hardness, etc. [117]. There are
various forms of DLC that can be processed by the phase ternary diagram as shown
in Figure 3.1.

Sp 3 Diamond-like

ta-C ta-C:H

HC polymers
sputtered a-C(:H)
no films

glassy carbon
graphitic C

2 /] -'f’/
sp H

Figure 3.1. Ternary phase diagram of bonding in amor phous car bon-hydrogen
alloys[117].
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This type of coating is prepared by two different coating companies: Diamond Hard
Surfaces (DHS) and Tecvac.

There are other types of ceramic coatings employed in this study, e.g. chromium
nitride (CrN), titanium nitride (TiN), chromium nitride doped with silver (CrN-AQg),
titanium nitride doped with auminium (TiN-Al) are provided by Tecvac company.
These types of ceramic coatings are hard and extremely resistant to corrosion which
can be applied as athin coating. Asreferred to the manufacturer, the CrN-Ag coating
is made particularly for organic fouling, but its performance on inorganic fouling
conditions has not been tested, yet.

3.4. Surfaceroughness measurements

Each component’ s surface according to its structure and the way it has been made has
different forms of texture. These surfaces can be broken down into three main
categories. Surface Roughness, Waviness and Form. In order to study the surface
texture, it is necessary to quantify the surface characteristics.

Surface roughness, R,, refersto theirregularity of the surface texture formed by peaks
and valleys, and the quantity of Rais referred to the arithmetic mean of the absolute
departure of the roughness profile from the mean line and expressed as:

1 (Mm
R, = l_,[ |z(x)|dx Eq (3.1
m Jo

Where the L, is defined as the total measured length of the profile for the five

consecutive sampling lengths.
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Figure 3.2. Evaluation of the surface roughness profile.
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There are a so three parameters to characterise the topography of the surfaces and are

measured in this study, asfollows:

e Thesurface skewness (R«) which measuresthe symmetry of peaksand valleys
using the average line as the centre. The normal distribution or symmetrical
about the average line is expressed as: R«=0. A negative skew indicates a

predominance of valleys, while positive skew will be seen on surfaces with

ample peaks (Figure 3.3a).
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Figure 3.3. Thedistribution curve of the surface profile: (a) surface skewness
and (b) surfacekurtosis.

e The Kurtosis value (Rw) is a measure of the distribution of the spikes above
and below the mean line. It provides a measure of the sharpness of the surface
profile. The normal distribution has the kurtosis value of 3. For kurtosis value
of morethan 3, the surface profile is considered as spiky, whereas for kurtosis

value of lessthan 3, the surface profileis considered as not sharp(Figure 3.3b).

e RP:isthe peak count and isthe number of local peaksin an assessment length.

Thisvalueisnormally denoted as peaks/cm (or per inch).

The surface roughness measurements of each substrate in this study are measured by

the Taylor Hobson Talysurf stylus profilometer.
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Figure 3.4. lllustration of the stylus profilometer sketch[118].

As shown in Figure 3.4, a profilometer is equipped with a diamond stylus tip that
traverses onto the surface of the samplesto characteriseitstopography. Thetransducer
in the profilometer records the vertical and horizontal coordinates of the stylustip. As
aresult, the obtained datais composed of a series of discrete coordinate pairs of (x,z)
which can be post-processed and trandated into the surface topography
characterization of the analysed sample.

As shown in Table 3.6, the surface roughness of all modified surfaces used in the
scaling tests are presented in the form of arithmetic mean of aline profile on asurface,
“Ra’, the symmetry of the line profile on a surface, “R«”, the spikiness of the line

profile on asurface, “Rky” and the number of peaksin one centimetre, “Rpc”.

As shown in Table 3.6, the surface roughness of the ceramics coatings is relatively
lower compared to the other modified surfaces, while the fluoropolymer and epoxies
arerougher. The level of the skewness, kurtosis value and the number of the peaks of
the surfaces cannot be categorised according to their coatings types, i.e. chemical

composition.

The lowest (B1341) and highest (DHS) kurtosis value measured by the Talysurf for
the modified surfaces are shown in Figure 3.5.
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Table 3.6. The surface roughnessfor all the substrates used in the scaling tests,
presented in the form of Ra, Rsk, Rku, and Rpe.

No. Coating Ra (um) Rsk Rku Rpc(peaks.cm™)
1 B1341  0.546 +0.256 0.193 2.120 20.54+6.48
2 B1381 1.032 £ 0.458 -0.128 6.124 44.43 +4.53
3 B1391 1.590 + 0.639 0.717 3.618 102.22 +12.60
4 B1541  0.897 +0.373 0.987 4.703 108.82 +29.47
5 B5891  0.840+0.364 -0.864 4.254 24446 +£391
6 B5891xp 4.807+1.929 0.944 5.067 40.95 + 4.85
7 B5892  0.219 +0.095 0.136 3.422 44.95 +9.86
8 B5892xp 2.971+1.403 1.405 6.050 20.00 +2.97
9 Black 1.258 + 0.509 0.203 3.278 81.97+2.38

10 CrN 0.119+0.048 -1.211 7.943 121.16 + 10.64

11  CrN-Ag 0.126 +0.048 2.346 35.714 174.60 + 14.75

12 DHS 0.231+0.100 5.754 42.161 181.46 +7.39

13 DLC 0.141 +0.054 -0.268 7.538 110.30+6.84

14 Dti 0.063 +0.025 -0.248 2.618 46.90 + 4.63

15 ETFE 1.697 £ 0.645 -0.027 2.275 3472 +11.68

16 FEP 0.420+0.169 0.152 2.977 4410+ 8.73

17 One 3.603 £ 0.098 -0.480 3.122 75.03 £ 6.60

18 PFA 1.010+0.418 -0.211 3.059 39.28 +9.58

19 PTFE 0.890 + 0.337 -0.515 3.047 52.54+7.70

20  SS316 0.080 + 0.030 -0.246 3.877 107.74 +10.75

21 S$S416 0.135 + 0.060 -0.223 5.625 165.56 + 18.39

22 TiN-Al 0.160 + 0.060 1.946 20.701 116.18 + 12.68

23 TiN 0.148 + 0.055 -0.225 3.355 91.42 +16.68
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Figure 3.5. Kurtosis value for two modified surfaces: (a) B1341 and (b) DHS.
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The surface roughness of each modified substrates along with the number of peaks
per a specific distance (e.g. centimetre) is shown in Figure 3.6. The number of peaks
shows the number of nucleation sites on the surface that play a maor role in the
heterogeneous nucleation, which isindependent of the surface roughness as shownin
Figure 3.6.
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Figure 3.6. The surface roughness along with the number of peaks per
centimetre of each modified substrate.

3.5. Surface energy measurements

The surface energy of a solid surface can be associated with the contact angle or
wettability behaviour of the surface. The chemical composition and the roughness of
the solid surface affect the wettability behaviour of the surface[119]. Calculations
based on the contact angle measurements produce the solid surface tension, i.e.

guantifies the wetting characteristics of the solid surface material.

The contact angle is defined as an angle formed onto the solid surface between the
intersection of the liquid/gas interface and the liquid/solid interface, as shown in
Figure 3.7.
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Figure 3.7. lllustration of contact angle formed by a sessile liquid drop on a
smooth homogeneous solid surface[120].

Contact angle measurements of each substrate were performed by the sessile drop
method which measures the contact angle of a series of liquid probes on the solid
substrate.

As shown in Figure 3.8, the sessile drop image is captured with the camera and the

angle is measured with the help of a goniometer.

syringe

- — — e —

source of light  sessile droplet CCD - camera data processing

= —]

VLl A

Figure 3.8. lllustration of a contact angle measurement using sessile drop
technique[121].

Typica results obtained from the contact angle measurement tests for the most
hydrophobic coating (DuPont-One) with the highest contact angle value and the most
hydrophilic coating (Belzona 5891) is shown in Figure 3.9.

The contact angle measurement tests are performed in an open air condition at aroom
temperature of 20°C, a relative humidity of approximately 40%. The liquid probes
used are ultrapure water (18 MV), diiodomethane, and ethylene glycol; and their

corresponding surface tension components are shown in Table 3.7.
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Angle = 122.22
Angle Right = 122.22
Basc Width = 0.5015

Anglc = 49.89
Angle Left = 50.69
Anglc Right = 49.08
Base Width = 1.2187

Figure 3.24a- One Figure 3.24b — B5891

Figure 3.9. Typical results obtained from the contact angle measurement tests
using the sessile drop techniquefor (a) the most hydrophaobic coating and
(b) the most hydrophilic.

The dispersive and polar components of surface energy calculations are based on a
two-component model for solid surface energy referred as Fowkes theory [70], as

follows:

y:(1 + cosO;) = 2 <\/yfy§ + \/yfyf) i=1,2 Eq (3.2)

Ys=vi+vt

vi=vi+y? i=12

Where 6; is contact angle of testing drop, y& and y? are dispersion and polar energy

of testing drop i, and y& and y? are dispersion and polar energy of testing surface.

Table 3.7. Surface tension (mN/m) components of liquid probes[122].

Water 72.8 21.8 51.0 255 255
Diiodomethane 50.8 50.8 00 00 00
Ethylene Glycol 48.0 29.0 190 30 301
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Figure 3.10. The surface energy of modified surfaces along with their polar and
dispersive components with two sets of liquid probes: (a) diiodomethane
and water and (b) diiodomethane and ethylene glycol.

The surface energy of each modified substrates along with their dispersive and polar
components for different sets of liquid probes are shown in Figure 3.10. The sets of
results with different liquid probes have been selected due to the fact there is no
universal protocol to take the surface energy measurements. As a result, one fully
dispersive (e.g. diiodomethane) and two polar (e.g. water and ethylene glycol) liquid
probes have been chosen to compare the results together. Therefore, the dispersive
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component of both sets are similar and the only difference is the polar component of
the surface energy (see Figure 3.10). As a result, the interpretation of the surface

energy results would be highly dependent on the nature of the liquid probes.

3.6. Dynamic scale deposition tests

The scaling process depends on parameters such as pressure, temperature and fluid
flow. Thelatter two conditions can be adjusted in the lab equipment using the Rotating
Cylinder Electrode (RCE) apparatus. The RCE equipment consists of an electrode
rotator and a control unit which can control the rotational speed of the electrodein the
vessel. The coupon is mounted on the tip of the shaft between two Teflon based rings
which are chemically and electrically inert. The sample used in the static batch jar test
iscylindrical with the diameter of 12mm and the height of 10mm, as shown in Figure
3.11

The RCE is ideal to simulate turbulent conditions at a low velocity around the
vertically positioned shaft, i.e. the sample. By adjusting the rotational speed of the
shaft the hydrodynamic conditions around the sample can bereplicated. Themainaim
of using the RCE isto match the laboratory fluid flow conditions to those found in the
field.

At low rotational speed, the flow conditions of the brine solution around the sample
are called laminar flow. As the rotational speed increases, the flow conditions of the
brine solution around the shaft become more complex. The shear stress at the vicinity
of the surface induces vortices to spin off from the surface to the brine solutions. At
this point, the flow conditions are called transitiona from the laminar conditions to
turbulent conditions. As the rotational speed increases more, the formed vortices
themselves create more vortices and the flow conditions become quite chaotic which

is called turbulent conditions.

Reynolds number is a dimensionless quantity which expresses the flow regime. This
quantity is the ratio of inertial forces to viscous forces. In such setup, the Reynolds
number will be calculated to determine the shear stress at the vicinity of the surface.

Reynolds number of the rotating cylinder electrode with outer diameter, d.,, (cm),

can be computed as:
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Re = Ucyl- dcyl-p/l'l Eq (33)

Figure 3.11b. RCE tip; the
coated sampleis positioned in
between of Teflon rings.

Figure 3.11a. lllustration of Rotating Cylinder
Electrode (RCE) and its components.

— I —

Figure 3.11c. RCE experimental setup; variable rotationa speed of the RCE can
be set by a control unit; the RCE tip isimmersed into a 1L vessel at 56°C.

Figure 3.11. Rotating Cylinder Electrode (RCE) componentsand its
experimental setup.
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where, U, (cm.s?) isthelinear velocity, p isthe solution density (g.cm™) and  is
the viscosity of the solution (gr.cm™.s?). Thelinear velocity at the outer diameter (i.e.
surface velocity) can be calculated as:

Uey = .d,y,. F/60 Eq (3.4)

where, F is expressed by rpm.

Hydrodynamic conditions can be predetermined using the RCE at different rotational
velocitiesto have turbulent flows. Consequently different shear stresses at the vicinity
of the surface. The shear stress on the cylinder surface can be calculated as
follows[123]:

Tey = 0.0791pRe™ %302, Eq (3.5)

where, 7.y, is the shear stress (g.cm™.s?) at the vicinity of the surface. The unit of

shear stressis normally expressed as Pascal, so:

k9 _ 109 Eq (3.6)

m.s2 ~ cm.s?

N
1Pa=1-—7=1
m

The sample was rotating in the brine at two rotational speeds: (a) 2000 rpm
(Re~17,800) which represents the fully turbulent flow regime and (b) 20 rpm
(Re~178) which represents the laminar flow regime for 90 minutes. The test results
are then calculated as shown in Table 3.8.

Table 3.8. Hydrodynamic conditions of RCE test cases
Rotational Speed Surface Velocity Reynolds Number Surface Shear Stress,

F (rpm) Ugy (cm/sec) Tey (PQ)
2000 ' 125.6 17845 7.851
20 1.256 178 0.003
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3.7. Surface scale deposition tests

The surfaces have been tested using a bulk jar test where precipitation occurred at
56°C and at atmospheric pressure. Two scenarios are designed to perform the dynamic

scale tests, as follows:

e |In scenario-1 (or adhesion process), the sample was immersed in the batch
vessel, where the crystals are already formed into the mixed brine. The mixed
brine is kept at 56°C for 90 minutes which is enough time for the system to
equilibrate. Thistest measures how the presences of pre-formed crystals from
the turbid solution form on the surface. It assumes that adhesion dominates

and deposition is minimal.

e |n scenario-2 (or deposition process), as soon as the anions and cations are
mixed, the sample isimmersed in the brine for 90 minutes. As such, thereisa
high driving force for heterogeneous nucleation which can occur at the surface
asperities. The deposition can occur by the growth of scale at these asperities.
So the sample would be in the beaker during the crystallisation.

After each test, the sample was rinsed with distilled water and dried by compressed
air and put in an oven. Repeated measurements have shown the ability of the polymer
coatingsto uptake liquid within themselves after the tests. McK een [116] has reported
that the water absorption of fluoropolymer, such as FEP, PFA and ETFE within 24
hours are around 0.01%, 0.03% and 0.03% by weight, respectively. In order to obtain
the scaling tendency, the samples were weighed before and after an experiment with
a mass balance having a resolution of 0.001mg in a controlled condition room with
the temperature of 21°C and the relative humidity of 42%. Typicaly, two coupons
were tested for each type of surface but in the cases where the results were different,

athird coupon to experiment was done for each surface.

In an oilfield, as shown in Figure 3.12, the process of scale formation on the surface
isdifferent from one region to another. For instance, the type of scale formation down
in the wellbore is different from the formed scale on the surface of valves and pipe

applications on the ground level. The main reason is due to the time that it takes for
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the bulk (or brine solution) to reach from the downhole to the ground level. Normally,
in the downhole areas there are no particles formed in the brine solution and the
process of scale formation dominantly occurs as heterogeneous nucleation and crysta
growth on the surface (region-A in Figure 3.12); while at the ground level, due to the
time interval, the crystals are aready formed in the bulk and the process of scale
formation is dominantly occurs as the adhesion of the so-called pre-precipitated

crystals on the surface (region-B in Figure 3.12).

/////7,7//7777772_7/_77777_

Figure 3.12. Schematic of scale formation in different regions of an oilfield:
region A: heter ogeneous nucleation and crystal growth, and region B:
adhesion of particlesto the surface[124].

To replicate these conditions in the laboratory we have proposed two different

scenarios, as scenario-1 (or adhesion process) and scenario-2 (or deposition process).

3.7.1. Limitations of surface scaling tests

The following limitations can be addressed in the methodol ogy that has been used in
this study:

e Using the standard bulk jar test to assess the surface scaling tendency has its
own advantages such as ssimulating the flow conditions with high precision,
however it has some drawbacks at some points. Controlling the parametersin

such methodology where another phase is present (e.g. oil) is not quite
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straightforward. In order to maintain a homogeneous brine solution, another
propeller needs to be used that will disturb the main flow stream which result
in less control over the flow conditions at the vicinity of the surface.

e During the surface scale test, a fraction of scale deposits form on the wall of
the beaker that at some point will affect the rate of surface scaling, however
such effect is the same for all the tested modified surfaces.

e The brine solution is saturated with CO2 to maintain the condition of the test
throughout the whole process and remove the oxygen ions from the brine
solution. In order to improve such methodol ogy, the addition of NaOH to the

brine solution to preserve the level of the pH is advisable.

3.8. Turbidity meter

Turbidity is caused by suspended particles such as sludge, limestone, yeast or
microorganisms. The level of the turbidity is associated with the level of cloudiness
of the water solution. Turbidity does not measure the suspended substances in a
sample but instead, measure the scattering effect of such particleson thelight. In other
words, the results obtained from the turbidity meter is the ratio between the scattered
light and the transmitted light, and the difference between these two values is in
proportion to the concentration of suspended substances in the sample, as shown in
Figure 3.13.
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Figure 3.13. Illustration of turbidity measurement using the light scattering
technique [125].

A Hach DR/890 Colorimeter was used to measure the turbidity of the scaling solution
once the Brine-1 and Brine-2 were mixed. The calorimeter acts by measuring the
reduction of light as it passes through the sample column of water and shows the
results as Formazin Turbidity Unit (FTU).
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Figure 3.14. Turbidity measurement of the brine solutionsfor both the
carbonate-dominated (blue dots) and sulphate-dominated (red cr osses)
brines. “Deposition” process startsat O min and “Adhesion” process starts
at 90 min.

The induction time for such a solution is so fast due to the high supersaturation index
that can be neglected. The turbidity increases rapidly in the first 10 minutes, and after

some fluctuations, it is stable.

Asshownin Figure-1, the “deposition” test startsfrom minute“0”; and the “adhesion”
test starts from minute “90” where the speed of the crystallisation is in balance with
the dissolution rate of the particlesin the brine solution. The turbidity as afunction of
time of both solutionsisplotted in Figure 3.14. The measurements have been done for
110 minutes as the brine 1 and brine 2 are mixed together. The behaviour of the
carbonate-dominated brine is different from the sulphate-dominated brine. In the
carbonate-dominated brine, the cloudiness of the brinereachesacertain level and then
it decays by time until it reaches a certain amount, while in the sulphate-dominated

brine, the turbidity reaches to acertain level and then it remains stable.

3.9. Scanning Electron Microscopy (SEM)

As part of the qualitative assessment, Scanning Electron Microscopy (SEM) has been
applied to study the morphology of the crystals and the way that they are formed on
the surfaces. The SEM Carl Zeiss EVO MA15 and Hitachi TM 3030 Bench Top SEM
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were used after the scaling tendency teststo capture images revealing detail s less than
1nm in size. The majority of the SEM images taken are from signals produced by
secondary electrons (SE) and a few of them are from the back-scattered electrons
(BSE). The signals result from interactions of the electron beam (around 20keV) with
atoms at adifferent depth within the sample. Signals from the SE are el ectron emitted
from the vicinity of the sample surface, while the signals from the BSE are beam
electron that is reflected from the sample. The schematic of the SEM is shown in
Figure 3.15.

The specimen surface needsto be electrically conductive and electrically grounded to
prevent electrostatic overcharge at the surface. In order to prevent any fault scanning
in SEM image for the nonconductive specimens (e.g. epoxy and fluoropolymer
coatings), the specimens were coated with ultrathin conductive materials (e.g. gold or

platinum) using the low vacuum sputter coating technique.
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Figure 3.15. Schematic diagram of SEM.

The elemental anaysis or chemical characterization of the scale deposits on the
surface has been done by Energy Dispersive X-ray spectroscopy (EDX) technique
(Oxford instrument Aztec Energy EDX) coupled by Carl ZeissEVO MA15 SEM. In
this technique, a high energy beam of charged particles strikes the specimen to

stimulate the emission of characteristic X-ray from the specimen. The number and
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energy of the X-ray emitted from the specimen will be measured to calculate the

elemental composition of the specimen.

3.10. Inductively Coupled Plasma (ICP)

To understand more about the chemical composition of the deposited crystals on the
surface, the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
spectroscopy technique is employed to measure the relative amount of calcium,
barium and strontium by either mass or mole percentage by dissolving the deposited

scale formed on the surface of the coatings.

ICP-AES is amulti-element analysis technique that uses inductively coupled plasma,
normally uses ionised argon at high temperature as a source, to stimulate atoms and
ions of the sample to emit electromagnetic radiation at wavelength characteristics of
aparticular element. The emitted light is separated into different wavelengths that the
specific wavelength of interest can be detected by a monochromator and its intensity
by a detector. The data is then used to calculate the concentration of that element of
interest.
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Chapter 4

Results of Carbonate-dominated Brine

4.1. Introduction

In many industrial systems, scale formation causes significant problems, mainly
relating to the process efficiency in the oil and gas industry, where fouling by mineral
scaling can cause problems relating to the flow assurance. Carbonate scal e deposition
(mainly formed as CaCOs and SrCQOs) on the surfaces is one of the most common
scale types which can impair the oil production by blockage of pipelines and tubing,
fouling equipment and concealment of corrosion. Therefore, understanding the
mechanism and rates of scale deposition (i.e. where and how much carbonate scale
deposited) is vital to predict and manage the potential scale deposition. This
knowledge would facilitate the design of more effective treatment of carbonate scale

as well as minimise the scale deposition tendency during the oilfield production.

Theorigin of scaleis often complicated. It can befrom crystals pre-precipitated in the
bulk solutions or can be from crystallisation on a solid surface. The mechanisms need
to be understood to properly manage scale problems. Conventionally scale studies
have involved the evaluation of bulk scaling which describes the process of scale
formation in a solution, referred to as precipitation; while scale deposition, or

formation of scale at a surface, has received much less attention.

One of the main difficultiesin anticipating the process of scale deposition isthat there

are so many factors influencing the scale formation in the bulk and on the surface:

e Bulk solution parameters. The factors could be the operating conditions of
the bulk solution such as the hydrodynamics of the flow, solution composition,
pH, temperature, dissolved and suspended impurities, the presence of gas
bubbles, and CO. content in water.

e Surface parameters. The surface parameters such as surface roughness,
surface energy, and surface chemical composition can affect therate of surface

scale formation.

Surface scale formation would be affected by a combination of both bulk solution and
surface parameters which make the prediction of scae formation on the surfaces
difficult [124].
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Zhang et a. [126] reported that in a gas lift well, the carbonate scal e thickness found
at the gas entry point in the downhole is at its highest rate and gradually decreases.
Therefore, in this chapter, the results of two surface deposition processes, i.e. as
“adhesion process’ and “heterogeneous nucleation and crystal growth process’, of
carbonate-dominated brine on different commercially-available modified surfaces are
assessed. The amount of scale mass gain deposited on the modified surfaces was

recorded in two scenarios.

The polymorphs, size and shape of crystals formed on the surface were observed by
Scanning Electron Microscope (SEM) and the elemental composition of the scale
deposits are studied by Energy Dispersive X-rays spectroscopy (EDX). The existence
of ionsin the scale deposits on the surfacesis aso studied by the Inductively Coupled
Plasma (ICP) by dissolving the scale deposits on the surface. In addition, the effect of

the surface energy and surface roughness on both processes has been studied.

4.2. Surface scale deposition of carbonate-dominated brine

Asshown in Figure 4.1, different modified substrates are subjected to 2-hour surface
scale deposition experiments in laminar and turbulent flow conditions, respectively.
It can be concluded from the results that the ceramic coatings (e.g. TiN, CrN, DLC,
DHS and TiAIN) along with the stainless steel 316 and 416 have generally the best
performance amongst other coatings in both laminar and turbulent conditions,
although in turbulent conditions some epoxies have shown promising results (e.g.
B1381 and B1341). Surprisingly, the fluoropolymer coatings with relatively lower
surface energy have higher scaling tendency compared to other types of coatings.
Charpentier et a. [127] have reported that modified surfaces such as fluoropolymer
coatings with low surface energy do not have necessarily good anti-scaling

performance.

By comparing the performance of the modified surfaces with reference materials
(Stainless Stedl 316 or 416), it would raise one question as what is the use of surface
engineering and the application of modified surfaces. It should be noted that using
such stainless steel samples with such a high-quality surface finish is not normally
used in industry, and if it is used the cost would be so high.

As shown in Figure 4.1, the measured mass gain values for a unit of area on the

modified surfacesin laminar flow regime conditions ranges from 0.125 mg/cm? (TiN)
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to 0.546 mg/cm? (B5891-Exp), while in the turbulent flow regime the mass gain
values for aunit of arearanges from 0.231 mg/cm? (SS-316) to 0.800 mg/cm? (FEP).
It isevident from the results that flow regime can change the anti-scaling performance
of the modified surfaces.
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Figure4.1. Mass gain of modified surfacesin the deposition processin (a)
laminar flow regime, (b) turbulent flow regime.
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In order to show the scaling tendency of each modified substrate to a better indicator,
the results are interpreted as the scale deposits thickness increase in a year, provided

that the scale deposits are fully dense.

Based on the ICP and SEM results, it has been assumed that the scale deposits are
made of the mixture of 10% of SrCOj3 (with density of 3.5 g.cm™) and 90% of CaCOs
where the morphol ogies of the formed crystals of the calcium carbonate is half calcite
(with density of 2.71 g.cm™®) and half aragonite (with density of 2.83 g.cm3). As a
result, the density of the scale formed on the surface is around 2.843 g.cm3, provided
that the deposited scale is fully dense. As aresult, the highest scaling tendency in a
year isin arange of 0.192 (TiN) to 0.841 (B5891exp) cm.year and 0.357 (SS 316)
to 1.202 (FEP) cm.yeart in laminar and turbulent flow regimes, respectively. In short,
each value of the mass gain per area can be multiplied by 0.65 to get the value as the

growth rate of scale deposits on the surface in cm.year™.

4.3. Surface scale adhesion of carbonate-dominated brine

The mass gain results of different modified substrates per unit area for the adhesion

tests are shown in Figure 4.2.

In the surface adhesion scaling tendency test, the brines were mixed together and after
two hours the substrates were immersed in the brine solution for two hours. These
experiments have been conducted for both laminar and turbulent flow regimes.

Like the surface deposition results, the performance of the ceramic coatings along
with the stainless steel 316 and 416 in the carbonate-dominated brine is better
compared to the epoxies and fluoropolymer coatings in both laminar and turbulent

flow regimes.

The measured mass gain values for aunit of area on the modified surfacesin laminar
flow regime conditions ranges from 0.110 mg/cm? (SS 316) to 0.430 mg/cm? (PFA),
while in the turbulent flow regime the mass gain values for aunit of arearanges from
0.029 mg/cm? (DLC) to 0.334 mg/cm? (Black).

As explained in the surface scale deposition section, assuming the scale deposits
formed on the surface in the adhesion process is fully dense, the annual rate of scale
formation on different modified surfaces can be converted to surface scale growth by
multiplying the mass gain in mg/cm? to 0.65. The results of the scaling tendency in a
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year will bein arange of 0.169 (SS 316) to 0.663 (PFA) cm.year! and 0.045 (SS 316)
to 0.514 (Black) cm.year! in laminar and turbulent flow regimes, respectively.
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Figure4.2. Mass gain of modified surfacesin adhesion processin (a) laminar
flow regime, (b) turbulent flow regime.

4.4. SEM scale depositsfor adhesion and deposition processesin

laminar and turbulent regimes

Figure 4.3 shows the scale formation morphologies and elemental composition of
scale deposits on different modified surfaces after a 2 hour experiment period. Based
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on the initial saturation ratio calculation of the brine composition, scale precipitation
of CaCOs, SrCOs and BaS0Os in the bulk solution is thermodynamically possible.

In order to understand the morphology of the deposited scale on the surface, SEM
images were taken for arange of modified surfaces experimented in both scenarios at
laminar and turbulent flow regimes.

4.4.1. SEM imagesin the adhesion process

The presentation of the SEM images of scale deposits over a wide range of different
modified substrates will enable usto understand more about the effect of the substrate
on the scaling tendency rate and behaviour. To date, little research has been conducted
to study the effect of substrate on the scale formation process and the morphology of
scale deposits.

4411 Laminar conditions

The SEM images taken from different modified surfaces in the laminar flow regime
at different magnitude are shown in Figure 4.3. The images show both the mapping
of the scale deposits (at zoomed out images) formed on substrates and also the
morphology of them at zoomed-in images.

NMMD6.4 x50 2mm NMMD6.6 x1.0k 100 pm

Figure 4.3a: B1341 — Scale deposits scattered all over the surface but have formed
in accumulated clumps.

With the first glance by looking at the mapping formation of the scale deposits on the
substrates, it shows that the scale deposits are amost deposited on the substratesin a
scattered form. The morphology of the scale deposit crystals formed on the surfaces
is mainly cubic calcite with round edges, needle-like aragonite, and with some rare
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vaterite crystals. The presence of amorphous crystals is quite distinguishable on the

surface of the majority of modified surfaces.

NMMD6.3 x1.5k 50 pm

Figure 4.3b: B1381- Scale deposits scattered all over the surface but have formed
in accumulated clumps.

NMMD6.7 x40

NMMD6.2 x180 500 pm NMMDB.2 x1.8k 50 pm

Figure 4.3c: B1391- Formation of calcite crystals with rounded edges.

NMMD6.0 x40 2mm

NMMD6.3 x1.0k 100 pm

Figure 4.3d: B1541- The density of the scale deposits on the convex area of the
surface is higher
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Figure 4.3a to Figure 4.3h show the scale deposits on formed epoxy coatings. Due to
the chemical composition complexity of the brine solution, the scale deposits formed

on the surfaces are diverse in morphologies and scale pattern.

NMMD6.2 %100 1mm NMMD6.2 x1.5k 50 pm

Figure 4.3e: B5891- Scale deposits scattered all over the surface but have formed
in accumulated clumps.

e
NMMD5.2  x1.5k

50 pm

NMMD5.8  x100

Figure 4.3f: B5891exp — The surface scale deposition as big calcite crystals with
rounded edges scattered all over the surface.

e 2t
NMMD5.2 %120

500 pm NMMD5.2  x2.5k 30 pm

Figure 4.3g: B5892 - Scale deposits scattered all over the surface but have formed
in accumulated clumps.
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NMMD5.1 %200 500 pm

NMMD5.1 x1.2k 50 pm

Figure 4.3h: B5892exp — Formation of scale deposits as clumps all over the
surface, the dominant scale deposits can be categorised as amorphous crystals.

NMMD5.8 %200 500 pm

Figure 4.3i: CrN - Scale deposits scattered all over the surface but have formed in
accumulated clumps, mixture of the amorphous and aragonite crystals

NMMD5.8 x2.0k 30 pm

NMMD5.7 %100 1mm

Figure 4.3j: DHS — The formation of amorphous crystals scattered all over the
surface.

As shown in Figure 4.3d, the scale deposits are formed on the bulge of the surface.
The magnitude of such convex areaisnormally omitted in the roughness measurement
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techniques as a shape factor filter. Such convex areas are pretty scale-problematic
regions where the mass transfer rate is controlled mainly by diffusion rather than
convection (e.g. laminar conditions). In addition, these areas have arelatively higher
surface energy compared to other locations on the surface. On the other hand, scale
crystals adhere themselves in the valleys in between micro-grooves on the surface,
where the relative surface energy is higher, as shown in Figure 4.3e.

— NMMD5.8 <100 1mm

Figure 4.3k: DLC — The formation of amorphous and calcite crystals on the
surface.

NMMD8.0 x100

Figure 4.3|: Dti — Formation of aragonite crystals formed as either single or
bundle crystals.

The SEM images of ceramic coatings along with the reference surfaces (stainless steel
316 & 416) are shown from Figure 4.3i to Figure 4.3p. In surfaces such as SS316 and
SS 416, and TiN and TiAIN there are not much difference in the morphology of the
scale deposits formed on the surface, e.g. in the former, mainly deformed calcite due
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to the presence of magnesium ions, and in the latter, a combination of amorphous
calcium carbonate and big crystals of calcite with round edges.

NMMD5.3 %180 500 pm

Figure 4.3m: SS 316 — The formation of amorphous crystals as a bundlie and
calcite with rounded edges.

NMMD5.7 x250 300 pm

NMMD5.7 x1.0k 100 pm

Figure 4.3n: SS 416 — Calcite with rounded edges are formed all over the surface.

The presence of aragonite crystals as single and bundle crystals are quite noticeable
on CrN and Dti surfaces. Scale deposits on the DL C-based surfaces are different, in
terms of both the morphology of the crystals and the scaling behaviour. In other words,
the scale deposits formed on the DLC are mainly amorphous and deformed calcite
crystals formed as agglomerated clumps of crystals, while on the DHS surface, the
calcite crystals are relatively smaller and are scattered all over the surface.
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NMMD5.8  x100 1mm

NMMD5.6 x1.0k 100 pm

Figure 4.30: TiN — A mixture of amorphous and calcite crystals formed on the
surface as a clump.

. e

NMMD5.8 x1.0k 100 pm

NMMD5.8  x100 1mm

Figure 4.3p: TiAIN - A mixture of amorphous and calcite crystals formed on the

surface as a clump.

NMMD6.1  x60 NMMDB.1 x1.8k 50 pm

Figure 4.3q: ETFE - Formation of amorphous crystals all over the calcite crystals
scattered all over the surface.
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The SEM images of the scale deposits on the fluoropolymer coatings are shown from
Figure 4.3q to Figure 4.3u.

Figure 4.3r: FEP — Scattered crystals formed on the surface, mainly formed as
calcite crystals with rounded edges.

NMMD5.6 5.0k 20 pm

Figure 4.3s. One — Scattered crystals formed on the surface, mainly formed as
calcite and aragonite.

NMMD6.3 x40 2mm

NMMD6.0 %600 100 pm

Figure 4.3t: PFA — The formation of perfect calcite crystals and amorphous
crystalsin between of them.
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Unlike the “One” coating with calcite and aragonite (formed either singular or as a
bundle), all the other surfaces are filled with amorphous calcium carbonate crystals
with some calcite crystals in between. The fluoropolymer coatings are surfaces with
relative lower surface energy, as aresult, the formed scale deposits are rather attached
together than attach themselves to the surface. In other words, the scale deposits in

such surfaces are attached together as alump of crystals.

In generd, the scale deposits formed on the substrates in the adhesion process with
laminar flow conditions are scattered all over the surface, mainly composed of calcite
and amorphous cal cium carbonate crystals with a minor portion of aragonite crystals
in some surfaces. The surface scale formation behaviour of different substrates is
different, and the author believes that apart from the bulk precipitation, at some point
the surface scale formation is controlled by the substrate’ s characteristics (such asthe

surface topography/texture/compl exity/roughness/energy and chemical composition).

NMMD6.9 x40 2mm

Figure 4.3u: PTFE — The formation of calcite crystals with rounded edges and
amorphous crystals scattered al over the surface.

Figure 4.3. SEM images of the scale deposits formed on different modified
surfaces at different magnification rangein the adhesion process for
laminar flow regime.

44.1.2. Turbulent Conditions

The SEM images of the scale deposits on different modified surfaces of the adhesion

process in turbulent flow regime are shown from Figure 4.4a to Figure 4.40.



NMMD6.9 x50 2mm NMMD6.7 x800 100 pm

Figure 4.4a: B1381 — Amorphous crystal formed locally onto the surface,
heterogeneous nucleation has occurred, although it isin the adhesion process.

—_— e e

i
NMMD6.2  x100 1mm NMMD6.3 x800 100 pm

Figure 4.4b: B1391 — Calcite crystals with round edges are formed on the surface,
they are scattered al over the surface as single crystals.

NMMD6.9 x180 500 pm

Figure 4.4c. B5891 - Calcite crystals are formed on the surface, they are scattered
all over the surface as single crystals.

NMMDB.5 x1.5k 50 pm
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NMMD5.7 %200 500 pm

NMMD5.7 x800 100 pm

Figure 4.4d: B5891exp - Calcite crystals are formed on the surface, they are
scattered al over the surface as both single and or accumulated crystals.

In turbulent flow regime, mass transfer is governed by advection rather than diffusion.
As aresult, in the adhesion process, where the pre-precipitation has aready started
and the crystals are formed, the adhesion of the bigger crystals onto the surface at

higher shear forcesinduced by the flow is more difficult.

NMMD6.1 x800 100 pm

NMMD6.1 =400 200 pm

Figure 4.4e: B5892 — Heterogeneous nucleation occurring on the surface, although it

is adhesion process.

In such conditions, there isarivalry between the mass transfer rate which isin favour
of scale formation and the gravitational forces which are against the surface scale
formation. As a result, the crystals normally formed on the surface in turbulent

conditions are smaller than in laminar conditions.
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NMMD5.9 x50 2mm NMMD5.6 x500 200 pm

Figure 4.4f: B5892exp — Localised formation of crystals onto the surface,
heterogeneous nucleation is in progress.

NMMD5.6 x200 500 pm

NMMD5.6  x2.5k 30 pm
Figure 4.4g: CrN — The formation of calcite crystals with rounded edges as alump
of crystals over the surface.

NMMD5.7 %150 500 pm

NMMD5.6 x400 200 pm

Figure 4.4h: DHS — The formation of scattered single calcite crystals with round
edges onto the surface, heterogeneous nucleation is occurring.
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NMMD5.8  x100 NMMD6E.0 x500 200 pm

Figure 4.4i: DLC — Localised scale formation of scale crystals on the surface,

heterogeneous nucleation is occurring.

The scale deposits on some modified surfaces (e.g. Figure 4.4a, Figure 4.4f, Figure
4.4, Figure 4.4) and Figure 4.4k) are formed as |ocalised scale deposition. Localised
scale deposition forms as aresult of heterogeneous nucleation and crystal growth.

In can be attributed to the fact that as the heterogeneous nucleation starts on the
surface and such sites result in the crystal growth, the surface area adjacent to the
formed crystals on the surface would be more susceptible to further surface scaling.
As a result, the surface scaling rate near to pre-deposited surface areas would be
escalated and lead to localised formation of scale deposits.

NMMD6.2 %300 300 pm NMMD6.2 x1.8k 50 pm

Figure 4.4j: ETFE — Localised formation of single calcite crystals on the surface.
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NMMD7.2 x500 200 pm

NMMD7.1 x1.8k 50 pm

Figure 4.4k: PTFE — Localised formation of scale deposits as calcite crystals,
heterogeneous nucleation is occurring in the adhesion process.

NMMD6.9 x100 1mm

NMMD6.9 x1.8k 50 pm

Figure 4.4l: FEP — The formation of amorphous and calcite crystals on the
surface.

NMMD6.0 x500 200 um NMMD6.0  x3.0k 30 pm

Figure 4.4m: “One” — Scattered formation of the lump of calcite crystals on the
surface.
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The crystals formed in turbulent conditions are mainly calcite crystals with a little
amount of amorphous cal cium carbonate crystals on some of the surfaces. In turbulent
conditions, the adhesion of the pre-precipitated crystals onto the surface is easier in
regionswhere they are lessinfluenced by the shear forcesinduced by the flow regime,
e.g. in the valleys and grooves of the surface.

For example, the surfaces with higher texture complexities, such as “B1391",
“B5891", “B5891exp” and “One”, the calcite crystals adhere themselves uniformly
all over the surfaces. Or, as shown in Figure 4.4n and Figure 4.40, the scale deposits
are formed in the grooves of “SS416 and “ TiN”, respectively, while the convex areas
(i.e. peaks) of the surface have fewer scale deposits.

NMMD5.8 %300 300 pm

Figure 4.4n: SS 416 — Scale deposits are predominantly formed in the concave
areas of the surface.

NMMD6.2 %100 1mm

NMMD5.9 %300 300 pm

Figure 4.40: TiN — Scale deposits are mainly formed in the grooves of the surface.

Figure4.4. SEM images of the scale deposits formed on different modified
surfaces at different magnification rangein the adhesion process for
turbulent flow regime.
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In conditions where the gravitational forces are dominant and against the adhesion of
the crystals onto the surfaces, the process of surface scaling is mainly governed by
heterogeneous nucleation and crystal growth. The zoomed-in image of such localised
scale deposition is shown in Figure 4.5. It can be implied that the heterogeneous
nucleation and crystal growth is alwaystaking place, although the crystals are already
pre-precipitated in the bulk. Such occurrence is aso noticeable in the SEM images of
Figure 4.4-a,ef,h, i and k.

NMMD5.9 x1.0k 100 pm

Figure 4.5. The SEM image of scale depositsin the adhesion processin the
turbulent conditions. Heter ogeneous nucleation and crystal growth still
occurring onto the surface: (a) DLC and (b) TiN.

In other words, there are so many connections around the formed scale deposits and
the modified surfaces which indicate a strong affinity between these two entities. The
author believes that such occurrence can be attributed to the fact that heterogeneous
nucleation is taking place although it is the adhesion process. However, the author
cannot distinguish the occurrence sequence of these processes, i.e. whether it is the
heterogeneous nucleation and crystal growth process that facilitates the adhesion of

pre-precipitated scale deposits onto the surface or vice versa.

4.4.2. SEM imagesin the deposition process

Since the fluoropolymer and epoxy coatings are not conductive, the platinum layer is
coated on the surface for a better assessment of the crystal morphology on such

surfaces.
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Asshown in Figure 4.6, there are mainly calcite and aragonite crystals formed on the
B1341 coating as scale deposits. The small aragonite crystals formed as a single
crystal but as they start to grow up, they will grow up as a bundle of aragonite (see
Figure 4.6-left, Figure 4.7-c and Figure 4.9). Such behaviour is aso evident on other
modified surfaces.

NMMD6.0 x500 200 um

NMMDB0 xd0k 20 pm NMMDB.G x2.0k 30 m

Figure4.6. The SEM image of scale depositson the* B1341” coating in the
deposition process.



NMMD8.5 x9.0k 10 um

Figure4.7. The SEM image of scale depositson the“B1391” coatingin the
deposition process.

NMMD5.4 x15k 5.0 um

Figure4.8. The sharp edges of calcite arerounded on different modified
surfaces: (a) ETFE and (b) PFA.

Secondary nucleation phenomenon is also observable on the surface of the calcite
crystal (Figure 4.6-right and Figure 4.7-b). Secondary nucleation formation and the
dissolution of the crystals mainly at the edges of the calcite crystals, where the ion
transfer isat itshighest rate (see Figure 4.8), will lead to the formation of lump crystals
onto the surfaces (see Figure 4.5 or Figure 4.4-a, b, h, i, n, 0).
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It can explain clearly why theformed crystals on the modified surfacesin the adhesion
process do not follow the shape of the known morphologies of carbonate scale
deposits. In other words, in terms of time sequence, the deposition tests are occurring
in the first 2 hours that the brines were mixed, while the adhesion tests are starting
after 2 hours of the time that the brines were mixed together. Therefore, the latter is
at later stages compared to the former process.

The effect of the substrate on the morphology of the scale deposits has not fully
determined, yet. The SEM images (see Figure 4.9 and Figure 4.10) show that the
morphology of the formed scale depositswill be affected by the chemical composition
of the substrate, however, the author believes that much more systematic research
should be conducted in future to study such effects.

NMMD5.7 x40k 20 pm 50 pm

Figure 4.9. Theformation of needle-like aragonite bundle with low aspect ratio
and calcite formation and dissolution at their edgesin the deposition tests
on thefluoropolymer surfaces. (a) ETFE, (b) FEP, (c) PFA and (d) PTFE.
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Figure 4.10. Theformation of rounded edges calcite, needle-like aragonite with
low aspect ratio and round shape and/or di-pyramidal vateriteformed in
the deposition tests on different modified surfaces: (a) CrN, (b) DLC, (c)
TiN, (d) DLC, (e) DHS and (f) Stainless steel.
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Asshown in Figure 4.9, the dominant morphology of the scale deposits formed on the
fluoropolymer-based surfaces are the needle-like aragonite bundles and calcite with
rounded edges, while the morphology of the scale deposits formed on the ceramic-
based surfaces and the stainless steel include all three main morphologies of the
calcium carbonate crystals: calcite crystals with rounded edges, aragonite crystals
with low aspect ratio which areformed mainly asabundle, and vaterite crystalswhich
are shaped as either round crystals or dipyramidal crystals (see Figure 4.10).

By comparing the surface scale deposits between the epoxy coatings and the
fluoropolymer coatings, there is not much difference in terms of the morphology of
the crystalsformed on surfaces, while in ceramic coatings the existence of the vaterite
crystals on such surfaces are quite apparent and forms in different known shapes of

the vaterite crystals.

Apart from the known morphologies, thereis atype of uncommon calcite crystal with

sharp edges but a hollow in the middle, as shown in Figure 4.11.

P Comad

se1 ——— tag= 1 .00 kY sE1
Widih= 3960 ym — (,E"" — Width= 1960 um

Figure4.11. SEM images of CaCOs3s deposited on DL C: showing defor mity at
the centre of the cubical structure.

Figure 4.12 shows the crystals formed on one specific substrate (TiN) for both
turbulent and laminar conditions. In both cases, both calcite (polyhedron) and
aragonite (needle-like but thicker in the middle) are formed, however, the dimension

of the crystals are relatively different.



Aoum | Mag= 400K X SE1 Aoum ————
— €ema> Width=7426 um —— €ema>

SE1
Width=7163 um

Figure4.12. SEM images of the crystal morphologies of scale depositson a
specific substrate (TiN) in different flow regimes: (a) Turbulent conditions
(b) Laminar conditions

Aragonite crystalsin laminar conditions are relatively longer than that of in turbulent
conditions but this discrepancy is not much; on the other hand, the calcite crystalsin
the turbulent flow conditions are 1.5 to 2 times bigger than that of in the laminar flow
conditions. Such occurrence can be associated with the kinetics formation rate of

aragonite versus calcite crystals.

The aragonite crystals formed in the laminar conditions are formed as needle-like
bundles, while in the turbulent conditions these crystals are solely formed and
scattered. The reason can be attributed to the way that crystals are formed with regard
to gravitational forces. in laminar conditions crystallization takes place in more
localized way on the surface and beginsto grow, whilein turbulent conditions crystals
would grow up to alevel and then they will be affected by shear stressinduced by the

brine solution.

The zoomed-out SEM images of scale formation on different substrates after 2-hour
experiments in laminar and turbulent flow conditions are shown in Figure 4.13 and
Figure4.14, respectively. In turbulent conditions, the scale deposits are formed evenly
all over the surface, while the scale deposits are formed locally and then have grown

locally in the laminar conditions.

Such behaviour can be attributed to the fact that the heterogeneous nucleation and
crystal growth is primarily governed by the transport of the ions of interest from the
bulk solution onto the crystal interface. In laminar conditions, the mass transfer is
controlled by diffusion, while in turbulent conditions it is mainly controlled by
advection.
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Figure 4.13. SEM images of carbonate scale formation in laminar conditions
(zoomed out): (a) DHS, (b) TiN, (c) Stainless steel, and (d) DLC.
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WD =140 mm 2000 KV SE1 P Mag= 639 X WD = 13.0 mm 2000 KV
Widith = 1.048 mm — Cepnas Wik = 4865 pm — Cepn

Figure4.14. SEM images of scale formation in turbulent conditions (zoomed
out): (a) DLC, (b) DTi, (c) B1541 and (d) Black.
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As aresult, in laminar conditions, where the mass transfer diffusion is higher, local
scale deposition occurs more often, while in turbulent conditions the advection (or
convection) effects overcome the diffusion effects and more uniform scale deposition

OCCuUrs.

10 um — 10pm —
SE1 Mag= 460K X .00 kv SE1
Widih = 7426 um —— Cemad Width=66.89 um  — G@

Figure 4.15. SEM images of scale deposits on different modified surface, the
formation of polyhedron calcite dueto the existence of Mg?* crystals: (a)
B5891, (b) CrN, (c) Stainless stedl, and (d) DHS.

SEM images of scale deposits, affected by the existence of Mg?* in the system, formed
on different modified surfaces are shown in Figure 4.15. The existence of Mg?* in the
bulk solution has affected the morphology of the calcite crystals on different modified
surfaces. In addition, Mg?* has affected the aragonite crystals by having such crystals
with low aspect ratio formed as needle-like bundles all over the surface (see Figure
4.16).

More discussions on the morphological studies of the carbonate-dominated scale
deposits will be presented in Chapter-7. However, the author believes that more work
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needs to be done to assess the effect of the modified surfaces on the morphology of

the crystals forms on surfaces.

L' @@ o aan = Width=§6.99 um )Wum—‘@@

SE1
Widih=7426 um

Figure 4.16. SEM images of scale deposits on modified surfaces: (a) DHS and
(b) Stainless steel; formation of aragonite (needle-like bundles) with low
aspect ratio with an orientation parallel to the surface.

EDS Layered Image 3

Figure4.17. EDX images of scale deposits: the presence of magnesium in the
lattice of calcium carbonate (aragonite).
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45. EDX analysis of scale deposits

By using the EDX technique, the elemental composition of the scale deposits formed
on the surface is shown in Figure 4.17., and it seems that the existence of Mg?* not
only affects the morphology of calcite crystals (see Figure 4.15), but aso the

morphology of aragonite crystals (see Figure 4.17), e.g. the formed aragonite crystals
have low aspect ratio.

EDS Layered Image 8

Fe Kal Ca Kal 0 Kal

R ] TS (e S|
25um 25um 25um

| - —| . 1
25pm 25 Z5um

Figure 4.18. EDX analysis of surface scale formation (surface deposition of
CaCOs, SrCOs3 and BaSO4)

As shown in Figure 4.18, by using the EDX technique, the scale deposits formed on
the surface are characterised and apart from calcium carbonate, the existence of

elements such as barium, strontium, sulphate are evident that can be accounted for the
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formation of BaSO4 and SrSOs4 (which are in agreement with their supersaturation
ratio value) or the co-precipitation of such crystals together.

The EDX images of the scale deposits formed on stainless steel and DHS are shown
in Figure 4.19 and Figure 4.20, respectively. The incorporation of the strontiumin the
lattice of calcite and aragonite are different, irrespective of the modified surfaces. The
incorporation of strontium in the lattice of the latter is higher than that of the former
crystals on both surfaces.

EDS Layered Image 6

] refis] o [ ccvco|

25pm

EDS Layered Image 7

25pm

Figure 4.19. EDX images of scale deposited on the stainless stedl surface: the
incorporation of strontium in thelattice of aragonite, but not the calcite.
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EDS Layered Image 15

Topm
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EDS Layered Image 14

-

Ca Kal Sr Lol

Z5pm ) ' Z5pm

Figure 4.20. EDX images of scale deposits on DHS surface: incor poration of
strontium in the lattice of aragoniteishigher compared to both calcite and
vaterite.
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The author will discuss the co-precipitation of the scale deposits in more details in
chapter-7.

4.6. |1CP analysisof scaledeposits
In order to demonstrate the ion concentration of the scale deposits on the surface,
Inductively Coupled Plasma (ICP) measurements were made.
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Figure4.21. ICP results of the scale depositsin the deposition tests presented in
mass gain: (a) Laminar and (b) Turbulent flow conditions.
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The ion concentration of calcium, magnesium, strontium and barium in both laminar
and turbulent flow conditions are shown in Figure 4.21 and Figure 4.22 by their mass
gain values for the deposition and adhesion processes, respectively.
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Figure4.22. ICP results of the scale depositsin the adhesion tests presented in
mass gain: (a) Laminar and (b) Turbulent flow conditions.

By comparing the results in both the deposition (see Figure 4.21) and the adhesion
(see Figure 4.22) tests, the following findings can be addressed:
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e The predominant existence of the calcium ions in the carbonate-dominated
brine is quite distinguishable.

e In the deposition tests, the calcium ratio in the formed scale deposits on the
modified surfaces is higher in the adhesion tests.
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Figure 4.23. Mole percentage of barium, calcium, strontium and magnesium
existing on the surface as scale depositsin the deposition process. (a)
Laminar and (b) Turbulent flow conditions.
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e Themagnesium ions play amajor rolein the mechanism and the morphol ogy
of the carbonate-dominated scale deposits.

e Theagitation level or the turbulence level of the flow has alow impact on the
ratio of the ions formed in the scale deposits in processes.
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Figure 4.24. Mole per centage of barium, calcium, strontium and magnesium
existing on the surface as scale depositsin the adhesion process: (a)
Laminar and (b) Turbulent flow conditions.
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The mole percentage of the ions, e.g. barium, calcium, strontium and magnesium,
presented in the scal e deposits on different modified surfacesfor laminar and turbulent
flow conditions are shown in Figure 4.23 and Figure 4.24 for deposition and adhesion

processes, respectively.

Considering the formation of calcium carbonate, barium sulphate and strontium
sulphate as scale deposits on modified surfaces, as shown in Figure 4.23 and Figure
4.24, the following aspects can be addressed:

e Calcium is the most abundant ion which conveys the idea that the calcium
carbonate is the predominant scale deposits formed on the surface.

e The existence of barium can be attributed to the fact that the supersaturation
ratio of the barium sulphate is more than unity and thermodynamically there
is a chance of the precipitation of such crystals in the bulk and its deposition
onto the surface.

e The hydrodynamic effects have not affected the incorporation of strontium
ionsin the scale deposits, while the density coefficient of the magnesium ions
has increased by the agitation level of the bulk solution.

e The modified surfaces do not have much effect on the chemical composition
of the scale deposits, but the author believes that more studies need to be

conducted in this area to reach to a conclusive assessment.

4.7. Summary

The surface scale formation tests for a wide range of modified surfaces, which are
commercialy-available, were carried out as two different processes known as
“deposition process’ or heterogeneous nucleation and crystal growth, and “adhesion
process’ or the adherence of the pre-crystallized particles onto the surface in two
hydrodynamic conditions known as laminar and turbulent flow conditions. The
scaling tests have been done in a carbonate-dominated brine which is supersaturated
with respect to calcium/strontium carbonate and barium sulphate and is prepared to
provide the same brine composition as in the Brazilian oil basins. This chapter can be
summarised as the followings:

e Due to the high supersaturation ratio of the carbonate-dominated brine, the
induction period of the bulk is within a minute and the nucleation process is

instantaneous for all the tests.
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The scaling tendency of the ceramic coatings in both the adhesion and the
deposition tests in both laminar and turbulent conditions were the lowest. In
other words, ceramic coatings had the best performance and mainly the

fluoropolymer coatings had poorer performance.

The scaling tendency of the heterogeneous nucleation and crystal growth is
higher than the adherence of the pre-crystallised scale particles.

To enhance the feasibility of certain modified surfaces, the scaling tendency

rate has been trand ated into the scaling growth in ayear.

Thelevel of turbulencefavourstherate of scaling in the deposition tests, while

in the adhesion tests it reduces the scaling rate.

The behaviour of scale formation on the surface will change with respect to
the level of turbulence of the bulk, i.e. in the deposition process, the surface
scale deposits are formed rather scattered in turbulent flow conditions and
localised in laminar flow conditions, and in the adhesion process, the surface
scale deposits in both flow conditions are formed in scattered formation,
however, in turbulent conditions the presence of localised scale sites is
noticeable.

There are diverse morphologies formed on different modified surfaces. The

surface chemistry will affect the morphology of the crystals on the surfaces.

The most dominant crystals formed on the surfaces in the adhesion process
are calcite crystals with rounded edges. There is a trace of needle-like
aragonite on some surfaces (e.g. DTi and One).

In the deposition process, all three main polymorphs of crystals exist, i.e.

calcite, aragonite and vaterite. Unlike the adhesion tests, the dominant crystals
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formed on the surfaces are aragonite and vaterite. The needle-like aragonite
crystals formed on the surfaces have a lower aspect ratio compared to the

literature and they tend to form on the surfaces as abundle.

Even in the adhesion process, the heterogeneous nucleation and crystal growth

isin progress and is distinguishable for most of the modified surfaces.

In the deposition tests, the occurrence of secondary nucleation on calcite

crystalsis apparent.

The calcium ion ratio in the scale deposits in the deposition tests is higher
compared to the adhesion tests.

Theflow conditions have low effect on theratio of theionsformed in the scale

deposits.
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Chapter 5
Results of Sulphate-dominated Brine

5.1. Introduction

In this chapter, both the deposition and adhesion processes are applied in a
supersaturated brine referred to as the sulphate-dominated brine. Since the
supersaturation ratio of such brine is more than unity, the formation of BaSOa, SrSOs,

CaCOs and SrCOs scale deposits are thermodynamically possible.

The mass gain of each modified substrate is presented for both flow regimes in
deposition/adhesion processes. The scale deposits on the surfaces are analysed by
SEM, EDX and ICP analyses to have a better understanding of the morphology of the
crystals and chemical composition of them, as well as having an insight into the co-

preci pitation/co-deposition of the formed crystals.

5.2. Surface scale deposition of sulphate-dominated brine

Deposition tests: The scaling tendency test for the deposition tests have been carried

out for al the modified surfaces for the period time of 90 minutes which starts from
the time that the brines were mixed together and the samples were submerged into the
sulphate dominated brine composition. In the deposition tests, when the coupon is
immersed into the brine solution, the saturation ratio is at its highest rate initially and
then progressively decreases during the test. The mass gain of scale deposits formed
on different modified surfaces in the deposition process, where the focus is on

heterogeneous nucleation and crystal growth is shown in Figure 5.1.

As shown in Figure 5.1, the chemical composition has not much effect on the scaling
tendency of the modified surfaces in the deposition process for the sulphate-
dominated brine composition. In other words, in both the laminar and turbulent
conditions for the deposition process, the anti-scaling performance of different groups
of coatings does not follow aspecific trend. For instance, in both laminar and turbulent
conditions, the performance of the ceramic coatings in terms of anti-scaling
characteristics can be defined with both good (e.g. TiN or DLC) and bad (CrN-Ag or
DTi) quality.
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Figure5.1. Scale deposits formed on different modified substratesin the
deposition tests, wherethe focusis on heter ogeneous nucleation and
crystal growth, in (a) laminar and (b) turbulent conditions.

Asaresult, the performance of each coating needs to be assessed separatel y according
to its surface characteristics. In laminar conditions, the “B1381" coating has a poor
performance whilein the turbulent conditionsits anti-fouling characteristic has shown
promising results, or the best anti-scaling performance can be attributed to the
“B5891" coating in both laminar and turbulent conditions in the deposition process.
The good anti-scale performance of DLC and TiN is independent of the bulk flow
regime, while PFA has poor performance in both flow conditions.



-121 -

In order to show the measured mass gains of different modified substrates to a better
indicator, the results can be interpreted into the annual scale deposits thickness
growth, at both laminar and turbulent conditions. Based on the ICP and SEM results,
it has been assumed that the scale deposits are made of the mixture of 40% of BaSO4
with a density of 4.5 g.cm™, and 60% of SrSO4 with a density of 9.96 g.cm™. As a
result, the density of the scale formed on the surface is around 4.176 g.cm™, provided
that the deposited scale on the substrates is fully dense. Therefore, each value of the
mass gain per area can be multiplied by 0.71 to get the value as the growth rate of

scale deposits on the surface in cm.year ™.
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Figure5.2. Scale deposits thickness growth of different modified substratesin
the adhesion tests, where the focusis on adhesion of pre-precipitated of
scale crystals, in (a) laminar and (b) turbulent conditions.
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The scale deposit thickness growth rate (cm.year?) for the deposition process in the
laminar flow conditions ranges from 0.159 (B5891, epoxy coating), to 0.388 (ETFE,
Fluoropolymer coating), while in the turbulent flow conditions the scale deposits
thickness growth ranges between 0.257 (B5891, epoxy coating) and 0.974 (One,
fluoropolymer coating). By comparing the results, it conveys the idea that the
agitation level of the bulk solution is in favour of surface scale deposition in the
deposition process.

Adhesion tests: The scaling tendency test for the adhesion tests have been carried out
for al the modified surfaces for the period time of 90 minutes. The main difference
with the previous scenario can be attributed to the time of the submergence of the
coupon in the mixed sul phate-dominated brine. At thistime, the brine solutions were
already mixed together and the mixed brine composition has reached to an equilibrium
state where the rate of the scale formation (i.e. crystal formation) in the brineisin
balance with the crystal dissolution in the brine. In such tests, the saturation ratio has

reached a stable value before the insertion of the coupons into the brine solution.

The mass gain of scale deposits formed on different modified surfacesin the adhesion
process, where the focus is on the adhesion of the pre-precipitated scale onto the

surface, are shown in Figure 5.2.

Like the deposition process, in the adhesion process not certain groups of coatings
have better performance, however, the ceramic coatings performance is much better
compared to another type of coatings. It is also noticeable that the anti-scaling
characteristics performance of the coatings in the sulphate-dominated brine
composition is independent of the scaling mechanism. In other words, the coatings
with good anti-scaling characteristics in the deposition process, have the same
performance in the adhesion process, and vice versa. For instance, the “B5891”,
which is an epoxy coating, and TiN, which is a ceramic coating, have a good anti-
scaling tendency performance in both adhesion and deposition processes, while the
“One”, which is a fluoropolymer coating has poor anti-scaling performance in both
processes. However, the anti-scaling performance of some coatings, such as the
coating “B1391”, is depending on the scaling mechanisms. For example, “B1391” has
a good anti-scaling performance in the deposition process, while in the adhesion

process it can be categorised as one of the coatings with poor performance.
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The results can be expressed as scal e thickness growth (cm.year) by multiplying the
mass gain results (mg.cm™) by the value of 0.71. Therefore, for the adhesion process
in the laminar flow regime it ranges from 0.063 (TiN, ceramic coating) to 0.455
(B1391, epoxy coating), while in the turbulent flow regime the scale deposits
thickness growth ranges in between of 0.052 (TiN, ceramic coating) — 0.705 (One,
fluoropolymer coating). Like the deposition process, the agitation level isin favour of

surface scale deposition in the adhesion process.

M ore discussions on the hydrodynamic effects on the surface scal e depositionsin both

adhesion and deposition processes will be presented in chapter-7.

5.2.1. SEM and EDX study of scale deposits

As part of the qualitative assessment, the Scanning Electron Microscopy (SEM)
technique has been applied to study the morphology of the crystals and the way that
they are formed on the surfaces for both laminar and turbulent flow conditionsin the

sulphate-dominated brine composition.

Adhesion process: The scae crystals formed on the surfaces in the sulphate-

dominated brine in the turbulent conditions are shown in almost most of the modified

surfaces from Figure 5.3a to Figure 5.3n.

As shown in Figure 5.3 (a, b, g, h, j, k, and 1) most of the crystals formed onto the
surface are needle-like crystals which has not propagated and widen from their both
ends, yet; whilein Figure 5.3 (e, f, i, m, and n) the crystals have started to propagate
from their both ends to shape like a dumbbell (or bowtie).

Figure 5.3a: B1341 — SEM images of scale deposits at different magnitudes, the
formation of needle-like crystals with high aspect ratio.
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Figure 5.3b: B1381 — SEM images of scale deposits at different magnitudes, the
formation of needle-like crystals with high aspect ratio.

Mag= 1000KX WD=125mm 2000k cz

F  Cemas

BsD
Width = 29.70 ym

Figure 5.3c: B1391 — SEM images of scale deposits at different magnitudes,
irregularities on the surface reduce the anti-fouling performance of the coating.
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Figure 5.3d: B1541 — SEM images of scale deposits at different magnitudes,
irregularities on the surface reduce the anti-fouling performance of the coating.
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A good surface finish will improve the anti-scaling tendency of a modified surface.
As shown in Figure 5.3 (b, ¢, d and €), in such surfaces (mostly epoxy coatings) the
scale crystals are formed mainly at the edges of such irregularities on the surfaces.

Figure 5.3e: B5891 — SEM images of scale deposits, the formation of scale
crystals shaped as a dumbbell or bowtie.

Figure 5.3f: CrN — SEM images of scale deposits, needle-like crystals have
propagated from their both ends to shape a bowtie.

Figure 5.3g: DHS — SEM images of scale deposits, surface imperfections can
entangle scale deposits on the surface.
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Figure 5.3nh: DTi — SEM images of scale deposits, surface imperfections has
undermined scaling performance of the surface.
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Figure 5.3i: ETFE — SEM images of scale deposits, crystals shape like needle-like
crystals up to alimit, then startsto grow at both ends.

Figure 5.3j: FEP — SEM images of scale deposits, the formation of scattered
needle-like crystals all over the surface.
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It can be attributed to the fact that in such irregularities, esp. on the tips, the surface
energy is at its highest rate and also the asperities of a surface is more exposed to the
activeionsin the bulk solution which will result in higher surface scaling rate at such

regions.

] Gmap

E1
Width = 74,26 jm

Figure 5.3k: PFA — SEM images of scale deposits, the formation of scattered
needle-like crystals all over the surface.

In addition, surface imperfections cause the same problem. As shown in Figure 5.3 (g
and h), the scale crystals are either formed or entangled by the imperfection sites on

the surface.

Figure 5.3|: PTFE — SEM images of scale deposits, surface imperfections and
irregularities entangle the scale deposits in between of such irregularities, and
increase the scaling tendency of the surface.
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Figure 5.3m: “One” — SEM images of scale deposits, arough surface (highin a
number of peaks and valleys) increase the scaling tendency of the surface.
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Figure 5.3n: (a) SSand (b) TiN — SEM images of the scale deposits, bundle scale
deposits formed in concave regions of surfaces
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Figure 5.3. SEM images of the scale deposits formed on different modified
surfaces at different magnification rangein the adhesion process for
turbulent flow regime.

Asshownin Figure 5.3, most of the crystals formed on the surfaces are predominantly

needle-like with a proportion of bowtie-shape crystals. The scale deposits formed on
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surfaces in the turbulent conditions are predominantly scattered all over the surfaces,
not as a clump of crystals; rather, they are forming as a single crystal or a couple of
crystals lying on the surfaces. However, on surfaces with a uniform periodic convex-
concavetopography (e.g. SSand TiN), thereisachance of scale formation asabundie

which occurs in the concave regions of the surface (see Figure 5.3n).
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Figure 5.4a: (a) CrN and (b) CrNAg — SEM images of scale deposits, the
formation of scale deposits as bowtie and sisal-like crystals.
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Asshown in Figure5.4ato Figure 5.4c, the formation of scale depositsin the sulphate-
dominated brine in the adhesion process in laminar flow conditions is rather more
regional (less scattered) than in turbulent flow conditions. However, the author cannot
come to a conclusion that such an occurrence can just be attributed to the effect of
flow regime on the surface scaling behaviour. The rate of surface scaling on modified
surfaces in the laminar flow conditions in the adhesion process was comparatively
lower compared to the turbulent conditions, and all the SEM images are captured from

alow quantity of existing scales on surfaces.



- 130 -

0 pm Camas

E1
width= 1198 pm

Figure 5.4b: SEM images of scale deposits for different modified surfaces:. (a)
DHS, (b) DLC, and (c) One — Surface has not much effect on the morphology of
the scale deposits.

As shown in Figure 5.4 (a to c), in laminar flow conditions, a new shape of scale
deposits, other than the turbulent flow conditions, formed on different modified
surfaces, which is called “sisal-like” crystals. It seems that due to the lower agitation
level of the bulk, the induced shear forces from the bulk to the crystals are relatively
lower compared to turbulent conditions. In such systems, the crystals have the
opportunity to propagate normal to the surface and still stick onto the surface, while
in the turbulent flow conditions the propagated crystals in z-direction are aready
detached from the surface by relative high shear forces of the bulk, unless the scaling
phenomena occurs either fast enough to bond with adjacent crystals (istrue at higher
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saturation ratio value) or heterogeneous nucleation starts al over the surface (is true
when there is a deposition process, not adhesion process).

2

— Cemas

1
Width = 39,60 m

Figure 5.4c: SEM images of scale deposits on modified surfaces:(a) SS and (b)
TiN, scale deposits occurring all over the surfaces either as abundle or singular.

Figure5.4. SEM images of the scale deposits formed on different modified
surfaces at different magnification rangein the adhesion process for
laminar flow regime.

Unliketheturbulent flow conditions, in the laminar flow conditions, the scale deposits
are forming all over the surface irrespective of the topography of the substrate (see
Figure 5.4c). It can be contributed to the fact that in the laminar flow conditions the
mass transfer and the surface shear stresses induced by the bulk solution are relatively
lower than those of in the turbulent flow conditions. Therefore, there is not much
difference between the concave and convex regions on the surface for the scale

deposits to adhere themsel ves onto the surface.

Deposition Process: As expected, the surface coverage by scale crystas in the

deposition process is higher compared to the adhesion process; however, in terms of
morphology there is no noticeable difference between the crystals formed on the
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modified surface in both processes neither in the laminar flow conditions nor in the
turbulent flow regimes, while the hydrodynamic conditions have affected the pattern
of the carbonate-based scale deposits formed on the surface.
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Figure5.5. The SEM images of the scale deposits on different modified surfaces
in the deposition testsin the turbulent flow conditions.
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As shown in Figure 5.5 (a to f) and Figure 5.6 (a to n), amost al the scale crystals
formed on different modified surfaces in the deposition tests are shaped as bowtie
(same as the adhesion tests), and the surface chemistry does not have much effect on

the morphology of the crystals.
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Figure 5.6 (a to n) illustrate the SEM images of the scale deposits formed on different
modified surfaces in the deposition process in the laminar flow conditions. Like the
adhesion process in laminar flow conditions, the existence of sisal-like crystals on
different modified surfaces in the deposition process in laminar flow conditions is
noticeable. Such occurrence will accentuate the role of the agitation level or shear
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forces of the bulk on the morphology of the sulphate-dominated crystals formed on
surfaces.
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Figure 5.6. The SEM images of the scale deposits on different modified surfaces
in the deposition testsin the laminar conditions.

Figure5.7. The SEM images of scale deposits on different modified surfaces:
the size of each mor phology of the sulphate-dominated scale depositsisin
the samerange.
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In summary, the two predominant morphologies of the scale deposits formed on
different modified surfaces in the sulphate-dominated brine composition, are sisal-
like hierarchical structure and the bowtie structure, asshowninFigure5.7. Inal cases,
the morphology of the mgjority of theformed crystalsis shaped like a*bowtie” which
their size reaches to around 6-9um in length and 1.5-2um in width on both sides. The
sisal-like hierarchical structure is composed of the same needle-like crystals but with

various orientations and isin arange of 6-9um in diameter.

Sr L series

EDS Layered Image 9

Ba L series

Cr K series 0 K series

Figure 5.8. EDX images of the sisal-like hierarchical structure morphology.

The elemental composition of both morphologies is analysed with using the Energy
Dispersive X-ray (EDX) technique as shown in Figure 5.8 and Figure 5.9. In both
morphologies, the presence of sulphate along with strontium and barium is noticeable,
where the amount of strontium is higher compared to barium which is confirmed by

the ICP measurements.
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Figure 5.9. EDX images of the bowtie structure morphology.

5.2.2. Inductively Coupled Plasma (I CP) of scale deposits

To understand more about the chemical composition of the deposited crystals on the
surface, the Inductively Coupled Plasma (ICP) spectroscopy technique is employed
to measure the relative amount of calcium, barium and strontium by dissolving the

formed scal e deposits.

The ion concentration of calcium, barium and strontium in both the laminar and
turbulent flow conditions are shown in Figure 5.10 and Figure 5.11 by their massgain
values for the deposition and adhesion processes, respectively. By comparing the
results in both the deposition and the adhesion processes, the following findings can
be addressed:

¢ |In the deposition process, the predominance ion concentration can be ranked
as strontium and barium, respectively, in both flow regime conditions; while
in the adhesion process, the calcium ion concentration is higher than that of in
the deposition process, and in the turbulent flow condition its concentration is
even higher compared to strontium and barium ion concentrations.
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Figure 5.10. ICP results of the scale depositsin the deposition tests
presented in massgain: (a) Laminar and (b) Turbulent flow conditions.

e In sulphate dominated scale, where strontium and barium incorporate in the
lattice of the scale crystals, the ion concentration of the strontium found in the
scale deposits on different modified surfaces is higher than that of the barium
in the deposition process.
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Figure5.11. ICP results of the scale depositsin the adhesion tests
presented in massgain: (a) Laminar and (b) Turbulent flow conditions.

o Theflow regime, or theagitation level, haslittle effect on theion concentration
of the scale deposits form on the surfacein the deposition process, whilein the
adhesion process the hydrodynamic effect is influential in the formation of
scale deposits on the surfaces. For example, in the adhesion process, the trace
of barium, strontium and calcium is evident in the laminar flow conditions,
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while in the turbulent flow conditions there is alittle trace of strontium in the
scale deposits.
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Figure5.12. Mole percentage of calcium, barium and strontium existing on the
surface as scale depositsin the deposition process: (a) Laminar and (b)
Turbulent flow conditions.

The mole percentage of calcium, barium and strontium for the laminar and turbulent
flow conditions for deposition and adhesion, respectively, are shown in Figure 5.12
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and Figure 5.13. More discussion on the chemical composition of the scale deposits

will be given in chapter-7.
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Figure5.13. Mole per centage of calcium, barium and strontium existing on the
surface as scale depositsin the adhesion process: (a) Laminar and (b)
Turbulent flow conditions.

5.3. Summary

The presented work surveyed the effect of the hydrodynamic conditions on the rate of
inorganic scale of awide range of commercially-available coatingsin acomplex brine
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solution, e.g. the sulphate-dominated brine composition, in two processes:

heterogeneous nucleation and crystal growth as “deposition process’, and the

adherence of the pre-crystallised particles to the surface as “adhesion process’. The

brine composition is provided by PETROBRAS to assess the scaling tendency of

modified surfaces in the same condition in the oil basins of Brazil. The key findings

of this chapter are:

In the sul phate-dominated brine composition, the anti-scaling performance of
different groups of coatings in both the adhesion and deposition processes in
both flow regimes does not follow a specific trend. In other words, a specific

group of coatings cannot guarantee good anti-scaling characteristics.

The performance of some coatings in the deposition process can be assessed
as good anti-scaling characteristics, while the same coating has not necessarily
shown promising results in the adhesion process. In other words, the
performance of the coatings in sulphate-dominated brine compositions is

affected by the surface scale mechanism.

Anincreasein the level of the turbulence in the bulk would increase the scale

formation rate on the surface in both deposition and adhesion processes.

The surface scale formation rate is more dominantly controlled by the
heterogeneous nucleation and crystal growth rather than the adherence of the
pre-crystallised particles; however, the level of agitation could have inverse

effects on one process to another.

The predominant morphology of the scale crystals formed on the modified
surfaces is mainly needle-like or bowtie (dumbbell) shape crystals.

The scale deposits formed on the modified surfaces are normally scattered all
over the surface in the turbulent flow conditions, while in the laminar flow

conditions they rather form regionally than being scattered.



- 143 -

The chemical composition of the modified surfaces has not much effect on the
morphology of the crystalsformed on the surfaces. However, the surfacefinish
and surface irregularities/imperfections will affect the rate of surface scale

formation.

The morphology of the scale deposits on the modified surfaces is affected by
the bulk flow regime in both the adhesion and deposition processes, wherein
the laminar flow conditions the existence of sisal-like crystalsis evident while

in theturbulent flow conditionsitismainly the needle-like and bowtie crystals.

The relative chemical composition of scale deposits would be affected by
different mechanisms of scale formation on the surface (i.e. from the
deposition process to adhesion process), while the morphology of the scale

deposits has not changed.

The hydrodynamic conditions have not much effect on the relative ion
composition of the surface scale deposits in the deposition process, but the
relative ion concentration of scale depositsin the adhesion processis affected

by the agitation level.
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Chapter 6
Field Data

6.1. Introduction

Mineral scale deposition on surfaces of oil production equipment has been recognised
as a major flow assurance problem. Most of the mineral scale deposition studies
published have solely focused on laboratory experiments and very little data are
available that demonstrate such results are relevant and can be scaled-up to field
environments. This chapter presentsthereal data obtained from an oilfield rig situated
in one of the odilfield basinsin Brazil. The obtained results and post-processing of the
data would help the author to understand and link the systematic laboratory work to
the real-time datain the field.

6.2. Oilfidd rig

The Carmapolis oilfield is located in the Sergipe-Alagoas basin 30km of Aracaju,
Sergipe State, Brazil. Theoilfield flow rig is situated at the end of the line of the multi

oil-water separation facilities.

Figure 6.1. Onshoreailfield flow rig.

As aresult, the formation water coming out of the separation tank hasless than 0.1%

of the ail. The system has been running for about 5 months and the temperature inside
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the pipe system has been in a range of 55-60°C. The onshore oilfield rig is shown in
Figure 6.1.
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Figure 6.2. Schematic of oilfield siteflow rig: green lines are coated pipes, red
lines are uncoated pipes.

Each pipe spools has alength of 1 metre and adiameter of 3.5 inches (or 89 mm). The
first (number 1) and the last (number 8) pipe spools are uncoated carbon steel pipes
and the pipe spools in between (number 2 to number 7) are internally coated with
commercialy-available coatings (e.g. epoxies and fluoropolymer coatings). Such
configuration is designed so that the rate of surface scaling tendency along the pipe
can be characterised by comparing the surface scaling tendency of the uncoated pipe

spools at the inlet and outlet of the flow rig.

Table6.1. Theorder number of the commercial coatings positioned from the
inlet of the ailfield rig.

Order Number Company Order Number Company

1 Uncoated 5 IPC ME35
2 Belzona 5891 6 Belzona 1391
3 3MSK 6258 7 IPC Magna
4 Belzona 1341 8 Uncoated

The schematic of the oilfield site flow rig along with the corresponding commercial

coatings are shown in Figure 6.2 and Table 6.1, respectively.

The water composition of the water running in the oilfield rig is shown in Table 6.2.
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Table6.2. 1on composition of thewater in theoilfield rig.

Field Brine
(lon Amount(mgl) - lon  Amount(mgL)

Na* 42000 cl- 71613.48
K* 493 Br- 195
Mg 2 1160 SO, 390
Ca? 2953.07 HCO;3" 383.74
Ba? 8.24 CH3COO - 10
Sr2 85.64 CH3CH,COO-

Fe3* 14.44 CH3CHOHCOO- 5

Li* 25 NH4 * 29
B3 16 NO3- 1

S 14 NO2-

The saturation ratio of the field is calculated by the Multiscale® software, where no
oil or gasphaseis present. The saturation ratio is calculated at the temperature of 56°C
and the results are shown in Table 6.3. Based on the calculations, the scale formation
of barium sulphate is thermodynamically possible. Furthermore, the calcite formation
could be possible due to the inhomogeneity of the water composition.

Table 6.3. Saturation ratio calculations of the oilfield water composition.
Temperature SR (FeCOs) SR (CaCOs)c SR (BaSOs) SR (SrSOs) ‘
56°C 0.2619 0.9998 5.9088 0.2071

6.3. Oilfidd results

The weight of the pipe spoolswas measured before installing them in the oilfield flow
rig. After the scale tendency test in the field, the pipe spools were dismantled and
taken out to put in the oven to remove all the moisture. Toluene was used to dissolve
the residuals of the oil on the scale deposits. The weight of the pipe spools was
measured. As aresult, the difference in the weight shows a number of scale deposits
which were deposited on the internal surface of the pipes, as shown in Figure 6.3 and
Table 6.4. Thelower scaling tendency of coated pipes compared to uncoated pipelines
is expected, however such discrepancy between two uncoated pipes is not fully
understood. The author believesthat due to the U-turn of pipeline, the flow conditions
at thefirst pipe spool is more turbulent, sinceit is not fully devel oped, which leads to
higher rate of scale formation on the first pipe spool compared to the last uncoated

pipe spool.
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Figure 6.3. The scale deposits mass gain of each substrate along the flow rig.

The mass gain of scale deposits of each substrate is divided by the area, and it is
assumed that the scale deposits formed on the surface are fully dense barium sulphate
with the density of 4.5 g.cm. As a result, the annual thickness growth of scale
deposits on these modified substrates can be determined and the results are shown in
Table 6.4.

Table 6.4. The scale deposits mass gain of the pipes along the pipeline
Order No. Company Massgain (g) Thickness (cm/year)

1 Uncoated 830.13 0.678
2 B5891 202.1 0.165
3 3M SK 6258 279.14 0.228
4 B1341 243.18 0.198
5 IPC ME 35 288.88 0.236
6 B1391 260.61 0.213
7 IPC Magna 216.85 0.177
8 Uncoated 287.09 0.234

As shown in Table 6.4, all of the modified surfaces have shown their antifouling
properties and reduced the mass gain on the surface to some extent. In addition, asthe
flow passes through the piping system, its potential to scale formation will decrease
(i.e. first pipe isfacing to more active ions to scale formation than the last pipe).
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Table 6.5. Images of the modified pipe spoolsin theflow rig before (Stage 1)
and after (Stage 2& 3) running the test along with post processing (Stage
4).

No. Stage 1 Stage 2
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This occurrence is well-distinguishable where the performance of two uncoated pipe
spools are so different. Since the materia of the uncoated pipes is carbon steel, the
corrosion would be highly probable for the uncoated pipe spools. Therefore, thereis
no surprise if the amount of mass gain of the uncoated pipe is drastically higher
compared to the coated pipes, asindicated in Table 6.4.

As shown in Table 6.5, the modified pipe spools along with the uncoated ones are
shown before implementing in the flow rig (stage 1), after dismantling the pipe spools
from the flow rig with the presence of oil on the scale deposits (stage 2), cleaning up
the oil from the scale deposits (stage 3), and the post-processing of the scale deposits
with EDX and XRD techniques (stage 4).

Uncoated

Figure 6.4. SEM images of scale deposits formed on the pipe surfacesalong
with three random points analysed by EDX technique.

By comparing the images in Table 6.5, it can be clearly seen that how effective can
be the surface modifications. It should be noted that both uncoated pipe spools are
subjected to not only scaling but a so corrosion; however, the product of the corrosion
is atype of scaling and as time passes by, it would lead to the clogging of the pipes.
In order to have abetter understanding of the difference between the scale deposits on
uncoated and coated pipes surface, the scale deposits are studied with the SEM and
EDX techniques, as shown in Table 6.6 and Figure 6.4. The coated sample that has
been selected is the B5891 coating which has shown the best scaling tendency

performance amongst all other coatings in the sul phate-dominated brine.
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Table 6.6. Elemental results of the surface scale deposits on surface “ B5891”
and uncoated (or “UC”) on three random points along with their whole
mapping ar ea.

B5891 uc B5891 uc B5891 uc B5891 uc

11.792  32.300 2.949 30640 14716 35717 16712  24.790
8.664 4.504 3.387 4.041 10.058 --- 9.090 4.988
0.663 2.845 0.435 3.407 3.819 5.997 3.238 3.667
0.938 0.719 0.818 0.909 1.391 0.971 0.904 1.355
1.090 26.503 1.717 29370 10310  30.609 3.293 33.390
1.664 --- == --- 2.428 --- 2.382 ---

49.245 12310 87519 10390  45.582 2451 51213  15.739
25.079  20.819 2.538 19.860 10371 17.012 1059 = 14.430

As shown in Table 6.6 and Figure 6.4, the elemental results of the surface scale
deposits on both B5891 and the uncoated pipe of three random points along with their
whole mapping area are presented.
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Figure 6.5. The X-ray diffraction analysis of the scale depositsin therig: (a)
coated pipeand (b) uncoated pipe.
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As shown in Table 6.6, the dominant scale deposits formed on the surface is mainly
made up of barium sulphate (as expected by its relative high supersaturation ratio),
and a substantial presence of iron elements is distinguishable in the scale deposits of
the uncoated substrates, while there are not much of iron elements on the B5891
coating. The presence of iron elements onto the surface demonstrating that the
corrosion process has taken place widely on the uncoated surfaces and its products
accumulated on the surface as scaling deposits. In addition, the presence of iron
elements on the B5891 coating is primarily attributed to the detachment of the
corrosion products that has occurred in the upstream of the coated pipe and have the

chance to adhere themselves onto the pipe surface.

The scale deposits residuals collected from inside the pipe spools have been analysed
with the X-ray diffraction technique. As shown in Figure 6.5-(b), apart from the barite
scale deposits, the corrosion products detected on the surface of the uncoated pipes
are Akaganeite (Fe**O [OH, Cl]) and Goethite (FeO(OH)), and as expected barite is
the dominant scale deposits formed on the modified surfaces (Figure 6.5-(a)).

Table6.7. Themass gain of the modified pipe spools without the presence of
iron-based compounds.

L

Uncoated 830.13 | 32.2 405.1
2 | B589L 202.1 2.2 193.1
3 [3M SK 6258] 27914 | 08 274.7
4 | B1341 243.18 1.2 2373
5 [IPCME35| 28888 | 0.9 283.9
6 | B1391 260.61 1.1 255.1
7 | IPCMagna| 216.85 1.4 210.9
8 | Uncoated | 287.09 | 75 252.9

Most of the iron elements found on the pipe surfaces are initiated from the upstream
of the whole facility. The am of this research is to assess the effect of surface
engineering on the rate of surface scale formation. Therefore, in a system where al
the valve and pipe component systems are fully coated internally, the results can be
re-assessed without the presence of corrosion products (i.e. iron-based compounds)

for each pipe spool, as shown in Table 6.7.
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Figure 6.6. The comparison of the mass gain of each substrate with regard to
hypothetical SR: (1) SR does not change, (2) SR decreaseslinearly, (3) SR
decreases non-linearly along the piping system.
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The efficiency of the coatings can be calculated in different ways depending on the
parameters that are taken into considerations. These calculations can be divided into
two groups: based on the average performance of the uncoated pipes or based on the
scale potentiality of brine, characterised as supersaturation ratio.

The efficiency of the coatings can be cal culated with the following formula:

Efficiency = ( ) *100

Eq (6.1)

where, M is the average mass gain of the uncoated tubes and mis a number of scale

deposits formed on the modified substrates.

The supersaturation ratio (SR) of the brine aong the flow rig can be either unchanged
or decreasing. The decrease of the SR can be either linear or non-linear, as shown in
Figure 6.6.

By considering the fact that the precipitation ratio has reached to an equilibrium state,
where the dissolution of crystalsisin balance with the crystallisation process, the first

scenario of Figure 6.6, e.g. unchanged SR along the eight pipe spools, ismorelogical.

The scaling tendency performance efficiency of the modified substrates are shown in
Table 6.8.

Table 6.8. The scaling tendency performance efficiency of modified substrates
with regard to (a) the average perfor mance of uncoated substrates and (b)
hypothetical SR value along the piping system.

Efficiency (%)

Coating Massaverage SR const. SR (lin.)) SR (non-lin)
Uncoated-1 - - - -
B5891 41.31 5235  49.63 44.21
3M SK 6258 16.50 3220  24.03 12.98
B1341 27.87 41.43 30.18 19.76
IPC ME 35 13.71 2993 1076 0
n B1391 22.46 37.04 13.93 5.42
IPC Magna 35.90 47.95 23.21 19.02
n Uncoated-2 5 : : :
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Asshownin Table 6.8, in al scenarios the B5891 by far has the best performance, as

well asits promising performance in the laboratory results.

6.4. Summary

Most of the literature in the field of flow assurance and the management of scaling
problemsin the oil and gas industry investigating similar mineral fouling mechanism
mainly focused on either alaboratory framework under well-controlled conditions or

from field conditions with no systematic investigations.

The comparison of field data with systematic laboratory two sets of results facilitates
a better understanding of the controlling parameters in scaling formation in both
laboratory conditions and field conditions. In addition, there have been some doubts
about employing surface engineering as a mean to mitigate the flow assurance
problemsin the oil and gasindustry. The work presented in this chapter clearly shows
the effectiveness of the surface engineering to reduce the rate of surface scale

formation.
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Chapter 7

Discussion of the Results

7.1. Introduction

The work presented in this chapter is primarily focused on understanding the
mechanisms of surface scale formation on different modified surfaces, commercially-
available coatings, with stainless steel as a reference substrate in different complex
brine compositions, i.e. carbonate/sul phate-dominated brine composition. The effect

of hydrodynamic conditionsis studied as laminar and turbulent flow conditions.

To have a better insight into the mechanism of surface scale formation, it has been
divided into two interlinked mechanisms as heterogeneous nucleation and crysta
growth, which is addressed in this thesis as a “ Deposition process’ and the adhesion
of the pre-crystallised particles onto the surface which is called in this study as an
“Adhesion process’.

Many aspects of the surface scale formation are studied but still, some areas need
further work. For example, the effect of some surface parameters such as surface
roughness and surface energy on the rate of surface scale formation will be discussed

in all the surface scaling tendency conditions.

Dueto the complexity of the brine solutions, the nature and morphology of the formed
surface scale deposits which are the products of co-precipitation process will be
discussed in this chapter for both brine solutions.

Extensive laboratory research works [107, 108, 112, 113, 124, 128] and oilfield
reports[10-12, 129] have been carried out on the rate of scaling tendency of modified
surfaces in dynamic conditions. Therefore, there always has been a gap which can
connect the understanding and findings from the laboratory results to a corresponding
real-time oilfield. In this chapter, these two aspects, |aboratory experiments and field
data, are presented and compared. Some modified surfaces along with unmodified
surfaces have been tested in an oilfield which is prone to scaling. The oilfield results
have been compared with some of the coatings surfaces that are supposed to affect the
surface scale formation in the laboratory. Observations relating to the performance of
these modified surfaces and comparison of them with unmodified surfacesin thefield
are discussed.
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7.2. Hydrodynamic effects on surface scale deposition

7.2.1. Carbonate-dominated scale for mation

The mass gain comparisons of different modified surfacesin the carbonate-dominated
brine composition between the laminar and turbulent flow conditions in both the

deposition and adhesion processes are shown in Figure 7.1.

In the turbulent flow conditions, the surface scaling phenomenon is controlled
predominantly with heterogeneous nucleation and crystal growth rather than the
adhesion of pre-crystallised particles onto the surface. It can be recognised from big
discrepancies between the mass gain of the deposition process with the adhesion
process for the all the modified surfaces. In the laminar flow conditions, not only are
there comparatively lower differences in the mass gain between the two processes,
but also for some modified surfaces where the surface scaling rate of the deposition
process is lower the surface scaling is mainly controlled by the adhesion scaling
process, e.g. the rate of surface scaling of the four out of five best coatings in the
laminar flow conditions for the adhesion process is higher than that of for the

deposition process.

The big discrepancies in a mass gain of the modified surfaces in the turbulent flow
conditions compared to the laminar flow conditions can be explained by the
importance of the hydrodynamic conditions, in particular for the adhesion process. In
the adhesion process, there is always atrade-off between the adhesion of the particles
that are aready formed in the bulk onto the surface and the shear stress induced by
the flow to the crystal onto the surface to detach. In turbulent flow conditions, the
surface shear force is higher compared to laminar flow conditions, and it can exceed
the attachment force of the crystal with the surface. However, the higher flow rate of
the bulk solution would result in ahigher masstransfer rate, i.e. the surface is exposed

to ahigher amount of activeionsto build up the scale crystals.

Having said that, the author cannot determine either the pre-crystallised particles
adhere onto the surface and reach acritical size to be detached dueto relatively higher
gravitational forces by the bulk, or the pre-crystallised particles bigger than a certain
size cannot adhere onto the surface in the first place due to high shear stresses.
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Figure 7.1. The comparison of the surface scale mass gain between the
deposition and adhesion processesfor (a) Laminar and (b) Turbulent flow
conditions.

The mass gain comparisons of different modified surfacesin the carbonate-dominated
brine composition between the deposition and adhesion processesin both laminar and

turbulent flow conditions are shown in Figure 7.2.
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Figure 7.2. The comparison of the surface scale mass gain between the laminar
and turbulent flow conditionsfor (a) Deposition and (b) Adhesion
pr Ocesses.

Asshown in Figure 7.2-a, in the deposition process, by having a comparison between
the surface mass gain results in turbulent and laminar flow conditions, the scaling
deposition tendency increases as the hydrodynamic condition rises (e.g. FEP, ETFE
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& B1541). However, the hydrodynamic effect seems not to be a dominant parameter
at lower scaling tendency (e.g. SS-316, SS416 and TiAIN). As shown in Figure 7.2-
a, the scale surface deposition for surfaces with lower scaling tendency in both flow
regimes are relatively in the same range, but as the rate of scale surface deposition
increases, the discrepancies of scaling tendency between turbulent and laminar flow
conditions enhances. This occurrence can be attributed to the fact that the surface scale
deposition isinhibited by the surface modifications, but as soon as the surfaceisfully
coated by the scale, the hydrodynamic effects, which in fact increases the rate of mass
transfer, would enhance the scaling rate by helping the build-up of scale on the pre-

deposited scale on the surface.

In so many of the previous studies [109, 111, 128, 130] it has been reported that an
increase in thelevel of the fluid hydrodynamicswill favour the rate of scale formation
in the bulk and on the surface due to ahigher rate of masstransfer. Asshown in Figure
7.2-b, the mass gain of the modified surfaces in the laminar flow conditions is
relatively lower than that of in the turbulent flow conditions in the adhesion process,
which isin contrast with what the general perception considers. In such studies, the
surface scale formation whether has not divided into the two interlinked processes
(e.g. adhesion and deposition processes) or other than carbonate-dominated scale has
been studied [128].

It can be explained that the precipitation in the bulk solution has reached to an
equilibrium condition where the crystallisation rate is in balance with the dissolution
rate of the crystalsin the bulk. Therefore, the crystals are devel oped and have reached
asizethat will be affected by the gravitational forces. Asaresult, in the turbulent flow
conditions, it will be harder for the pre-precipitated particlesto adhere onto the surface
and stick to the surface while they are under the influence of bulk shear forces to
detach from the surface. It has been aso reported that in carbonate-dominated scaling
tendency tests where the samples are immersed in a bulk solution which its
precipitation has reached to steady-state conditions, the rate of the surface in laminar
flow conditionsis higher than that of in the turbulent flow conditions[127], although

the author has not pointed out the reason of such occurrence.

In order to have a better understanding of the mass gains presented in Figure 7.1 and
Figure 7.2, the mass gain ratio of the laminar to turbulent flow regimes in both
processes and the mass gain ratio of adhesion to deposition processes in both flow

regimes are presented in Table 7.1.
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It can be concluded from Table 7.1 that in laminar flow regimes, both heterogeneous
nucleation and crystal growth, and the adhesion of the pre-crystallised particles onto
the surface are controlling the surface scaling (i.e. the adh/dep ratio is around unity),
whilein the turbulent flow regimes the surface scaling is predominantly controlled by
the former process (i.e. adh/dep = 0.319). In addition, the deposition process is less
affected by the hydrodynamic conditions compared to the adhesion process, and such
trends are also in contrast with each other. In other words, an increase in the level of
bulk turbulence will increase the rate of surface scaling to some extent in the
deposition process (i.e. lam/turb = 0.832), while it would drastically decrease the

surface scaling in the adhesion process (i.e. lam/turb = 2.871).

Table 7.1. The comparison of the surface scale mass gainsratio for different
flow regimes and surface scale processes, in car bonate-dominated brine.

Deposition  Adheson Laminar  Turbulent

No.1 Coating Lam/Turb  Lam/Turb  Adh/Dep  Adh/Dep
1 B1341 1.421 1.828 0.552 0.429
2 B1381 1.030 1.987 0.875 0.453
3 B1391 0.961 1.998 0.907 0.436
4 B1541 0.636 0.982 0.723 0.468
5 B5891 0.745 1.827 0.706 0.288
6 B5891exp 0.818 0.934 0.475 0.416
7 B5892 0.837 2.798 0.809 0.242
8 B5892exp 1.476 2.707 0.736 0.402
9 Black 0.678 1.066 0.857 0.545
10 CrN 0.501 6.643 1.873 0.141
11 DHS 0.667 1.980 0.949 0.320
12 DLC 0.666 11.564 1.516 0.087
13 DTi 0.589 2.095 0.367 0.103
14 ETFE 0.622 3.205 0.759 0.147
15 FEP 0.476 1.729 1.012 0.278
16 PFA 0.772 2.320 1.042 0.347
17 PTFE 0.915 1.285 0.716 0.510
18 SS 316 1.132 3.026 0.418 0.157
19 SS416 1.088 2.764 0.459 0.181

20 TiAIN 0.958 5.366 1.318 0.235
TiN 0.476 2.186 2.386 0.520

-

The summary of the mass gain results of the carbonate-dominated scale for both the
adhesion and deposition processes with regard to the flow regimes are shown in
Figure 7.3.

Asshown in Figure 7.3a, the mass gain in the deposition process increases as the flow
regimeincreases whilein the adhesion process an increasein the agitation level of the

bulk solution is against the surface scale formation. On the other hand, as shown in
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Figure 7.3b, the adhesion and deposition processes have the same effect on different
flow regimes of the bulk solution with different impact in terms of the magnitude, i.e.
as the flow regime of the bulk solution increases from the laminar flow conditions to
fully turbulent conditions, the surface scale formation increases with a higher

magnitude from the adhesion process to the deposition process.
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Figure 7.3. The summary mass gain comparison of the adhesion and deposition
processes with regard to the flow regimesin carbonate-dominated brine:
(a) the flow regimes have different behaviour toward the
adhesion/deposition processes, (b) the processes have the same effect on
the flow regimes of the bulk solution with different magnitude.
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7.2.2. Sulphate-dominated scale for mation

The mass gain comparisons of different modified surfaces in the sul phate-dominated
brine composition between the laminar and turbulent flow conditions for both
adhesion and deposition processes are shown in Figure 7.4.
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Figure 7.4. Comparison of scaling tendency in different levels of agitation in the
(a) Adhesion and (b) Deposition processes.

As shown in Figure 7.4, generaly there is a higher rate of mass formation in the
turbulent conditions compared to laminar conditions in both adhesion and deposition
processes. It can be explained as in the deposition process due to the higher rate of
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mass transfer the heterogeneous nucleation sites are more exposed to active ions, to

form scales and grow on the surface.

One of the fluoropolymer coatings coded as “One” has unique scaling characteristics
among the other coatings. It is the roughest coating, whilst being the most
hydrophobic. There is a trade-off between these two parameters in surface scale
formation phenomena. With acloser investigation into its performance, it is observed
that in turbulent conditions for both adhesion and deposition tests, thistype of coating
has the worst performance while in the laminar conditions; it has a relatively good
performance. In other words, in laminar conditions where the mass transfer mainly
occurs due to the diffusion, hydrophobic effects could have higher effects on
hindering the scale formation on the surface while in turbulent conditions such effects
are negligible compared to surface roughness which increases the rate of surface scale

formation.

Many studies[109-111, 130] have shown that the level of agitation (or hydrodynamic
conditions) would affect the rate of scaling, no matter what the chemical composition
of the scale. In laminar conditions, the mass transport is mainly controlled by
diffusion, while in turbulent conditions it is controlled by advection. Advection (or
convection) has a higher effect on the scale formation on the surface compared to

diffusion; which isin agreement with our both adhesion and deposition test results.

However, these changes in the adhesion process are not as noticeable as in the
deposition process which can be referred to the mechanism of scale formation on the
surface. In the adhesion process, due to the size of the pre-crystallised particles, the
effect of momentum is significant; therefore, in turbulent conditions, there is a close
rivalry between the settlement of the particles and their adhesion to the surfaces
(which isin favour of scale formation) and the effect of momentum and shear stress
induced by the brine to the particles to detach them from the surfaces (which are
against the scale formation). As a result, there is a lower possibility for particles to
settle and adhere to the surface in aturbulent condition. Asthe level of agitation rises
to a critica point, the detachment forces (critical shear stress) exceeds the adhesion
forces which results in self-cleaning or removing the scal e deposits on the surface by

hydrodynamic effects.

The mass gain comparisons of different modified surfaces in the sulphate-dominated
brine composition between the deposition and adhesion processesin both laminar and

turbulent flow conditions are shown in Figure 7.5. In the turbulence flow conditions,
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the mass gain discrepanci es between the heterogeneous nucleation and crystal growth,
and the adhesion of the pre-precipitated particles onto the surface are higher than those

of in the laminar flow conditions.
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Figure 7.5. Comparison of scaling tendency in different processes of scale
formation in (a) Laminar and (b) Turbulent flow conditions.

As shown in Figure 7.5, the surface scale formation is predominantly controlled by
the heterogeneous nucleation and crystals growth, i.e. deposition process, rather than
the adhesion of pre-crystallised particles onto the surface, i.e. adhesion process, in

both laminar and turbulent flow conditions.
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One of the epoxy coatings (e.g. “B1391") has a distinctive behaviour in both flow
regimes, having higher rates of scale formation on the surfaces in the adhesion tests.
Such occurrence can be explained by its particular topography, i.e. the presence of
lumps (e.g. rigid silicon carbide particles) on its surface resulting in the escalation of

the effect of particle adhesion to the surface.

In order to have a better understanding of the mass gains presented in Figure 7.4 and
Figure 7.5, the mass gain ratio of the laminar to turbulent flow regimes in both
processes and the mass gain ratio of adhesion to deposition processes in both flow

regimes are presented in Table 7.2.

Table 7.2. The comparison of the surface scale mass gain ratio for different
flow regimes and surface scale processesin sulphate-dominated brine.

Deposition | Adhesion | Laminar | Turbulent

No.1 Coating Lam/Turb | Lam/Turb | Adh/Dep | Adh/Dep
1 B 1341 0.482 0.392 0.984 0.586
2 B 1381 0.817 0.255 0.293 0.937
3 B 1391 0.683 0.684 0.621 1.924
4 B 1541 0.333 0.315 0.363 0.200
5 B 5891 0.620 0.531 0.519 2.703
6 CrN 0.303 0.747 0.363 0.152
7 CrN-Ag 0.324 0.594 0.477 0.198
8 DHS 0.398 1.008 0.857 0.361
9 DLC 0.445 0.951 0.923 0.492
10 Dti 0.634 0.486 1.928 0.473
11 ETFE 0.575 2.465 0.681 0.230
12 FEP 0.473 0.756 0.375 0.426
13 One 0.224 0.294 0.916 0.723
14 PFA 0.397 0.631 0.953 0.390
15 PTFE 0.401 0.540 0.326 0.636
16 SS 0.573 0.989 1.050 0.301
17 TiN 0.450 1.227 0.475 0.120

It can be concluded from Table 7.2 that as the level of agitation increases from the
laminar flow condition to turbulent flow conditions, the importance of the adhesion
process with regard to the deposition process in the surface scale formation
diminishes. In other words, the mass gain ratio of adhesion to deposition in laminar
flow conditions from 0.712 reduces to 0.638 in the turbulent flow conditions. It can
be attributed to the fact that as the bulk hydrodynamicsincreases the shear forces will
increase and it gets more difficult for the pre-precipitates to attach themselves to the

surface.
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Figure 7.6. The summary mass gain comparison of the adhesion and deposition
processes with regard to the flow regimesin sulphate-dominated brine: (a)
the flow regimes have the same behaviour toward the adhesion/deposition
processes, (b) the processes have the same effect on the flow regimes of the

bulk solution with different magnitude.

As explained before, the surface scale formation in the deposition process is affected
by the convection term, while in the adhesion process the diffusion term is primarily
controlling the surface scale formation. Such effects are evident in Table 7.2. The
mass gain ratio of laminar to turbulent flow conditions increases in the deposition
process from 0.478 to 0.757 in the adhesion process. Such an increase conveys the
fact that the surface scal e mechanism can change the adhesion processin laminar flow
conditions to the deposition process in turbulent flow conditions in the sulphate-
dominated scale systems.
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The summary of the mass gain results of the sulphate-dominated scale for both the
adhesion and deposition processes with regard to the flow regimes are shown in

Figure 7.6.

Asshown in Figure 7.6a, the mass gain in both the deposition and adhesion processes
increase as the flow regime increase. In addition, the former process is more
influenced by the flow regimes due to its higher gradient value. On the other hand, as
shown in Figure 7.6b, both of the processes have the same effect on the flow regimes
of the bulk solution, however, the effect of deposition process on turbulent flow
regimeis higher. It can be attributed to the fact that the heterogeneous nucleation rate
is proportional to mass transfer rate, while in the adhesion process the surface shear

stress which acts as a detachment force increases as the agitation level escalates.
7.2.3. Conclusion summary

In conclusion, the surface scaling performance of sulphate-dominated scale is
different from the carbonate-dominated scale with regard to hydrodynamic effectsin
the adhesion process. For example, surface scaling tendency in laminar conditionsis
higher than turbulent flow conditionsin the adhesion process for carbonate-dominated

scale, while for the sulphate-dominated scaleit is vice versa.

The obtained results can be explained by the research conducted by Sanni et al. [131]
and Bukuaghangin et a. [132] on the kinetics and surface scale deposition for
carbonate and sulphate scales, respectively. By comparing their results, it can be
inferred that the size of the scale deposits formed on the surface in the carbonate case
is bigger while the number of the nucleation sites for the sulphate case is higher. In
the adhesion process, the pre-precipitated crystals in the bulk solutions are more
affected by the flow conditions, i.e. either by gravitational forces or surface shear
stresses. As a result, in the turbulent flow conditions, it is more difficult for the
carbonate-based crystals, which are bigger in size, to attach themselves to the surface
compared to sulphate-based crystals. Therefore, the surface scaling rate in the
carbonate-based scales in the turbulent flow conditions is lower than that of in the
laminar flow conditions, although the higher mass transfer of activeionsisin favour

of scale formation.

Therefore, this study will also help to understand and apply right strategiesto mitigate
the flow assurance problemsin the oilfields, as follows:
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(&) Carbonate-dominated scale: in an oil production system that is prone to
carbonate-dominated scale, the flow conditionsin the downhole, where scalingis
dominantly controlled by the deposition process, can be maintained at low flow
regimes (i.e. laminar flow conditions), where the scaling is rather lower than that
of in the turbulent flow conditions. On the other hand, at ground level, where the
scaling is controlled up to a point by the adhesion process, the flow conditions
can be increased drastically, so the high flow conditions inhibit the adhesion of
the pre-precipitated particles onto the wall of the oil pipe.

(b) Sulphate-dominated scale: in an oil production system that is prone to sulphate-
dominated scale, unlike the previous case, the flow conditions both in the
downhole and on the ground level should be controlled at low flow conditionsto
maintain the mass transfer rate of the active ionsto avoid speeding up the surface
scale formation. Coating Belzona 5891 is considered as the best coating in
sulphate-dominated scale, however this type of coating can withstand up to 90°C
and dueto its thickness, it cannot apply in valve and pump applications.

7.3. Surfaceroughness/energy effects on surface scale deposition

7.3.1. Carbonate-dominated scales

One of the many surface parameters that can affect the surface scaling tendency isthe
surface roughness. The mass gain of scale deposits on the surface versus the surface
roughnessin both laminar and turbulent conditions are shown in Figure 7.7 and Figure

7.8 for the deposition and adhesion processes, respectively.
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Figure 7.7. The effect of surface roughness on a number of surface scale
depositsin the deposition processin (a) laminar, and (b) turbulent flow
conditions.
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conditions.

The surface roughness seems has not much effect on the rate of surface scale
formation in both adhesion and deposition processes. Although the effect of surface
roughness in the deposition process is more distinguishable in the laminar flow
conditions compared to the turbulent flow conditions, the surface roughness cannot
merely determine the scaling tendency, as there are so many parameters needed to be

considered, such as the density of peaks on the surface.
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flow conditions.
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As shown in Figure 7.9, the effect of surface peaks density against the mass gain of
different modified surfaces for both flow regimes does not show a uniform trend,
although the effect of the surface peaks density like the surface roughness is more
evident in the laminar flow regimes compared to the turbulent flow regime. For a
better understanding of the effect of the surface peaks density, it can be assessed for
acertain group of coating, e.g. the ceramic coatings, in laminar flow regimes, where

the effect of the surface is more evident on the surface scaling rate.

Asshown in Figure 7.10, in ceramic coatings (except the DTi) asthe density of peaks
(p.cmY) increases in the laminar flow conditions the rate of surface scale formation
decreases. It seems that the high number of peaks, acting as nucleation sites, with
regard to the smoothness of the substrateswill lead to low scaling tendency. Extensive
studies have been conducted on the kinetic of the surface scale formation for both
calcium carbonate [131] and barium sulphate[132]. They have shown that in a
carbonate-dominated brine, there is a lower number of nucleation sites and bigger
crystals compared to a sul phate-dominated brine. It can be concluded from their work
that carbonate crystalstend to nucleate and grow in the valleys which arein agreement
with the fact that the crystal growth can befaster in the valleys compared to the peaks
due to the lower shear forces. In addition, such an argument can be supported by the

overgrowth of the carbonate crystals deposited on the surface.
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Figure 7.10. The effect of surface peaks density on ceramic surface scale
depositsin laminar flow conditionsin the deposition processfor (a) all the
ceramic coatings, and (b) ceramic coatings except DTi.

As aresult, the high number of peaks on a surface would decrease the possibility of
contact between the carbonate nuclel and potential sites on the substrate, known as
valleys, as shownin Figure 7.11.
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Figure 7.11. Schematic of two surfaceswith a different number of peaksin a
specific length.
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Figure 7.12. The effect of surface energy componentson the scaling tendency
ratein the deposition process using liquid probesfor diiodomethane and
water for laminar (left column) and turbulent (right column) flow
conditions.
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The effect of the surface energy along with its dispersive and polar components of the
scaling tendency rate of substrates in the deposition process for the laminar and
turbulent flow conditions are shown in Figure 7.12 and Figure 7.13 for
diiodomethane/water and diiodomethane/ethylene glycol liquid probes, respectively.

AsshowninFigure7.12 and Figure 7.13, in both sets of liquid probes, in the turbulent
conditions, an increase in the total surface energy would lead to lower scaling

tendency ratio. However, thistrend is not clear in the laminar conditions in both sets.
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Figure 7.13. The effect of surface energy componentson the scaling tendency
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flow conditions.
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An increase in the polar component of surface energy would results in an escalation

in the scaling tendency rate in the diode-EG set, however, in the diode-water set such

trend is opposite. As a result, the dispersive component of the surface energy is the

dominant parameters which control the trend between the surface energy and scaling

tendency ratio.
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Figure 7.14. The effect of surface energy components on the scaling tendency
ratein the adhesion process using liquid probesfor diiodomethane and
water for laminar (left column) and turbulent (right column) flow

conditions.

The effect of the surface energy along with its dispersive and polar components of the

scaling tendency rate of substrates in the adhesion process for the laminar and
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turbulent flow conditions are shown in Figure 7.14 for diiodomethane/water liquid
probes. By taking into the consideration of the trend line of the effect of the surface
energy components on the surface mass gain of the adhesion process, it is evident that
the surface energy has no impact on the surface scale formation in all flow regimes.

7.3.2. Sulphate-dominated scales

In general, the parameters such as surface chemistry, surface roughness, surface
energy, and surface hydrophobicity are known as the criteriathat play amajor rolein
the scale formation process. However, it is not fully understood how each of these

parameters affects the scaling process.
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Figure 7.15. The effect of surface roughness and peak distribution on the
surface scale growth ratein the adhesion process, for (a) & (c) Turbulent
and (b) & (d) Laminar flow conditionsrespectively.

For instance, low surface energy is known as one of the parameters which decreases
the scale deposition rate on a surface. However, Forster et al. [100] showed that the
deposition rate of a substrate PTFE coating is higher than that with DLC coating,
although the latter one has higher surface energy. Eroini et al. [133] surveyed surface
resistance to scaling over a diverse range of substrates and reported that there is no
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strong correlation between the surface roughness’hydrophobicity and the scaling
deposition. Rankin and Adamson [103] mentioned that roughness increases contact
surface area; therefore, a rough surface has a greater effective surface energy
comparing to asmooth surface, and asaresult, astronger adhesion can occur on rough

surfaces.

Keysar [63] tested the effect of roughness (0.1um - 24um) of the mild steel under
well-controlled conditions on cal cite scal e formation and found that the adhesion force
of rough surfaces is much higher than that for smooth surfaces. Herz et a. [102] also
conducted the scale deposition test on a substrate with roughnesses range from
0.18um to 1.55um and accentuated that as the surface roughness increases the
deposited scale enhances on the surface. They reported that such behaviour can be
contributed to the reduction of local shear forces at the valleys and the increase in
primary heterogeneous nucl eation rate on the surface. However, Cheong [64] reported
that rougher surfaces do not necessarily end up with higher scale deposits. The author
indicated that in polymer surfaces the roughness effects found to be of secondary
importance and other characteristics such as surface chemistry and surface energy

could be more important.
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Figure 7.16. The effect of surface roughness and peak distribution on the
surface scale growth ratein the deposition processfor (a) & (c) Turbulent
and (b) & (d) Laminar flow conditions, respectively.
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The roughness of the mgjority of tested coated surfaces ranges from 0.063um to
1.697um, except the coating “One” with a roughness of 3.6029um. Due to its
particular roughness, the coating “One” is excluded in both Figure 7.15 and Figure
7.16 to be assessed separately. As shown in Figure 7.15 and Figure 7.16, the effect of
surface roughness and the surface peak distribution on the surface scale growth rate
are assessed separately in both adhesion and deposition processes for both turbulent
and laminar conditions. In the deposition tests, there is no noticeable correlation
between the surface roughness and the surface scale growth rate, whilein the adhesion
processthereisatrend, although it isaweak one. It also shows that in the deposition
tests the effect of roughness in such scale (i.e. lower than 2um) is diminishing, while

in the adhesion processit is strengthening.
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Figure 7.17. The effect of surface energy on the surface scale growth ratein the
adhesion processfor (a) Turbulent and (b) Laminar flow conditions.

The effect of surface peak distribution in al of the flow conditions in both processes
on the surface scale growth rate appears unchanged. An increase in the number of
peaksin aspecific dimension will lead to alower surface scale growth rate. Thereason
can be attributed to the kinetics and the way that sulphate-based scale forms on the
surface. The mechanism of the surface scale formation in the deposition process is
mainly directed by the heterogeneous nucleation and the crystal growth. Unlike the
general perception as ahigher number of nucleation sites, ahigher number of potential
points for scale formation, the higher number of peaks has resulted in the lower
amount of scale formation which needs to be assessed and analysed in more details.

Such results are more obvious in the laminar flow regime where the surface
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topography plays a more dominant parameter compared to the turbulent flow regime,

where the bulk effect on the surface scale formation is more preval ent.

Surface energy is often quoted as a parameter which when it is increased on the
surface would have an enhanced rate of scale formation on the surface. The
deposition/adhesion test results are plotted in Figure 7.17 and Figure 7.18 and the
weak trend seems to oppose the literature and conventional thinking. However, it is

important to remember that there are many more variables here other than surface
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Figure 7.18. The effect of surface energy on the surface scale growth ratein the
deposition processfor (a) Turbulent and (b) Laminar flow conditions.

Surface energy and surface roughness show how they would behave in adhesion and
deposition processes however these parameters aong with surface chemical
compositions are not the main factors affecting the scale formation on the surface.

7.3.3. Conclusion summary

Based on the results presented in both the adhesion and deposition processes, it seems
that one parameter cannot merely affect the surface scale formation rate, i.e. neither
the surface roughness nor the surface energy has not shown a definitive impact on the
rate of surface scale tendency. Although characterising such parameters one at atime
can help to have a better understanding to improve the surface performance and
mitigate the flow assurance problems.

For example, no trend is observed between the peak density and the surface scaling
rate; however, assessing such a trend in a system with the same surface finish

characteristics (e.g. ceramic coatings) has shown a more evident result.
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In carbonate-dominated case, the trend between the surface scaling and the surface
roughness is proportional in laminar flow conditions in the deposition process, while
it is not the case for turbulent flow conditions in the adhesion process, athough such
trends in both processes are weak.

It has been observed that if the liquid probes system in measuring the surface energy
changes, the proportionality between the surface energy and the surface scaling rate

does not change considerably.

In sulphate-dominated case, it has been observed in the adhesion process that the
rougher the surface, the more surface scaling rate; and also the higher is the value of
the peak density, the lower surface scaling rate. In the deposition process, such trends

are only true for laminar flow conditions.

The similarity between both of the sulphate/carbonate-dominated brine compositions
isin the effect of surface energy on the rate of surface scaling, where in both cases,
higher surface energy is inversely proportional to the surface scaling rate in both

processes in laminar and turbulent flow conditions, although they are weak trends.

7.4. Morphology of scale deposits

7.4.1. Carbonate-dominated scales

Calcium carbonate (CaCOg) isthe most abundant inorganic biomaterial with different
polymorphs, e.g. three anhydrate and three hydrated polymorphs. With the increasing
order of the thermodynamic stability, these polymorphs are amorphous calcium
carbonate (ACC), calcium carbonate hexahydrate (CaCO3.6H20), calcium carbonate
monohydrate (CaCOs.H20), vaterite, aragonite and calcite. [134, 135]

As shown in Figure 4.10, all morphologies of calcium carbonate (calcite, aragonite
and vaterite) have been formed and deposited on modified surfaces. The SEM
examinations have revealed that various crystal structures comprising the needle-like
structure as aragonite, the rhombohedral structure as calcite and spherical structure as
vaterite. In addition, some unusual morphologies are distinguishable that are either
formed as one crystal or as the result of the aggregations of crystals together (e.g.
centred deformed calcite crystal or clump of crystals shaped like a star or rod-like
aggregates). But what are the most interesting morphological findings in the results
are the dominant presence of amorphous crystals which are thermodynamically the
least stable form of calcium carbonate polymorphs [134].
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Tang et a. [135] suggest that in conditionswhere arich variety of CaCOz polymorphs
exist it can be attributed to the amorphous character of amorphous calcium carbonate

(ACC) that enablesit to easily shape itself into many different polymorphs.

Figure 4.11 shows the deformity at the centre of the cubica structure of calcite
crystals. Such unusua morphology has been reported with different names such as
concave terraced calcite [136], pitting on the surface due to the characteristics of
resolution of the crystallites [137], or the deformity in the centre of the calcite crystals
duetothefact that vateriteisformed from cal cite precursor in stages, and such crystals
are at middle stages.[138]

Asshown in Figure 4.12, the aragonite crystals are less affected by the hydrodynamic
effects compared to the calcite crystals. By considering the fact that aragonite
precipitates more rapidly compared to calcite, [139, 140] the size of the aragonite
crystals would be less affected by the hydrodynamic conditions, which is reasonable
due to its needle-like shape and the orientation that such crystals have grown on the
surface. Burton and Walter [140] have reported that the aragonite precipitation rateis
equivalent to those of calcite at 5°C, while aragonite precipitation ratesincrease up to
afactor of 4 compared to calcite at a temperature of 37°C, irrespective of the degree
of saturation. In addition, the existence of Mg?* decreases the crystal growth of calcite
to about 50% [141], but it seems that such impact would affect the calcite crystalsin

laminar conditions.

Asshown in Figure 4.15, the presence of Mg?* ionsin the bulk solution have affected
the morphology of calcite crystals. In many systems, Mg?* and Ca?* ion coexist. Mg?*
ion has attracted much attention among the inorganic mineralizers because of its
abundance in seawater and its critical role in the formation CaCOz3.[142] Therefore,
there have been so many studies assess the effect of Mg?* ions in the bulk on the

morphologies of calcium carbonate.

Tang et al. [135] reported that as the molar ratio of Mg?* to Ca* increases, the
morphology of calcium carbonate changes from well-defined rhombohedral crystals
to rough rhombohedral crystals and eventually to peanut-like aggregates. In addition,
in this study instead of water, ethanol, as a solvent was used to increase the influence
of magnesium ions on the morphology of CaCO3 and the crystals, changed from
rhombohedral crystals to irregular polyhedrons and bundles. Yang et al. [134] found

that by an increase in the ratio of ny, 42+ /nc42+ in the system, the average size of
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nanocrystals of calcite decreases which results in a decrease and disordering in the

| attice of calcite.

As shown in Figure 4.17, the existence of magnesium ions in the lattice of aragonite
is clear. It has been shown that the distribution coefficient of Mg*" in calcite (kj;,)
rises by an increase in temperature, [97, 143] however, the temperature effect on the
distribution coefficient of Mg?* in aragonite (ki ¢) isinggnificant.[97] The existence
of Mg?"ionsin a system not only affect the cal cite morphology but also have impact
on the nucleation process and inhibit the crystal growth.[141, 142, 144-147]

Davis et al. [148] have shown that the Mg?* ions inhibit the calcite crystal growth by
incorporating into the calcite lattice. Furthermore, many studies have reported that
Mg?* inhibits the growth rate of calcite but not aragonite. [141, 149-151] Dawe and
Zhang has reported that the existence of Mg?* at aratio of [Mg?'] / [C&?'] between 0.1
and 0.5 affects the kinetics of calcite and causes a 50% reduction of calcite growth
rate. [141] In the brine composition tested in this thesis, the ratio of Mg?* (mMol) to
Ca?* (mMol) is around 0.24.

Mucci and Morse [152] have shown that the amount of MgCOs would result in the
overgrowth of calcium carbonate crystals and is determined by the Mg?* to Ca?*

concentration ratio in the solution which they precipitated.

Park et al. [153] reported that the existence of the Mg?* ions in the brine solution
would lead to the formation of Mg-calcite and as Mg?* ion concentrationsincrease the
amount Mg-calcite crystals decreases and a number of aragonite increases. In
addition, the longitude and aspect ratio of the formed aragonite crystals decreases due

to an increase in Mg?* ion concentration. [153, 154]

Asshown in Figure 4.16, aragonite crystals formed on the surface normally shaped as
rod-like bundles with a relative lower aspect ratio compared to normal needle-like
aragonite crystals that were reported before. [154, 155]

Xu et al. [156] also reported that at room temperature the high concentration of Mg?*
ion favours the aragonite precipitations rather than calcite. Magnesium ions can
incorporate into the lattice of calcite while the aragonite lattice is unaffected by the
magnesium ions. In addition, the incorporation of magnesium into the lattice of the
calcite will cause it to be more soluble than pure calcite. As a result, the increased
amount of aragonite with respect to the increase of magnesium ions can be described

in terms of selective adsorption of magnesium onto the calcite crystals which
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effectively reduces the crystal growth of calcite and increases the relative stability of
aragonite.[157]

7.4.2. Sulphate-dominated scales

As shown in Figure 5.3 - Figure 5.7, the size and the basic morphology of the scale
deposits have altered neither by the effect of the hydrodynamic conditions nor by the
employment of different scale processes. Such observation is aso reported by Todd
and Yuan.[158]

The sisal-like hierarchical structure is also reported and analysed the formation
process of SrSO4. Wang et al. [29] speculated the morphology evolution steps of the
strontium sulphate from a SrSO4 small monopod to grow into SrSO4 multi-pods, in
which the adjacent crystals are oriented by sharing a common crystallographic
orientation and docking of these crystals at a planar interface, as shownin Figure 7.19.

Figure 7.19. Schematic illustration of the formation process of the SrSO4 sisal-
like hierarchical structures[29] and the natural shape of asisal plant.

Figure 7.20. The SEM image of the scale deposits showing the evolution steps of
the bowtie structure mor phology.
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The morphology evolution steps of the bowtie structure cannot be fully determined,
due to the limitation in observing the in situ orientation process. However, the author
believes that it can be explained as shown in Figure 7.20. Tang et al. [135] reported
that the existence of the magnesium in the brine will lead to the formation of calcium
carbonate with the morphology of peanut-like aggregates. They also suggested the

same formation process of peanut-like CaCOz aggregates.

7.5. Co-precipitation of scale deposits

7.5.1. Carbonate-dominated scales

As shown in Figure 4.18, the deposited scale on the surface is the deposition of
CaCOs, SrCOs and BaSO4 scale deposits. Therefore, understanding the chemistry and
morphology of the scale deposits originated from acomplex brine solutionisessential.
Although the importance of the co-precipitation phenomenon, not many studies have
been conducted to characterise the co-precipitation and co-deposition of the scale
depositsin the ailfield.

There have been so many studiesthat surveyed the incorporation of strontium into the
lattice of calcium carbonate. [90, 93-96, 152, 159, 160] Katz et al. [159] have shown
that the distribution coefficient of strontium in calcite has affected dightly by the
temperature, but not affected by the presence of NaCl. In addition, the strontium
incorporated in the calcite recrystallized from aragonite.

As shown in Figure 4.19 and Figure 4.20, the co-precipitation of Sr* in the lattice of
aragonite has a higher ratio compared to both calcite and vaterite on both modified
surfaces. Plummer and Busenberg [160] have demonstrated that the exchange of
cacium in strontianite (SrCOz) and strontium in aragonite initially enhance the

stability of the precipitate.

It has been showed in the SEM images section that the existence of magnesium in the
complex brine solution and the lattice of the calcium carbonate crystal will result in
the formation of calcite with round edges or the formation of aragonite crystals with
relative lower aspect ratio. In addition, in the EDX section, the existence of strontium

in the lattice of the aragonite crystalsis evident.

By considering the fact that in the complex brine composition with relative high
supersaturation ratio of calcium carbonate, where there is an abundant amount of

magnesium and strontium ions in the solution, the incorporation of such ions in the
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CaCOs isnot surprising. As aresult, by integrating the dominant morphologies of the
calcium carbonate, e.g. calcite and aragonite, into one entity as calcium carbonate
scale deposits, the compound can be written as (Cax Sy Mg;)COsfor which 0 < x,y,z
< 1. Therefore the results can be presented in Table 7.3.

Table 7.3. The chemical compound of the carbonate-dominated scale deposits
on the surface, analysed by ICP in turbulent and laminar flow conditions
in the adhesion and deposition processes.

Deposition Process Adhesion Process

Coating Turbulent* Laminar* Turbulent* Laminar*

B1391 Ca0.83Sro0oMgoo7r CansSro14Mgoos Can.79Sr0.14Mgo.o7 CaossSro.11Mgo.os
B5891 Ca0.77Sr0.14Mdo.0s Caos2Sr0.12Mgo.os Can.79Sr0.13M go.os Cao.89Sr0.08M go.o3
B5891exp Ca0.7905r0.14Mgo.08 Cao.855r0.10Mgo.os Ca0.815r0.11Mgo.o9 Cao.82Sr0.12M go.o7
B5892 Ca0.82Sr0.10Mdo.os Caog2Sr0.14Mgo.os Can.79Sr0.14M go.o7 Cao.g2Sr0.12M go.os
B5892exp Ca0.795r0.11Mgo.10 Cao.77Sr0.16M go.o7 Cao.79Sr0.13M go.os Cao.85S10.11M Go.04
DHS Ca84Sr0.00Mgo.07 Can.80Sr0.13Mgo.o7 Can.77510.14M go.os Can.86Sr0.20M go.o4
SS316 Cang2Sro.11Mgo.or Can.geSro.0sMgo.os Caos1Sr0.0oMgo.oo Can.92Sr0.06M go.o2
TiN  Caog2Sr0.11Mgo.or Cao.85Sr0.00Mgo.os Can.81Sr0.10MJo.os Cao.92S10.06M Qo.02
DLC Ca81S10.11Mgo.08 Can.86Sr0.07Mgo.os Can.82Sr0.10Mgo.os Ca0.91Sr0.06M go.03
CrN  Cao87Sr0.0sMgo.os Can.81Sr0.13Mgo.os Can.82Sr0.11Mgo.o7 Can.83Sr0.13M go.os
TiAIN  Ca0.70510.13M go.0s8 Ca0.82Sr0.15M go.03 Cao.79510.12M go.os Can.84Sr0.13M go.o3
Dti  Ca.81Sr0.11Mgo.0s Cao.71Sr0.24Mgo.os Can.80Sr0.12M Qo.os Cao.91Sr0.06M go.03
B1381 Ca0.81Sr0.11Mdo.os Caog3Sro.12Mgo.os Can.80Sr0.13M go.o7 Cao.80Sr0.14M go.os
B1341 Ca0.81Sr0.11Mdo.os CaosgsSro.0oMgo.os Can.eaSro.10Mgo.o7r CaosaSro.11Mgo.os
B1541 Ca0.78Sr0.14Mdo.os Cao78Sr0.17Mgo.os Can.80Sr0.14M go.os Cao.895r0.08M go.03
SS416 Caos2Sro.0aMgo.os Can.esSro.0oMgo.os Cao.s0Sro.11Mgo.oo Can.89Sr0.0sM Qo.03
PFA  Ca81S10.00Mgo.11 Can.82Sr0.13Mgo.os Cao.8sSr0.08Mgo.os Can.88Sr0.00M go.o3
FEP CaosoSro.11Mgo.10 Cao82Sr0.14Mgo.os Cao.81Sr0.12Mgo.o7 Ca0.91Sr0.06M Qo.03
ETFE Ca.80Sr0.11Mgo.08 Can.82Sr0.12Mdo.os Can.84Sr0.10Mgo.os Can.88Sr0.07M do.os
PTFE Caos83Sr0.08Mgo.os Can.83Sro.13Mgo.os Cans2Sr0.14Mgo.os Can.91Sr0.07M go.o2
One Cao79Sr0.13Mgo.os Cao.82510.14MQo.os Cao.78Sr0.15M do.o7 Cao.83Sr0.14M Qo.03

Average Ca0.81Sr0.11M go.08 Cao.825r 0.13M go.05 Can.815r 0.12M go.o7 Ca0.87Sr 0.00M go.04

e Thecounterpart of the carbonate is written in the table: (Cax Sy Mgz)-COz3
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As shown in Figure 4.23, Figure 4.24 and Table 7.3, in both the deposition and
adhesion processes, the bulk hydrodynamics have affected the chemical composition
of the scale deposits in the same way. In both processes, as the agitation level of the
bulk increases, both the magnesium and strontium proportion in the cal cium carbonate

scale deposits increases.

Anincrease in the rate of mass transfer in the bulk will facilitate the incorporation of
both the magnesium ionsin the lattice of the calcite crystals and the strontium ionsin
the lattice of the aragonite crystals. Such effect is more evident in the adhesion
process from the laminar (87% of calcium) to turbulent (81% of calcium) flow

conditions compared to the deposition process.
7.5.2. Sulphate-dominated scales

Asshownin Figure5.12 and Figure 5.13, in the adhesion tests cal cium isthe dominant
ion that is present in the scale deposits on the surface, while in the deposition tests
strontium and barium ions are more dominant. According to the DLVO theory,
adhesion is determined by the balance between Van der Waals attractions and
electrostatic double layer repulsion which is depending on the size, geometry and

weight of the formed molecules. [50]

In the deposition process, the attractive Van der Waals forces even for bigger and
heavier molecules (e.g. BaSO4 and SrSOq) is predominant, while in the adhesion
process the repulsive el ectrostatic double layer forces for heavy particulates are high
enough to prevent the adhesion of scale deposits on the surface. Furthermore, due to
the importance of the momentum and gravitational forces in the adhesion process, it
is easier for lighter scale crystals (e.g. CaSO4 or CaCOg) to adhere to the surface,
while for heavier scale crystals formed by barium and strontium ions there are higher
detachment forces. As aresult, this trend is less obvious in the laminar flow regime
compared to the turbulent condition due to lower critical shear stress induced by the
brineto removethe crystal from the surface. In terms of heterogeneous nucleation and
crystal growth (deposition process), the hydrodynamic effects do not affect the
chemical composition of the scale deposits, while the level of agitation would change

the nature of scale depositsin the adhesion process.

Sulphate scale causes more severe production problems compared to the carbonate
scale due to its comparably higher adhesion between the scale and the substrates and

also its solubility resistance against most of the common acids used to remove the
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carbonate scales, such as hydrochloric acid.[2] Barium sulphate is normally
accompanied by strontium sulphate to form a completely mixed scale caled “barite
celestine sulphate scale’ as (Bax S'1.x)SO4for which 0 < x < 1. Todd and Y uan, 1992,
[158] found that as the temperature increases from 20°C to 70°C, the contribution of
the SrSO4 enhances the scale formation which is predicted due to the supersaturation
decrease of BaSOa. The sulphate scale deposits formed on different modified surfaces
for the deposition process in both laminar and turbulent flow conditions are shown in
Table 7.4 based on the ICP analysis.

Table 7.4. The chemical compound of the sulphate scale deposits on the surface,
analysed by ICP in turbulent and laminar flow conditionsin the
deposition process.

Turbulent flow condition Laminar flow condition
Mole (%) Mole (%)
Coating Barium Strontium  Compound Barium Strontium  Compound
B1541 37%  63%  (StosBaoz)SO.  35% 65%  (SroesBanas) SOs
FEP 40%  60%  (SroeoBaoao)SOs  43% 57%  (SrosBaoas) SOs
ETFE 39% 61%  (Sroe1Baosg) SOs  35% 65%  (SroesBaoss) SOs
CrNAg 40%  60%  (SrocoBana)SOs  41% 59%  (SrosoBaoai) SO4
B1341 39% 61%  (Sroe1Baosg) SOs  37% 63%  (SroesBaosr) SOs
Dti 39% 61%  (Sroe1Baosg) SOs  39% 61%  (SrosiBaozg) SOs
B1381 39% 61%  (Sroe1Baosg) SOs  39% 61%  (SrosiBaoss) SOs
One 39% 61%  (Sroe1Baosg) SOs  40% 60%  (SrosoBavao) SOs
DHS 38%  62%  (SrosBanag)SOs  39% 61%  (Sroe1Baoss) SOs
SS 40% 60%  (SroeoBao4)SOs  38% 62%  (Sros2Baoss) SOs
CrN  39% 61%  (Sroe1Baosg) SOs  33% 67%  (SrosBaoss) SOs
PFA  42% 58%  (SrossBaoa2) SOs  30% 70%  (Sro70Baozo) SOs
TiIN  39% 61%  (Sroe1Baosg) SOs  40% 60%  (SrosoBaoao) SOs
B1391 3% 61% (Sro61Bansg) SO 40% 60% (Sro.s0Bao.40) SO4
B5891 50% 50%  (SrosoBaoso) S04 62% 38%  (SroasBavsz) SOs
DLC 3%  61%  (SroeiBaoss)SOs  48% 52%  (Sros:Baoas) SOs
PTFE 39% 61%  (Sroe1Baosg) SOs  38% 62%  (Sros2Baoss) SOs

In such scale deposits, the strontium ions contribution in the sulphate scale is higher
compared to the barium ions. The author calls such compound as “cel estite bariumian

sulphate”. As shown in Table 7.4, there is not much difference in terms of the ion
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contribution in the sul phate scal e compound between the barium and strontium in both
laminar and turbulent conditions. In other words, the hydrodynamic effect has not
atered the nature of the scale deposits on the different modified substrates, although
there are some exceptions, specifically B5891 which its performanceis quite different

compared to other coatings in both laminar and turbulent flow conditions.

7.6. Field data

Mineral scale deposition on surfaces of oil production equipment has been recognised
as a mgor flow assurance problem. Most of the mineral scale deposition work
published has solely focused on laboratory experiments and very little data are
available that demonstrate such results are relevant and can be scaled-up to field

environments.

The current study focuses on mineral scale formation on surfaces and compares
laboratory results with field data.[161, 162] A field test has been running for half a
year on commercially-coated pipe spools along with uncoated ones. The different pipe
sections were positioned along a water line injection system in an oilfield. In the
laboratory, a standard bulk jar test was used and the ability of arange of chemicaly
and morphologically modified coatings to prevent/reduce mineral scale surface
fouling were assessed under different flow conditions (ranging from laminar to
turbulent flow).

The current study shows that if properly selected, surface engineering offers great
promise as an approach to prevent mineral scale deposition in the piping system of
oilfields.

Table 7.5. The comparison between the supersaturation ratio of the brine
composition tested in the laboratory setup and thefield data.

Sulphate dominant brine Carbonate dominant brine Field data
Species SR Species SR Species SR
CaCOs 10.79 CaCOs 12.54 CaCOs3 1.00
BaSO, 121.50 BaSO, 3.03 BaSO4 591
SrCO3 4.09 SrCO3 4.67 SISOy 0.21

SISO, 11.70 SrSO, 0.29 FeCOs3 0.26
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As shown in Table 6.3, the flow assurance problem of the oilfield mainly originates
from the formation of sulphate scales in the oil pipe. To relate the laboratory results
with the oilfield data and have a better assessment of the obtained results from the
surface mass gain of the coatings, two types of complex brine composition which their
salinity range is in the same range were selected but with different scale formation
characteristics as a “carbonate-dominated brine’ and a “ sulphate-dominated brine”
compositions. The comparison of the complex brine composition tested in the
|aboratory setup with the real conditionsin thefield isshown in Table 7.5.

As shown in Table 7.5, the supersaturation ratio range of the scale deposits in the
laboratory setup are higher compared to the brine composition in the oilfield to
compensate the discrepancies of thetime interval between the field and the laboratory
setup.

Three out of the six coatings employed in the oilfield test are fluoropolymer coatings
and therest are epoxy coatings. These epoxy coatings, e.g. B1341, B1381 and B53891,
are the same coatings from the same manufacturer that are used in the laboratory
setup.

As shown in Table 7.6, the rotational speed that has been set in the laboratory setup
for the scaling tendency tests is comparable to the range of flow conditions in the
oilfield. In other words, the 2000rpm of the RCE will simulate the flow condition with
the Reynolds number of 17,845 which is in the range 100-120 (m3/day) flow rate in
the oilfield which gives a Reynolds number in the range of 16,000-20,000.

Table 7.6. The comparison of the flow regimes between the laboratory setup
and thefield data.

Rotational Speed Reynolds Number  Surface Shear Stress Reynolds Number
2000 rpm 17,845 7.851 Pa 16,884 — 20,242

7.6.1. Massgain

Asaddressed before in chapter-6, eight pipe spools (2 uncoated, 3 epoxy coatings, and
3 fluoropolymer coatings) in the oilfield were employed to assess their scale tendency
characteristics in real conditions. In Table 7.7, the surface scale deposits rate is
compared with the laboratory results for both the sul phate/carbonate-dominated brine

compositions for both the adhesion and deposition processes.
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Due to the fact that the field data is obtained in multiphase flow conditions where
crude oil is present in the brine, while the experimental results are primarily obtained
from single-phase flow condition, the author’s analysis is based on idea simplified
conditionswith systematic approach rather than result-end parameters. Such study can
be a benchmark for further researches in future to conduct more realistic multiphase

flow scale tendency experiments.

Table 7.7. The comparison of scale deposits growth in the dilfield with the
laboratory setup for both carbonate/sulphate-dominated brine
compositionsfor adhesion and deposition processes.

Scale Thickness Growth (cm/year)

No. Company Real Carbonate Sulphate
Adhesion | Deposition | Adhesion | Deposition

IPC Magna | 0.177
Uncoated 0.234

1 Uncoated | 0.678
2 B5891 0.165 0.219 0.759 0.143 0.257
3 | 3M SK 6258 | 0.228 - - — —
4 B1341 0.198 | 0.187 0.435 0.300 0.511
5 IPCME35 | 0.236 - - — —
6 B1391 0.213| 0.263 0.603 0.666 0.346
7

8

Although the final result of surface scale deposits rate of the field data and
experimental results are not comparable, the ranking of the surfaces is one of the
parameters that is worth to consider. As aresult, Table 7.7 can be summarised based

on the scale tendency performance ranking of the epoxy coatingsin Table 7.8.

Table 7.8. The scaletendency performance ranking of the epoxy coatingin the
oilfield and the laboratory.

Company Red Carbonate Sulphate
Adh Dep Adh Dep
B5891 1 2 £ 1
B1341 2 1 1 2 £
B1391 3 3 2 3 2
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Asshown in Table 7.8, by comparing the ranking of the coatings, thisisthe adhesion
process in the sulphate-dominated brine composition that matches the field data. The
results match due to the following aspects:

1. The dominant scale deposits found in the field data is sulphate-based, which
matches to the sul phate-dominated brine setup in the laboratory.

2. The oilfield site is situated at the end of the line of the re-injecting water
facility to pump the fluid into the oil well. In other words, the precipitation
rate in the brine has reached to an equilibrium state, which matches to the

adhesion process that is defined in the laboratory setup.

As a result, by using the obtained results in the adhesion process in the sulphate-
dominated brine, the relative scaling tendency of other coatings can be assessed,
although the author believes that more experimental results need to be validated by
the field data to have a better understanding and prediction of amodified surface.

7.6.2. Conclusion

It can be inferred from this study that the standard bulk jar scaling test combined with
RCE to assess the hydrodynamic effects in the laboratory, is an acceptable approach
to study the surface scaling in different flow conditions, provided that the chemical
composition of the brine solution itself is in agreement with the nature of scale
deposits formed in the field; however, the obtained field data has been run for one
time with the presence of ail, while the conducted experimental tests were donein one

phase condition.

The current study shows that if properly selected, surface engineering offers great
promise as an approach to prevent mineral scale deposition in the piping system of
oilfields.

Based on the presented results, the author has recommended specificaly this type of
coating (e.g. B5891) to PETROBRAS, and to the best knowledge of the author,
PETROBRAS s going to apply thistype of coating in their piping systemswhere they
are facing with the sulphate-based flow assurance problems.
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Chapter 8

Conclusion

8.1. Concluson summary

In this thesis, the surface scale deposition of commercially-available coatings for
carbonate-dominated/sul phate-dominated scale formation with regard to the flow
regimes of the bulk solution for two interlinked processes, as deposition and adhesion
processes, have been studied. This chapter has mainly focused on the following

aspects:

1. The surface scale formation as deposition and adhesion processes.
The hydrodynamic effects on surface scale formation.
Morphology and co-precipitation of scale deposits

Characterising a good anti-fouling surface.

Correlating of the systematic laboratory resultsto field data.

o M W DN

This chapter gives a general summary of the finding of each aspect and recommends

future works.

8.2. Surface scaleformation

Due to the complexity in understanding the surface scale formation mechanism, it is
proposed to divide it to two interlinked processes as. deposition process, or the
heterogeneous nucleation and crystal growth, and adhesion process, or the attachment
of pre-precipitated particles in the bulk solution to the surface. Such strategy also
hel ps to understand the predominant process taking place in the oil production line. In
other words, in the downhole, where the bulk solution is considered as fresh, the
surface scale formation mainly occurs as the deposition process, while on ground
level, due to thetimeinterval it takes for the bulk solution travels from the downhole
up to the ground level, the bulk solution carries the pre-precipitated particles. As a
result, the surface scale formation occurring in thisregion is predominantly controlled

by the adhesion process.

At early stages of the oil production, due to thermodynamic changes in the bulk
solution the problematic scale deposits are mainly carbonate based, and at | ate stages
of the oil production when EOR is employed, due to the incompatibility of the

seawater and aquifer, sulphate based scales are causing flow assurance problems.
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Since at different stages of the oilfield production the nature of problematic scale
changes, the laboratory setup is designed based on two brine solution with the same
salinity as carbonate-dominated scale and sul phate-dominated scal e setups.

It is found that the surface scale formation rate in the deposition process increases
with an increase in the agitation level of the bulk solution for both the
sulphate/carbonate-dominated brine solutions; however, in the adhesion process, as
the bulk solution changes from the laminar to turbulent flow conditions, the rate of
surface scale formation increases in the sulphate-dominated brine solution but

decreases in the carbonate-dominated brine solution.

The scaling tendency of heterogeneous nucleation and crystal growth is higher than
the adherence of the pre-crystallised scale particles for both brine solutions, however,
the level of agitation could have inverse effects on one process to another. Evenin the
adhesion process, it is found that the heterogeneous nucleation isin progress and is
distinguishable for most of the modified surfaces. It is aso found that the behaviour
of scale formation on the surface will change with respect to the level of turbulence
of the bulk, i.e. in the deposition process, the surface scale deposits are formed rather
scattered in turbulent flow conditions and localised in laminar flow conditions, and in
the adhesion process, the surface scale deposits in both flow conditions are formed in
scattered formation, however, in turbulent conditions the presence of localised scale

sitesis noticeable.

8.3. Good anti-fouling surfaces

In general, the parameters such as surface chemistry, surface roughness, surface
energy, and surface hydrophobicity of the surface known as the criteria that play a
major role in scale deposition process, but the effects of such parameters all together

in aprocessis not fully understood.

To study the effect of surface aforementioned parameters, stainless steel (SS316)
samples are coated with 21 different commercially available types of coatings which
cover avariety of surface roughness and surface energy values with different surface

compositions.

Although categorising the coated substrates as good anti-scaling surfaces, considering

the fact that their surface parameters are quite diverse, is not a methodical approach,
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the anti-scaling performance of a certain group of coatingsin different brine solutions
in different flow regimes are promising, e.g. ceramic coatings, esp. TiN. It is found
that having a good anti-scaling performance in a carbonate-dominated brine
composition necessarily does not guarantee a promising performance in the sulphate-
dominated brine solutions. Amongst the epoxy coatings which have shown fair anti-
scaling characteristics, the Belzona B5891 had the best performance in the sulphate-
dominated tests, however its performance in the carbonate-dominated testsis not quite
promising. Even in sulphate-dominated tests, the scale deposits formed on this coating
is high in calcium which predicts its susceptibility in calcium-based scale

environment.

Although low surface energy characteristic of a surface is considered as an anti-
scaling parameter, the results have shown that this parameter cannot merely assure a
low rate of surface scaling, and in some scenarios, high surface energy can lead to a

better anti-scaling performance.

It has been found that the role of surface roughness is more evident in laminar flow
conditions compared to the turbulent flow conditions irrespective of the nature of the
surface scale deposits. It is found that the number of peaks can adversely affect the
surface scaling ratio of the modified surfaces for both the sulphate/carbonate-
dominated brine compositions. Such an adverse effect is more evident in the laminar
flow conditions compared to the turbulent flow conditions.

The chemical composition of the modified surfaces has not much effect on the
morphology of the crystals formed on the surfaces. However, the surface finish and

surface irregularities/imperfections will affect the rate of surface scale formation.

8.4. Morphology and co-precipitation of scale deposits

In the carbonate-dominated scale deposits: There are diverse morphologies formed
on different modified surfaces. The surface chemistry will affect the morphology of
the crystals on the surfaces. The most dominant crystals formed on the surfacesin the
adhesion process are calcite crystals with rounded edges. There is a trace of needle-
like aragonite on some surfaces (e.g. DTi and One). In the deposition process, all three
main polymorphs of crystals exist, i.e. calcite, aragonite and vaterite. Unlike the

adhesion tests, the dominant crystalsformed on the surfaces are aragonite and vaterite.
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The needle-like aragonite crystals formed on the surfaces have a lower aspect ratio
compared to the literature and they tend to form on the surfaces as a bundle. In the
deposition tests, the occurrence of secondary nucleation on calcite crystalsis apparent.
The calcium ion ratio in the scale deposits in the deposition tests is higher compared
to the adhesion tests. The flow conditions have low effect on the ratio of the ions

formed in the scal e deposits.

Due to the complexity of the brine solutions, the scale deposits formed on the surface
arethe complex crystalswith the incorporation of the cationsin their lattice, e.g. Mg?*

and Sr?* in the lattice of calcite and aragonite or the co-precipitation of Sr?* in barite.

It isfound that the formed cal cite under the influence of Mg?* formed as cubic crystals
with rounded edges or irregular polyhedrons and bundles. In addition, the
incorporation ratio of strontium ionsin the lattice of the aragonite is higher than that
of the calcite crystals, and as a result, the formed aragonite have lower aspect ratio
compared to the literature. Vaterite crystals are also observed either as a spherical
shape or cubic crystal with a hollow in the centre. SEM images of the crystals have
shown that in the adhesion process, the heterogeneous nucleation and crystal growth
isin progress, as well. The flow conditions also have affected the scale deposition
pattern in the deposition process on the surface, i.e. scale deposits are scattered all
over the surface in the turbulent flow conditions while in the laminar flow conditions

it ismore localised.

In the case of co-precipitation of magnesium and strontium in the lattice of the calcium
carbonate, it isfound that the density ratio of these cationsisincreased by an increase

in the bulk hydrodynamic conditions in both the deposition and adhesion processes.

In the sulphate-dominated scale deposits, the mgjority of the formed crystals are
shaped either as bowtie or sisal-like; however, it is shown that the latter crystal only
appears in the laminar flow conditions, which conveys the idea that the flow
conditions can affect the morphology of the scale deposits on the surface. It is found
that the morphology of the scale deposits on the modified surfaces is affected by the
bulk flow regime in both the adhesion and deposition processes, wherein the laminar
flow conditions the existence of sisal-like crystals is evident while in the turbulent
flow conditions it is mainly the needle-like and bowtie crystals. It has been observed
that the relative chemical composition of scale depositswould be affected by different
mechanisms of scale formation on the surface (i.e. from the deposition process to

adhesion process), while the morphology of the scale deposits has not changed. In
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addition, it has been understood that the hydrodynamic conditions have not much
effect on the relative ion composition of the surface scale deposits in the deposition
process, but the relative ion concentration of scale depositsin the adhesion processis
affected by the agitation level.

Formed scale deposits are mainly formed from the co-precipitation of strontium and

barium with the sulphate ions.

In such scale deposits, the strontium ions contribution in the sulphate scale is higher
compared to the barium ions. The hydrodynamic effect has not altered the nature of
the scale deposits on the different modified substrates, although there are some
exceptions, specifically B5891 which its performance is quite different compared to

other coatings in both laminar and turbulent flow conditions.

8.5. Corréelatingthelaboratory studiesto field data

Unlike most of the studies that are merely focused either on the laboratory results or
reporting the field data, in this thesis, the comparison of field data with systematic
laboratory is studied. In addition, there have been some doubts about employing
surface engineering as a mean to mitigate the flow assurance problems in the oil and
gas industry. The work presented clearly shows the effectiveness of the surface
engineering to reduce the rate of surface scale formation.

Also, it has been shown that the standard bulk jar scaling test combined with RCE to
assess the hydrodynamic effects in the laboratory, is an acceptable approach to study
the surface scaling in different flow conditions, provided that the chemical
composition of the brine solution itself is in agreement with the nature of scale
deposits formed in the field.

The outcome of this thesis has helped PETROBRAS to identify the surface scaling
problem they are facing in the oilfield and recommended to choose the optimum
commercially-available coating in the market with regard to its application to mitigate
the flow assurance problems in Brazilian oilfields. To the best knowledge of the
author, PETROBRAS is going to apply this type of coating in their piping systems

where they are facing with the sul phate-based flow assurance problems.
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8.6. Futurework

Surface scale formation: Most of the studies conducted so far to understand the
surface scale formation have been focused on one entity as the deposition process or
heterogeneous nucleation and crystal growth. Thisthesisisone of thefirst studiesthat
is mainly focused on these two interlinked processes. Future studies need to be
focused on the comparison of these mechanismsin different flow conditions, pressure,
temperature, pH level, bulk akalinity, CO2 level, brine composition, SR ratio, the
addition of impurities, hydrodynamic conditions and the effect of inhibitors. Like this
thesis, such studies can be applied in different supersaturated brine composition such
as sulphide studies and also wax formation. For further studies of the adhesion
process, it is advisable to filter the brine solution when the crystallisation rate is in
bal ance with the dissolution rate and calcul ate the saturation ratio and start assessing

the modified surfaces.

Good anti-scaling formation: Surface has acrucia role in the formation of scale on
the substrate, as a result understanding the surface parameters is vital to mitigate the
flow assurance problems. Unfortunately, there are so many surface parameters
involve in surface scaling, but as a future work, an extensive study needs to be
conducted to maintain all the parameters at atime, and start to change one parameter
and start to characterise one parameter at atime.

Morphology and co-precipitation of scale deposits: The morphology of the scale
deposits are so dependent on the chemical composition of the scale deposits. Although
co-precipitation theory has been proposed more than 80 years ago, not much attention
has been focused on this matter which greatly affects the surface scaling. It can be
associated with the fact that such mechanism isso complicated. In thisstudy, the effect
of flow conditions and adhesion/deposition processes on the co-precipitated scale
deposits have been studied. However, the author believes that this study can be
supported by co-precipitation theory in well-controlled conditions in the laboratory.
Due to the abundant cases of calcium carbonate co-precipitation with cations, there
are so many studiesin thisfield, but the co-precipitation of sulphate based compound
has been neglected despite its importance in surface scale formation.

Correlating and laboratory studies with field data: Thisis the first study that has
been systematically conducted to correlate the laboratory results with the field data.

As aresult, there are so many parameters that can be improved in future studies:



- 196 -

Field: Thereference pipe spools employed in the field were carbon steel pipes.
Although corrosion products can be categorised as scale deposits, applying
stainless steel would be advisable. Not al the coatings employed in the field
were availablein thelaboratory. Online monitoring the brine solutionisagood
methodology to observe the flow conditionsin the field.

Laboratory: The scaling tests have been carried out in a complex brine
solution. In future, the surface scaling tests can be done with the presence of
oil in the brine solution. The batch tests have been used to assess the anti-

scaling performance of the coatings, which can be substituted with in-siturigs.
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