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Abstract

Calcium carbonate scale is one of the most common inorganic scales which
deposits on the surface of oil and gas production facilities. This causes
significant loss of production and ultimately leads to shut down of production

lines if not properly managed.

There has been a great amount of research on calcium carbonate deposition
studies, but most of these studies have been on understanding calcium
carbonate bulk precipitation process. However, little attention have been
made on calcium carbonate surface deposition mechanism, which is the main

challenge in mitigating scaling in oil and gas and desalination industries.

Understanding the mechanism of its formation at different environmental
conditions and using a methodology that would reflect the field scenario will
gives information required for a reliable predictive model.

This study investigated calcium carbonate surface build-up under flow
conditions, across a wide range of saturation ratio (SR) at 25°C and 70°C
respectively. Both bulk induction time (tind) and surface induction time, which
is referred to as scaling time (ts) were determined from capillary flow rig

experiments.

Mineral scale surface fouling was monitored by a sensitive differential
pressure technique with respect to build up of scale on the wall of the capillary

cell resulting to change of pressure across the test capillary cell.

It was found that, two scaling regimes occur within the brine composition
investigated. At SR < 80, surface fouling is controlled by nucleation and
growth, while at SR > 80, is controlled by the adhesion of pre-precipitated
crystals. This result was supported by the turbidity measurement and

inductively coupled plasma mass spectrometry (ICP-MS) analysis.

The calcium carbonate growth rate determined by measuring the amount of
scale deposited at the surface of the capillary cell by Inductively coupled
plasma mass spectrometry analysis (ICP-MS) was smaller compared to the

amount of scale predicted from Hagen Poiseuille (HP) equation, where the

iv



growth rate is estimated from the pressure drop across the capillary cell as
scale build up on the wall of the capillary cell. This was attributed to non-
uniformity of the scale layer along the capillary cell which is omitted in the HP

equation.

A semi empirical model has been developed from the experimental work,
which can predict scale deposition growth rate over a period of time and as a

function of deposition flux at a given temperature.
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Nomenclature

re: radius of critical nuclei (cm)

IP: activity product of free ions species

J: nucleation rate (cm= s?)

h:height of the circular disc (cm)

AGcr: free energy change for the critical cluster size formation (J molet)
A: frequency constant (cm= s™)

k: Boltzmann constant (J/K)

T: absolute temperature (K)

v: Interfacial energy (mJ/m?)

B: Shape factor

Vm: molecular volume (cm? mole?)

f(6): correction factor

R: molar gas constant (J mole1K1)

Sl: saturation index

SR : saturation ratio

Ka : activity based solubility product constant
tina: induction time (min)

ts : scaling time (min)

tn : time for system to reach steady state (min)
ty: time for nuclei to reach a detectable size (min)
Ksp: Solubility product constant

B: slope of the plot log tind and 1/(log SR)?
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Na: Avogadro number (mol?)

Wa: work of the adhesion (N mt)

0: contact angle (degs)

m: mass of solute deposited (Q)

C: solute concentration (mol/l)

Ce: equilibrium saturation concentration (mol/l)
Km: mass transfer coefficient (m/s)

Kr: reaction rate constant (mol/l/s)

V :flow velocity (m/min)

Q: volumetric flow rate (ml/min)

Re: Reynolds number

Le: entrance length (mm)

p: Density (Kg/m?)

AGw: Lifshitz van der Waal interaction component
AGe: electrostatic double-layer component
AGa: Lewis acid- based component

AGg: Brownian motion component

AGr: Total interaction energy

APi :Initial pressure drop before deposition (Psi)
APt pressure drop at time t (Psi)

i Initial viscosity of brine (mPa.s)

Mt viscosity of brine at time t (mPa.s)

ri :initial radius of the capillary cell (mm)
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R: radius of capillary cell after deposition (mm)
t: scale deposition thickness (mm)

D: internal diameter of the capillary cell (mm)
L: Length of capillary cell (mm)

pptsarite: amount of barite (ml/kg)

x: mole fraction

Ygq2+- activity coefficient of barium ion
Yso42-. activity coefficient of sulphate ion
SHMP: Sodium hexametaphosphate

Po : Initial concentration of SHMP (mol/l)

P : Final concentration of SHMP (mol/l)
rcac: SHMP adsorption rate (L/molmin)

| - ionic strength (mol/Il)

R': mole factor

St : solubility factor

LSI: Langelier’s saturation index

pHs : pH of water saturated with CaCOs
TDS: total dissolved solid

Pca : negative logarithm of calcium ion concentration (mg/l)
Paik: bicarbonate alkalinity (mg/l)

SDI : Stiff-Davis index

¢ : Chemical kinetics coefficient

a : Formation damage

XXii



W : total mass of wax deposited on pipe wall (g)

py - density of wax (kg/m?3)

A : pipe wall area (m?)

Dr: internal diameter of test tube (m)

Dr : internal diameter of reference tube (m)

AP+ : pressure drop of the test tube (Psi)

AP: : pressure drop of the reference tube (Psi)

n : material constant

W: : Wax deposition rate (cm/min)

Do : bare tube internal diameter (m)

g (t): volumetric flow rate as a function of time (ml/min)
W(t) : weight of deposit layer as a function of time (g)
I(t) : length of remaining liquid segment inside the tube at time t (m)
Pr : prandtl number

ra : radius of the tube at different location(cm)

AVi : volume of liquids (cm?)

Ati : change in time (min)

P: capillary pressure (Psi)
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CHAPTER 1. Introduction

1.1 Research background

The petroleum industry provides a major source of energy supply in the world
economy .They play a vital role in creating jobs and development of nations. The
petroleum industries are being faced with production challenges to meet the
energy demand. In flow assurance these include corrosion, inorganic and organic
scale deposits and formation of stable emulsions which affect crude oil flow. One
possible way of addressing these problems is to understand the mechanism of
scale formation at the surface of facilities.

This study focuses on the deposition of inorganic scale (CaCOs3) in oil and gas
production facilities. CaCOs is one of the most common inorganic scales
encountered in crude oil production. CaCOs scaling is triggered from pressure
drop, which promotes dissolved CO2 escaping from produced water, resulting in
an increase in the water pH and the saturation index of the brine solution being

exceeded 2,

There are other inorganic scales such as BaSO4 and SrSO4 scales that occur
as a result of injecting seawater into the reservoir, where the formation water
meet and the two are incompatible 71, The presence of these scales in an oilfield
can cause under deposit corrosion, reduce corrosion and scale inhibitors

efficiency, fouling of equipment, and ultimately lowering of production rates.

Scale prevention is important in oil and gas and desalination industries to ensure
optimum production. Organic and inorganic scale precipitation and deposition
have been studied and different predictive models have been developed over
many years on scale precipitation processes such as residence time, induction
time, nucleation and crystal growth. These models have been mainly based on

thermodynamic parameters.

However, little attention be made on the effect of hydrodynamic parameters on
inorganic scale surface deposition kinetics using a methodology that will reflect

the field scenario and developing a model that can predict the scale thickness



growth rate over a period of time and as a function of saturation index,

temperature and flow rate.

This study investigates the mechanism by which scale builds up on surface
facilities and develops an empirical kinetic model such that at different conditions
the rate of surface scale formation can be predicted.

A range of scales produced in an attempt to Enhance Oil Recovery (EOR)
operations from offshore reservoirs are shown in Figure 1-1, where pressure is
maintained by injecting sea water into the reservoir. This operation causes
severe scaling in the reservoir as a result of the different water composition
(formation water and injection water), which leads to the precipitation of barite,
celestite and gypsum. These compounds slow down the flow in production tubing

and equipment and also reduce the porosity of the surrounding rocks [€l.
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Figure 1-1. Scaling due to mixing of incompatible fluids (left) and auto
scaling (right) [°]



CaCOs precipitation, unlike other types of sulphate scale, BaSO4, CaSO4, SrSOa,
usually appears in the upper section of the production tubing, which does not
normally affect the actual formation, but it causes damage through filling of the
production string and downstream by affecting the functionality of valves and

safety equipment 119,

There are have been various methods used to mitigate inorganic scales, such as
use of hydrochloric (HCI) acid wash and mechanical scraping (pigging). These
methods are capital and labour intensive and not economically acceptable. They
do not tend to often have long term mitigation. Scale inhibitors are often deployed
to address the problem of scaling in crude oil production and desalination

industries.

The use of scale inhibitors, polyphosphino carboxylic acid (PPCA),
diethylenediamine Penta (methylene phosphonic acid) DETPMP and polyvinyl
sulfonate (PVS) have been reported to have significant effect in preventing
inorganic scale 1115 Shaw and Sorbie [6 171 studied the performance of
combined effect of phosphate and polymeric inhibitors on barium sulphate scale
and compared the minimum inhibition concentration to that of the individual
inhibitors. The combined inhibitor gave better performance in terms of inhibiting
BaSOQs4 scale at different dosage. Chen et al 181 and Mavredaki et al 1% studied
the effect of DETPMP and PPCA on the induction time and crystal growth rate of
surface scaling, the presences of these inhibitors, changes the morphology of
calcite to at least a stable form (vaterite). However, these chemicals must be
environmentally friendly (biodegradable and bioaccumulation) in order to avoid

pollution of the environment.

Zhang et al [Y developed a kinetic and thermodynamic model to predict oilfield
down hole carbonate scales profile by studying the impact of production
parameters changes, such as increasing water cut, temperature using a tube
blocking rig, but this model did not consider the uniformity of capillary tube in
determining the scale thickness and the uncertainties of the saturation ratio of

the brine with time.

There are various organic scale models developed by Wang et al 2021 and Lawal

et al [221, where the thickness of asphaltene deposits across a long capillary tube
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is determined as a function of the pressure build up across the capillary tube
during asphaltene deposition, using Hagen Poiseuille flow equation. These
models were based on the assumption that the asphaltene deposited is uniformly

deposited along the capillary.

1.2 Objectives of research

The aim of the research is to develop the understanding of scale deposition on
the surface of facilities and focuses on the kinetics of surface growth. The specific

objectives are:

% To study the kinetics of calcium carbonate scale build-up on stainless steel

surfaces under hydrodynamic conditions.

% To establish the influence of surface crystal growth and particle adhesion
in different environments: flow regimes, saturation ratios and presence of

particles in solution.

% To develop empirical models for predicting scale deposition growth rates

under flow conditions.

Figure 1-2 (a and b), shows a cross section of a pipe and schematic diagram of
bulk scaling and surface scale in a flow system. It also illustrates the two main
locations that scale can form; as discrete particles in the bulk solution and at the
surface as a compacted solid layer. This study investigates the relationship
between bulk precipitation and surface deposition and how the deposit grows on

the facility surfaces.
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Figure 1-2 (a) Cross section of a pi(pza and (b) Schematic diagram of bulk
scaling and surface scale in a flow system
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The formation of scale on the surface of facilities has been of a major concern in
the oil and gas industry. Understanding the mechanism of scale formation on the
surface of facilities and predicting its growth rate over a period of time will provide

better strategies for mitigating its occurrence in the field.

In this work, it is hypothesized that scale formation mechanisms can occur on the
surface of facilities, either by
% Heterogeneous nucleation and crystallization processes at the
surface of the facilities or
% Heterogeneous precipitation in the bulk solution and adhesion of
pre-precipitated crystals from the bulk solution to the surface of the
steel.

The methodologies used in the thesis enable these different modes of scale layer
formation to be developed.



1.3 Thesis outline

Chapter one gives a brief overview of the scaling problem in oil and gas industry
and the current preventive methods been used within the industries and the
objectives of this study.

Chapter two provides the fundamental understanding of the scale formation,
types of oilfield scale and the factors affecting scale formation and scale
formation mechanisms and detailed preventative methods adopted in oil and gas
industries. It also includes a review of some previous work carried out by various

authors and scale deposition models.

Chapter three focuses on flow capillary rig commissioning, design, the working

principle and the details of flow parameters in the capillary rig.

Chapter four provides the experimental methodology, surface and bulk analysis

tests carried out, the equipment used and their working principles.

Chapter five shows the bulk analysis test results of calcium carbonate scale
precipitation at different experimental conditions and the interpretation of the

results.

Chapter six presents the results of calcium carbonate scale surface deposition
studies at different temperatures, flow rates and saturation ratios. The results of
different surface analysis techniques used for this work is also presented.

Chapter seven presents the analysed results, interpretation and discussion of
calcium carbonate surface deposition kinetics in relation to nucleation theory,
surface deposition mechanism and growth kinetics. The empirical models

established in this work are also presented.
Chapter eight shows the conclusions of the work and knowledge achieved

Chapter nine provides the recommended future work for this study and

references cited in this work.



CHAPTER 2. Scale formation literatures review

2.1 Fundamental of scale formation

Scale is defined as any hard insoluble salt deposit on the surface of materials in
the presences of water; the type of scale present in the water body depends on
the environment. Scales are formed due to the change in environmental
conditions such as pressure, temperature and water chemistry. This can result in
oilfield problems and they are expensive to control. The deposition of scale
deposits on tubular surfaces reduces the fluid flow by reducing cross-sectional
area and increasing surface roughness. Fluid flow within reservoirs is restricted

due to blockage of pores as shown in Figure 2-1.

Figure 2-1. Image of scale deposition in a pipe [

Calcium carbonate and barium sulphate scale are the major types of scaling
found in oilfield production wells and surface facilities. Carbonate and sulphate
scale formation can slow down production by blockage of tubing and flow lines,
and fouling of equipment 12324, In order to control a potential scale problem, it is
important to determine the amount of calcium carbonate and barium sulphate

scale that will be deposited during oil and water production.
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Scales are formed when brine contains dissolved solids at higher concentration
than their equilibrium concentration, which results in high supersaturation of the
solution due to change in concentration of ions in solution, temperature, pressure
and pH 251, Water formation associated with crude oil production contains a large
concentration of chloride ion (CI), sodium ion (Na*), sulphate (S04%),
bicarbonate (HCOz), calcium ion (Ca?*), magnesium (Mg?*), barium (Ba?*),
potassium (K*), and strontium (Sr?*). Calcium carbonate (CaCOs), calcium
sulphate (CaSOa4) and barium sulphate (BaSOa4) are the most common scales
found in crude oil production facilities. The precipitation of these inorganic scales

can be influenced by temperature and pressure [28],

The degree of precipitation depends on the solution chemistry, the degree of
saturation, variation in turbulence, pressure, flow velocity and presence of
nucleating agent. The precipitation of inorganic scales increases with increasing

supersaturation ratio, which is a function of temperature and pressure.

According to Kan and Tomson [?7], a major component of scale and corrosion
management is the ability to accurately predict the brine chemistry, pH and

scaling tendency of production system.

2.2 Types of oilfield scales

The type of scale formed in the oilfield depends on the ions present in the
environment. This can be classified according to their sensitivity to pH, some are
not sensitive to pH (CaSO4, BaSO4, SrS0a4), but the carbonates of (dolomite,
calcite and siderite) are very sensitive to pH. This makes their deposition rate

difficult to predict because the solution pH influences their scaling tendencies 7],

2.2.1 Calcite

Calcite (CaCOg) is the most common scale found in crude oil production and
desalination industries. The earth contains about 12% by weight of calcite and
closely related carbonates. Calcite is often formed when pressure drops from
bottom hole to the surface.

Calcite scale formation is predominantly a consequence of the pressure drop

during production. At a pressure below the bubble point, carbon dioxide is
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remove [?7l. There are other consequence of pressure drop; the solubility of
calcite in sea water decreases with decreasing pressure. CaCOs is the major
component of calcite crystals, but often some percentage of iron and magnesium

carbonate co-exist.

Calcite formed naturally, mainly contains pure CaCOs. The supersaturation of
CaCOs can be determined using thermodynamic models and the brine chemistry
analysis. CaCOs at high supersaturation will be in a metastable state in the
solution. CaCOs will not precipitate in an unstable state. However, to predict if
CaCOs will be a problem in a field, the kinetics of formation must be taken into

consideration [28. 291,

The decomposition of calcium bicarbonate gives calcium carbonate, water and

carbon dioxide, as shown in equation 2-1.

Ca(HCO3)2 —» CaCOs3 + H20 +COz2 2-1

2.3 Calcium carbonate scale formation

Calcium carbonate (CaCOs) is formed when there is a pressure drop in the
reservoir, the pressure drops as a result of crude oil and water production from

the reservoir leads to supersaturation of calcium carbonate precipitation 3% 311,

Calcium and carbonate ions form calcium carbonate scale that has low solubility
and is likely to precipitate in water, irrespective of the concentration of the ions in
the solution 8. The presence of calcium carbonate in production wells can
decrease the permeability in the near well area, which may create a problem in

the production tubing [281.

The major driving force for calcium carbonate formation is supersaturation, which
depends on the brine chemistry; this can be calculated using thermodynamic
models and the brine chemistry analysis data. Calcium carbonate can be in a
metastable state in solution at high supersaturation. In assessing whether
calcium carbonate scaling will be a problem during crude oil production, the

kinetic mechanism of its formation must be taken into consideration 32,



Calcium carbonate is relatively easy to treat due to it solubility in acid (HCI). CO:2
influences calcium carbonate formation during EOR, CO: injected into the
reservoir generate a miscible solvent in situ through a mechanism similar to that

of high-pressure gas, but their mechanism are different.

CO: at absolute pressure, extracts high molecular weight hydrocarbons from the
oil and concentrate them at the CO2-oil displacement front 23, Carbonic acid
formed from the dissolution of COz2 in the formation water can dissolve carbonate
rock, which increases the concentration of calcium in the brine solution resulting
to the precipitation of calcium carbonate 4. Jongwook et al [¥5 gave an equation
to determine the CO: saturation injected into water-saturated sandstone as

function of resistivity index(RI) as shown in equation 2-2.

1

RO n 2_2
SCOZ :1_SW = 1_<E)

Where S¢o, is the CO2 saturation fraction, Sw water saturation, R is the true

resistivity of the sample, Ro is the resistivity of the same rock filled water with

water.

2.3.1 Calcium carbonate solution equilibria

The chemical equilibria of calcium carbonate in aqueous solution can be
described as carbonic acid undergoing ionization reaction 2, and the ion pair
formation and hydrolysis of calcium ions as shown in the following equations 2-3
to 2-6. When carbon dioxide comes in contact with water, it dissolves and forms

carbonic acid.

CO2 (g) & CO2 (aq) 2-3
CO2(g) + H20 & H2COs3 2-4
H2COs & H2CO3 - + H* 2-5

HCOs 2 COs + H* 2-6

Calcium ions (Ca?*) react with bicarbonate ions (HCOs) to form calcium

bicarbonate as shown in equations 2-7 to 2-9.
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Ca? + HCOs & CaHCO:s 2-7
Ca?* + CO32” & CaCOs 2-8

Ca2* +OH & CaOH* 2-9

The precipitation of calcium carbonate is given according to equation 2-10.

Ca?* + CO3? — CaCOs 210

By increasing the concentration of carbon dioxide, more calcium bicarbonate is
formed. A decrease in carbon dioxide content in the system at equilibrium would

result in the formation of calcium carbonate.

This shows that the solubility of calcium carbonate is greatly influenced by the
amount of carbon dioxide in water. The amount of carbon dioxide that will
dissolve in water is proportional to the CO: partial pressure (Pcoz) in the gas over
the water, which is determined by the product of the mole fraction of CO:2 in the
gas phase and the total pressure of the system [, Figure 2-2 show the effect of
COz2 partial pressure on the pH of water containing low amounts of dissolved

minerals and on solubility of CaCOs in water.
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Figure 2-2. Effect of CO; partial pressure on pH of water &3
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2.3.2 Forms of calcium carbonate (CaCOs polymorphs)

Calcium carbonate occurs mainly in three anhydrous crystalline polymorphs.
These are calcite, aragonite and vaterite 3739 | Figure 2-3 to Figure 2-5 show the
crystal images of calcium carbonate polymorphs and two hydrated crystal forms
(hexahydrate and monohydrate). It also occurs as amorphous form. Calcite is the
most stable form of calcium carbonate under room temperature; aragonite and

vaterite are metastable in nature, but vaterite is usually on an unstable state 9,

The stabilization and crystallization of these polymorphs depends on the
environmental conditions such as pH, brine chemistry (ionic medium,

concentration of ions), the degree of supersaturation, and temperature 1,

Figure 2-4. SEM image of aragonite scale crystals [*!
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Figure 2-5. SEM image of vaterite scale crystals 4!

It has been reported 23 42, that calcite is mainly a centred rhombohedral cell as
shown in Figure 2-6. With aragonite as an orthorhombic crystalline form.

1] %

|
3
Y b

glo

Figure 2-6. Crystalline structure of calcite 3

Vaterite is readily converted to more stable calcite and aragonite structure 44,
The amorphous calcium carbonate and hexahydrate calcium carbonate are

formed at high pressure.
13
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Brankling et al [*4, studied the formation of vaterite and its prevention. It was
reported that the solubility of vaterite in water is much higher compared to the
solubility of aragonite and calcite at this same temperature. However, during
scale formation there is no driving tendency to vaterite precipitation and calcite is
dominantly present. Previous research showed that vaterite could be formed from
solution with high supersaturation. Table 2-1 shows the solubility constants of

different calcium carbonate polymorphs at 25°C.

Table 2-1. Solubility constants for the different calcium carbonate
polymorphs at 25°C and in general form [49]

Polymorphs K255po§t log Ksp
10< T<55°C
Amorphous CaCO3 6.28 6.1180788601%0956?;23 o9t
0< T <25°C
Hexahydrate CaCOs 6.59 0.1598 — 2011.1/T
15< T<50°C
Monohydrocalcite 7.15 7.050 + 0.000159T?2
0<T<90°C
Vaterite 7.913 = -172.1295 - 0.077993 T
0.020 +3074.688 /T +71.5951log T
0<T<90°C
Aragonite 8.336 = -171.9773 - 0.07793 T
0.020 +2903.293/T +71.5951log T
0<T<90°C
Calcite 8.480 + -171.9065 — 0.077993 T
0.020 +2839.319/T +71.5951log T
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2.3.3 Barite
Barite, also known as barium sulphate (BaSOa), is formed when two incompatible
brines are mixed together during enhanced oil recovery processes when the

pressure of the reservoir is maintained to keep the production volume of the field
[46],

Barite scale occurs when either brines (formation water and sea water) from
different oil wells are mixed or when there is flooding of high sulphate containing
water mixed with the sea water flooding. When these brines are produced and it
turns out one is high in barium and the other is high in sulphate, they mix at the

bottom of the well, but it takes some time to mix completely 271,

The saturation index of barite can be high and the precipitation is faster, which
can result in high supersaturation levels that might be difficult to control with
inhibitors, irrespective of the inhibitor dosage. Barium sulphate has very low
solubility, which makes it difficult to control. Barium ions combine with sulphate

ions to form barium sulphate as shown in equation 2-11.
Ba?* + S04% — BaSO4 2-11

2.3.4 Calcium sulphate

The precipitation of calcium sulphate (CaSOa4) results from a mixture of
incompatible waters during water flooding. It can also result from a pressure drop
when production is from a reservoir where the brine is saturated with calcium
sulphate or from temperature increases during the processing of the brine on the

surface [27],

Calcium sulphate usually occurs in three forms, which differ by their water of
crystallization. Anhydrite (CaSOQa) is the major form commonly found, gypsum
(CaS04.2H20) is the most stable form of calcium sulphate from temperature of
40°C to 90°C and hemihydrate (CaS04.1/2H20) has high total dissolved solid
content. The transition temperatures are dependent on the composition of brine

solution.
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2.3.5 Strontium sulphate

Strontium sulphate (SrS0a4) has a low solubility product constant of 3.2 x 1077
at 25°C compared to calcium sulphates of solubility product constant of 9.1 x
107% at 25°C. It occurs as a result of the mixture of incompatible brines during

water injection process.

Todd et al *"investigated barium and strontium sulphate solid scale formation in
rock pores and discovered permeability damage and scaling crystal morphology
which was influenced by sulphate supersaturation and scaling ion concentration
ratios in the brines. The permeability was dependent on the initial rock
permeability.

2.3.6 Siderite

Iron carbonate is mainly referred to as corrosion product and not a mineral scales.
However, there is interaction between FeCOs and CaCOs on carbon steel
surfaces. FeCOs will precipitate first in solution 8. It is observed that in the
absence of corrosion, the ratio of Ca?* to Fe?* is approximately 100:1, due to the
corresponding solubility product (Ksp) ratios [271. Which are 2.8 x 1072 and 3.2 X

10711 respectively.

FeCOs can be protective depending on the environmental conditions. Protective
FeCOs films can form in wet CO2 systems provided that the pH and the dissolved
FeCOs in the bulk solution are sufficiently high. The formation of FeCOs film is
temperature dependent and a high supersaturation is needed to form a protective

film 91

2.4 Chemical background of scale formation

Formation of scales is a product of instability in the bulk solution or solution
chemistry of the scaling environments. One of the key indicators responsible for
scale formation is the solubility of the solute in solution at given temperature 5%

511 | This factor is measured by the solubility product constant (Ksp).

2.4.1 Solubility product
Solubility is the amount of solute that will dissolve in a solvent at a particular
temperature 2, Salt is a substance formed by the reaction between positive and

negative ions. The dissolution of salt in water (solvent) produces anions and
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cations known as the solute molecules. The product of the ions produced from
the salt is called the solubility product (Ksp). The solubility product constant is

defined from equation 2-12 and 2-13
AB s AT+ B~ 2-12

Ko = [A7][B7] 2-13

Where [A*] and [B] denotes the molar concentration (mol/dm?3) of the cation and

anion in bulk solution respectively.

The solubility product is a measure of the amount in moles of ions present in a
particular volume of solvent that can be in a system before precipitation [°. The
value of Ksp varies with solvent. The solubility product value determines the
tendency for salt to dissolve in a solvent. High Ksp values mean more salt will be
dissolved in the solvent, which means the salt is highly soluble.

The dissolution of salt in water can produce acidic, basic or neutral solution. pH
has impact on the solubility product of some compounds. Calcium carbonate
dissolves in water to produce Ca?* and CO3z>. COz? attract a proton from water
producing a basic solution. The equilibrium position shifts by favouring the
formation of calcium carbonate (CaCOs) from the reaction of Ca?* and COs?".

2.5 Scale formation process

Scale formation results from the crystallisation of minerals from solution, which
occurs in a series of steps as shown in Figure 2-7. The first step is the cationic
(Ca?*) and anionic (CO3%) species colliding to form ion pairs in solution. The ionic
pairs form micro-aggregates, which grow to become nucleation sites for
crystallization.

These microcrystals agglomerate and grow into larger microcrystals and
combined to form adherent macrocrystals, which continue to grow by adsorption
of more scaling ions from the solution, thereby forming a scale film on a surface
[53].

The scale formation process in Figure 2-7 occurs primarily in two steps, which

are nucleation and crystal growth. Nucleation and crystal growth depend on
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temperature and the degree of supersaturation, which is the driving force for

scale formation.

.0 . Ca 2+
24 ca 2+
i Ca 2+ 02042‘

Scale Deposit C.0,*

Mechanism of
Scale Formation

Macrocrystals

Microcrystals

Crystal Growth

Figure 2-7: Scale formation process 53

2.5.1 Chemical potential and supersaturation

The reactivity of chemical components in solution is measured by its chemical
potential, which is determined by how the Gibbs free energy (AG) of the system
changes when the number of moles or molecules of the reactant in the system

changes at constant pressure and temperature 54,

The system tends to minimize its Gibbs free energy by lowering its chemical
potential. The relationship between the Gibbs free energy and the chemical

activity is given in the following equation 2-14.

AG = —2RTIn (=) 2-14
2 Ksp

Where R denotes the molar gas constant in Jmol*K2, T temperature in Kelvin
(K), IP is the activity product of free ion activity [Ca?*] [CO3%] and Ksp is the

solubility product constant.
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The chemical potential of a system is pressure and temperature dependent. The
solubility of a system is affected by the variation of chemical potential of the

system, since the solubility of a system depends on the temperature 9.

In oil and gas wells, it is very important to take into consideration the pressure
dependency due to high pressure being observed at the reservoir. The
effectiveness of chemical process is determined by thermodynamic driving force,
this driving force is represented by supersaturation. Supersaturation occurs when
there is increase in concentration of dissolved anions (CO3?) and cation (Ca?*)
to levels beyond their normal solubility limits in water 1531,

Supersaturation is the driving force for scale formation; solutions can become
supersaturated as a result of changes in temperature, pressure, pH or change in
concentration of ions in solution. As the level of supersaturation increases the
system becomes thermodynamically unstable and precipitation can occur. It
should be noted that local conditions of supersaturation may occur causing scale

deposit even when the bulk average brine composition remains the same.

The scaling tendency is determined by supersaturation ratio (SR) or
supersaturation index (Sl). The supersaturation ratio (SR) for calcium carbonate

is defined as:

_ [Ca?*][CO57]

2-15
KspCaCO3

SR

The activity based supersaturation ratio for ionic compounds for crystallisation
theory is given by,

Sa = (E)l/v 2-16
K,

Where IP is the ionic activity product of the total number of cations and anions
which dissociate in solution and Ka is the activity based solubility product of the
salt 591, Therefore, for calcium carbonate, the supersaturation ratio S= Sa is given

as:
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S = K,, (CaCOy)

Supersaturation index is calculate from equation 2-18

SI=1 ( IP > 2-18
=log| — -
Kgp

For scale formation to take place, there are three possibilities from the solution

with thermodynamics [,

e SR < 1, the solution is under saturated and the tendency for scaling is not

thermodynamically feasible.

e SR= 1, the solution is at equilibrium, i.e. Scale formation and dissolution rate in

the solution is the same.

e SR > 1, the solution is supersaturated and there is high tendency for scale

formation.

2.5.2 Induction time

The induction time is the time between the occurrences of supersaturation to the
formation of stable nuclei of the precipitating salt 281, The induction period is
greatly influence by the nature and degree of the supersaturation of the bulk
solution, the level of agitation, viscosity of the solution and presences of

impurities 571,

According to Ostvold et al [?8 the measured induction time is longer than the
estimated, since the nuclei have to grow to a size that can be detected

experimentally. The induction time is determined from the equation 2-19

ting = tn + tg 2-19

Where tina denotes the induction time tn denotes the time for the system to reach
steady state and form the stable nuclei and ty denotes the time before the nuclei

have reached a detectable size.
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pH can be used to monitor the start of scale precipitation, decrease in pH,

increases the rate of precipitation of inorganic scales as shown in equation 2-20

Ca?* + HCOs — CaCOss) + HY 2-20

Ostvold et al 28], used a pH measurements as a basis to determine the induction
time for CaCOs scales by making an assumption that the induction ting, IS

inversely proportional to the nucleation rate J as given in equation 2-21

tind X ]_1 2-21
But for a homogenous nucleation, the relationship between t;,,; and SR is given

by equation 2-22

logting <

y3
—_ 2-22
T3(logSR)Zl

Simplifying equation 2-22 and introducing constant of proportionality A, the
relationship between (log tind) and (log SR)? using classical nucleation theory 57

58] as shown in equation 2-23 and 2-24

1 . =4+ — -
08(tina) t3 TogSR)? 2-23
B= By3Vm2NA £(6) 204
(1.3R)3

where y denotes the interfacial energy (mJ/m?), between the solid phases
forming the liquid, Vi denotes the molecular volume of crystals (6.132x10723 cm?
for calcite) T the temperature (K), SR the saturation ratio, tina the induction time
(s), A an empirical constant (dimensionless), R the molar gas constant (J/mol.K),

Na denotes the Avogadro's constant (mol?),f(0) is a correction factor depending
on the type of nucleation, S is a geometric factor of 167” for spherical shape

crystal.

Studies 5801 have shown a linear relationship between (log tind) and (log SR)?,
although, most models assume homogeneous nucleation in static system, but in
reality processes such as heterogeneous nucleation might be taking place in a
flowing system 571,
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A Study by Mavredaki and Nevillel®! | shows that the induction time for nucleation
process is an important function of supersaturation, that is, increase in
supersaturation decrease the induction period for nucleation process. This
relationship is shown in Figure 2-8.
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Figure 2-8: Induction time as a function of saturation ratio

2.5.3 Nucleation

Nucleation occurs at nucleation sites of surfaces contacting the liquid or vapour
suspended particles. The development of crystals occurs in solution after
creation of ionic species, nuclei or seeds, which acts as sites for crystallization.
Nucleation is a process that can occur spontaneously or be induced by external
influence such as agitation, mechanical shock, pressure and friction within the

solution [62]

One of the features of nucleation is the ability to form a metastability of the old
phase. This process requires it to overcome the free energy barrier 3, This is
clear by considering the change free energy during the formation of the nucleus.
The free energy for the bulk solution is less than that of the solvent phase, but
this does not apply.
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The surface molecules are lightly bound to their species compared to that of bulk
solution, therefore their contribution to the free energy of the new phase is
greater. Surface energy is the term use to describe the difference between the
free energy of the bulk solution per molecules and that of the surface.

Nucleation is divided into two part, primary nucleation, where the formation of
new crystals do not depend on the presence of pre-existing crystals and
secondary nucleation, where the formation of new crystals is driven by the
presence of existing crystals in the bulk solution. Figure 2-9 shows the schematic
illustration of the two types of nucleation.

NUCLEATION

I
' v

PRIMARY SECONDARY
| (induced by crystals
' |
HOMOGENEOUS HETEROGENEOUS
(spontaneous) (induced by foreign
particles)

Figure 2-9: Types of nucleation 57

2.5.4 Primary nucleation

Primary nucleation is the type of nucleation that occur, where the formation of
new crystals is independent of the pre-existing crystals. This can occur
spontaneously or induced by the presence of foreign particles in the solution.
This type of nucleation process is referred to as homogenous and heterogeneous

nucleation.

2.5.4.1 Homogenous nucleation
Homogenous nucleation is the formation of nuclei in the absences of any foreign
materials. It is much more difficult in the interior of a uniform substance.

Homogenous nucleation process is spontaneous and random, but it requires
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superheating or super cooling of the medium 4. The formation of interface at the

boundaries of a new phase results from the creation of nucleus.

Figure 2-10 shows the nature of homogenous nucleation process for barium

sulphate scale. Homogeneous nucleation occur at high supersaturation.

Studying the kinetics of homogeneous nucleation process is sometimes difficult
due to the challenges in designing a system free of impurities and impurities

presents in the system can accelerate the nucleation process [65 661,

Homogeneous nucleation
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Figure 2-10: Homogenous nucleation 7

The classical nucleation based on vapour condensation is used to describe the
homogeneous nucleation process in terms free energy in relation to the variation

to nucleus size as shown in Figure 2-11.
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Figure 2-11: Free energy diagram for nucleation and critical nucleus

The overall free energy changes in homogeneous nucleation process is given in

2-25 according to classical nucleation theory [57]

AG = AG, + AG; 2-25
Where AG denotes the overall excess free energy between a small spherical
particle of radius r and the solute in solution, AG, denotes the free energy of
transformation between the solution and large particle. AG, denotes the energy
related to the creation of new surface. AG; and AG, depend on r differently,

with AG,, negative and AG; positive.

The overall free energy of formation AG may reach a maximum AG.,;; vaule. This
maximum value is responsible for the formation of stable particles and
corresponds to the critical size of a nucleus. The radius rc of the critical nucleus

corresponds to the minimum size at which a nucleus is stable.

The characteristics of a newly created crystalline lattice structure in a
supersaturated solution depends on its size, it may either grow or dissolve. This
depends on the following conditions 57,
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» I >r¢, the particle will grow

» 1 < rc the particle will dissolve or evaporate due to insufficient

energy to create its surface.

The nucleation rate J in terms of free energy for the critical cluster size AG, is

given as
—AG,
=A —_— 2-26
J eXp( KT )

Where A denotes the experimental factor constant, AG,. denotes the free energy

change for the critical cluster size, K Boltzmann constant, T temperature.

The free energy change for the critical cluster size AG, is given as,

_ 1émyPv?
~ 3(KTInSR)?
Where y denote the interfacial energy in mJ/m?, v the molecular volume in cm?3

AG, 2-27

/mol and SR, saturation ratio.

2.5.4.2 Heterogeneous nucleation

Heterogeneous nucleation occurs when scale grows on pre-existing surface
defects such as rough spots on the liquid-tubing surface [67-68l as shown in Figure
2-12. It applies to the phase transformation between any two phases of solid,
liquid or gas. Heterogeneous nucleation occurs more frequently than the

homogenous nucleation.

It forms at pre-existing surfaces. Such surfaces have low effective surface
energy, thereby decreasing the free energy needed for nucleation, which is equal
to the product of homogenous nucleation and the function of the contact angle

[571 as shown in equation 2-28.
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Figure 2-12: Heterogeneous nucleation!(®”

In heterogeneous nucleation, the total energy changes for the formation of a

critical nucleus AG, must be less than the corresponding free energy change for
homogeneous nucleation i.e.

AGcHeterogeneous =

Q)AGcHomogeneous 2-28
Where @ is between 0<@<1.

According to classical nucleation theory 28 69 one of the factors controlling

nucleation process is interfacial energy. Figure 2-13 shows the three interfacial

energy phases during nucleation process (solid surface, liquid and crystalline
deposit).
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Figure 2-13: The interfacial energy at the boundaries between three
phases [70

Where y., denotes the interfacial energy between solid crystalline phase and
liquid, y, denotes the interfacial energy between the foreign solid surface and
the liquid, y.s denotes the solid crystalline phase and foreign solid surface and 6
denotes the contact angle between the crystalline deposit and the foreign solid

surface, which also referred to as the angle of wetting in liquid to solid surface.

The relationship between this three phases and contact angle is given by
equation 7% 2-29 and 2-30

Ysi = Yes T VacosO 2-29

cosO = Yst = Yes 2-30

Yl

2.5.5 Secondary nucleation

The nucleation process that occur due to the presence of pre-existing crystals of
material being crystallized is termed secondary nucleation "1, In solid phase,
secondary nucleation process result from the presence of particles or crystals of
the same substance. Secondary nucleation is quite different from primary
nucleation (homogeneous and heterogeneous nucleation) process, as

heterogeneous nucleation occur due to the presence of foreign interface.
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Daudey et al [’ and Elodie et al [l define two major mechanism of secondary
nucleation in solution crystallization as a mechanical process and an activated
process. In the mechanical process, secondary nuclei are formed by attrition
which involves the disintegration of the crystals into two dissimilar parts. This
process occurs at a very low saturation ratio. The activated process is sometimes
referred to as surface nucleation. This process occurs at a certain level of
supersaturation around the crystal or activating the nuclei in the bulk solution.
Heidjen et al [’/ differentiate the two secondary nucleation mechanisms as shown
in Figure 2-14.
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Figure 2-14 : Visualisation of the difference between mechanical breeding
and surface breeding "4

Clifford et al ["® suggested that solution-solid interface is the main source of
secondary nucleation and identified supersaturation at the interface between the
solution and growing crystals as the main parameter for secondary nucleation

process.
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2.5.6 Crystal growth

Crystal is a solid material whose constituent atoms, molecules or ions are
arranged repeating pattern extending in all three dimensions. Crystal growth is
a major stage of crystallization process, it consist of the addition of new atoms,
ions or polymers stings into the characteristic arrangement of a crystalline. Once
a stable nuclei is formed, whose particles is larger than the critical size, they start

to grow into a visible crystal size 571,

Crystal growth is connected with its surface area and the free energy, a low
surface energy and surface area promote crystal growth stability. Three key
mechanism of crystal growth was proposed by researchers 571, These are,

surface energy theory, adsorption layer theory and diffusion theory.

Margrethe et al [° reported that, in a supersaturated solution, unstable clusters of
atoms develop local fluctuations in the equilibrium concentration. This can
increase the tendency for these clusters to form seed crystals, these crystals
grow by adsorbing ions, preferably at defects in the surface.

The crystals exhibit a reduction of free energy when expanding its surface due to
critical size of the crystals, this favours the growth of a larger crystals. Crabtree
et al [¢7] studied that, crystal growth also tends to initiate on a pre-existing fluid-
boundary surface, called heterogeneous nucleation. That high degree of
turbulence can speed up scale deposition

2.5.7 Crystal growth mechanism and theory
The following crystal growth mechanism and theory is discussed under the

following headings.

2.5.7.1 Surface energy theory

Gibbs suggest that, the shape of a growing crystals has a minimum surface
energy, and the total free energy of a crystal in equilibrium with its surrounding
at constant temperature and pressure would be minimum for a given volume,
assuming the volume free energy per unit volume is constant throughout the

crystal 571,

Crystals developed an equilibrium shape when it is allowed to grow in a

supersaturated medium. i.e. the development of the various faces must be in
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such manner that, the entire crystal has minimum total surface free energy for

specific volume 571,

According to Wuff [76], the equilibrium shape of a crystal is related to the free
energies of the faces. It proposed that, crystal faces would grow at rates
proportional to their respective surface energies and the total growth rate of a
face should be inversely proportional to the lattice density of the respective lattice
plane. Which implies that, high index faces grow faster than low index faces and
the velocity of growth of a crystal face is measured by the outward rate of

movement in a direction of the face.

2.5.7.2 Adsorption layer theory

The adsorption layer theory according to Volmer, assumed that crystal growth is
a discontinues process, which is based on the existence of an absorbed layer of
solute molecules or atom on a crystal face 57 771, The theory also suggested that
when units of the crystallizing substance get to the crystal face, they do not
integrate instantly into the crystal lattice. But lose its degree of freedom and
migrate over the crystal face by surface diffusion, which is loosely adsorbed at
the interface and a dynamic equilibrium is created between the layer and the bulk

solution.

The adsorption layer is important in formation of the crystal growth and secondary
nucleation. The adsorbed layer has a thickness layer not more than 10nm. lons
or molecules link into the lattice in the position where the greatest attractive force
at the active centre, which is build stepwise under ideal condition and the ionic
continue until the entire plane face is completed before a further layer can
commence. A centre of crystallization is established on the plane surface [78l,

This was suggested by Gibbs-Volmer as two-dimensional nucleus 76,

The rate of two-dimensional nucleation rate is expressed as:

- Gcrit
_ 2.31
J=B+ exp( KT )
B mhy*v 2-32
= k — — _
J P | " k2T2nsR
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Where J denotes the two-dimensional nucleation rate, B denotes a constant
define by equation 2-23, v molecular volume of nucleus(cm?), r radius of the
circular disc (cm), h height of the circular disc, y, interfacial energy (mJ/m?), K

Boltzmann constant (J/K), T temperature (K)

2.5.7.3 Diffusion Theory

Noyes and Whitney considered that the deposition of solid on the face of a
growing crystal is a diffusion process, and the process is controlled by the
concentration difference at the solid surface and in the bulk of the solution 571,

This assumption was represented by equation 2-33

am
57 = KmA(C—C®) 2-33

Where m denotes the mass of solute deposited at time t, A the surface area of
crystal, C denotes solute concentration in the solution, C€ equilibrium saturation

concentration, Km mass transfer coefficient.

Berthoud and Valeton ], modified equation 2-33 and assumed a two step
process in the mass deposition. They suggested the processes as diffusion
process, whereby the solute molecules are transported from the bulk solution of
the fluid phase to the solid surface, followed by surface reaction where the solute
molecules are integrated into the crystal lattice 57 8%, These two processes are
influence by concentration differences at the solid surface and the bulk solution

as shown in equation 2-34 and 2-35 respectively.

Diffusion process aa_r: = K4A(C —C%) 2-34
. om
Surface reaction Fra K, A(Cs — C®) 2-35

Where Kg denotes the mass transfer coefficient, K rate constant for surface

reaction, Cs solute concentration in the solution at the crystal interface.
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Vekilov et al 6% illustrated the atomic processes occurring at a crystal surface.
The surface consist of flat regions called terraces and raised partial layers called
steps. The steps contains the kinks sites, which are very useful, since molecules
that attach there are bonded to the other molecules than the ones attach to the
terraces, which are more likely to attach strongly to the surface as shown in
Figure 2-15.

Solute
molecule

Terrace

Figure 2-15: The kinetics of scale crystal growth [

(a) lllustration of the atomic processes during crystal growth. Solute molecules
enter kinks either directly from solution or after adsorbing and diffusing across
terraces. Island can nucleate on the terraces provided they overcome the free
energy barrier to 2D nucleation illustrated in (b). (c) Shows the geometry of a
dislocation hillock. The existence of a critical size leads to the formation of the
spiral structure, since the new segment of the step cannot move until it reaches

that size 63,
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2.6 Adhesion

Surface scaling is a major challenge being faced in oil and gas and desalination
industry, and one of the mechanism by which scale is form on the surface of

facilities, is adhesion of pre-precipitated crystals.

Adhesion occurs when surfaces cling to one another by intermolecular forces
such as valence forces. The scale crystals can attach to the wall of the substrate
either by nucleated crystals being transported to the surface of the capillary cell
or agglomerate in the bulk where they attach to the surface of the substrate. This
process can occur through intermolecular forces such as Van der Waals force,
electrostatic interaction and chemical bonding -84, Adhesion is complex
phenomenon as Physicists and Engineers define adhesion as the total force

exerted when two adhered materials are separated [7%: 8% |

According to Collins 88 the mechanism by which scale crystals deposit on the
surface of facilities under flow conditions, depends on the size of the crystals,

geometry of the substrate and the flow regime of the system.

In scaling, the question in relation to adhesion relates to how the scale crystals

can attach to the surface of substrates. The key questions are:

®,

% Do the nucleated crystals evolve from the flow and are they transported to

the surface of the steel?

% Do the crystals form and agglomerate in the bulk and transport to the
surface where they adhere?
% Which forces are responsible for the adhering of these crystals

Studies 8% 881 suggested that, pre-precipitated crystals from the bulk solution are
transported to the surface of the substrates or wall of the pipe through the

following mechanism.

» Transport due to inertial forces

> Brownian diffusion
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> Eddy diffusion

> Deposition due to shear dispersion and forces

> Deposition resulting from gravity forces

» Particle motion resulting from electrostatic forces
However, these transport mechanisms depends on the flow regime, pipe
geometry and the particle size. Figure 2-16 labelled 1, 2 and 3, show the
interaction of crystals in bulk solution to the surface of substrates. For a pre-

precipitated crystal to adhere to the surface of the substrate, it depends on the

following conditions stated in Table 2-2

.. o
) @ e e
3 0

Figure 2-16: Interaction of crystals in bulk solution to the surface of a
substrate
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Table 2-2: Properties of crystals (1), substrate (2) and environment (3) that
affect the adherence of crystals to the surface of substrates

Crystal properties(1) | Substrate Properties (2) Environment (3)

Particle size and Surface roughness Salinity
shape distribution

Concentration Material type (charge, Temperature
energy)
Flow rate Wettability Flow regime

Surface charge

The adherence of crystals to the surface of substrate does not occur instantly
when particles gets to the surface due to the presences of energy barrier to

deposition 86,

2.6.1 Surface energy and adhesion forces

The adhesion process is best described in terms of colloid chemistry, which is
mainly associated with a fouling process. Adherence of scales to the surface of
materials is governed by Derjaguin, Landau, Verwey and Overbeck (DLVO)

theory [82]

The total interaction energy AGt between a deposit and a metal surface is given

as the sum of the individual interaction parameters [# as shown in equation 2-36.

AG; = AGy, + AGy + AG, + AGp 2-36

Where AGw denotes the Lifshitz —van der Waals interaction component, AGe,
electrostatic double-layer component, AGa, Lewis acid-base component, AGs,
Brownian motion component. Adhesion or deposition will take place when AG; is

negative.

The DLVO theory is the combined effect of Van der Waals and double layer force.
The Van der Waals forces correspond to low strength interactions between
molecules, atoms and crystals. The repulsion is due to the formation of an

electrical double layer close to the surface when immersed in a liquid ¢! Van der
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Waals force comprises of different forces acting, this include dipole-dipole force,
dipole—induced force and dispersion forces, the dispersion forces are always

present.

The double layer force is associated with a surface in a liquid which may be
charged by adsorption of charged molecules such as polyelectrolyte from the
solution and is effected by the presences of the surrounding ions. This results in
development of a wall surface potentials which will attract counter ions from the
surrounding solution and repel surface charge balanced by opposite charged
counter ions in the solution. In electric double layer, ions in the region closer to

the wall surface are strongly bound to the surface &7,

A study by Malte 871 reported that increasing the distance of substrate surfaces,
the ionic concentrations values of the solution changes. The layer of ions in rapid
thermal motion is referred to as diffused electric double layer. Surface energy
has been reported as one of the factors influencing the adherence of scale
crystals to the surface of substrates [70 88],

Surface energy is the energy required to build an area of a particular surface or
the corresponding energy required by solid to attract or repel different substance.
Surface energy is a key parameter in describing adhesion properties of any solid

materials.

2.6.2 Measuring work of adhesion and surface energy

There are different methods of measuring work of adhesion, one of the method
is by measuring the contact angle formed when a drop of liquid is applied to a
solid surface ['?l. Work of adhesion is the energy released in the process of

wetting, it is a measure of the strength of the contact between two phases.

Recalling equation 2-29 and 2-30,Young established the relationship between

surface free energies and contact angle ! as stated.

Ysi = Yes + Vacoso 2-37

cosO = Yst = Yes 2-38

Y

37



Where y., denotes the interfacial energy between solid crystalline phase and
liquid, y5; denotes the interfacial energy between the foreign solid surface and
the liquid, y,.; denotes the solid crystalline phase and foreign solid surface and 6

denote the contact angle between the crystalline deposit and the foreign solid

surface.

Dupre "9, define work of adhesion, using equation 2-39

W, =y (1 + cosB) 2-39

Where y,; and 0 are determined experimentally.

2.7 Factors affecting scale formation

Various operating factors can influence the formation of scale. It is well known
that pH, temperature, operating pressure, flow velocity, degree of
supersaturation and presence of other salts or interference ions in solution can

influence scale formation (89,

2.7.1 Effect of pH

The pH of a solution determines the degree of alkalinity or acidity of the solution.
pH is one of the major factors which influence the scale formation process. The
pH of scale solution influences the saturation and precipitation. As the pH of a
solution increases, the conversion of bicarbonate to carbonate also increases,

hence the tendency for calcium carbonate formation.

Gomez 9, studied the influence of the initial pH and supersaturation on the
induction times by carrying out a series of experiments at 25°C, in 2.2dm?
capacity batch reactor, he observed that the pH decreases along the process.
The crystallization produces a progressive local accumulation of protons near the

crystal surface, which also reflected in the decrease of the pH in the bulk solution.

Andritsos and Karabelas °Y, reported the effect of pH on calcium carbonate scale
formation. The study showed that increasing the pH of solution leads to rapid
deposition of calcium carbonate scale from 2mgecm- to 12mgem2, after 2hours

tests of experiment. And also between the pH of 8 and 8.8, there was no
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spontaneous precipitation of calcium carbonate scale observed for up to 2hours

of the run.

Prassad 5% study the dependency of solubility on pH. The study showed that, pH
affects the formation of calcium carbonate by controlling the level of COs?*
present in the solution since both the carbonate and bicarbonate ionic pair of
weak acid. The pH also have effect on the equilibrium of hydronium ion (H3O").

The effect of solubility dependency on pH is shown in Figure 2-17.
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Figure 2-17: Solubility of calcium carbonate in pure water as a function of
pH [53]

2.7.2 Effect of temperature

Temperature is one of the crystallization parameters that affects the degree of
precipitation and supersaturation of inorganic scales 27 8l The kinetics of
calcium carbonate scale increases with increasing temperatures and increases

rapidly at a temperature above 60°C 92,

According to Troup et al %3, solubility of salts is a function of temperature and
pressure, which means supersaturation can occur as a result of change in
temperature and also the solubility of inorganic salts is either partially constant or
increases with increased temperature. Nevertheless, for most alkaline scales,

their solubility decreases with increase in temperature.
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Todd et al [*7], studied the effect of temperature on barium sulfate and strontium
sulfate scale. In the study, they observed that the morphology of barium and
strontium sulfate crystals changes by increasing the precipitation temperature
from 20°C to 70°C. In the study, they concluded that crystals that precipitate at

high temperature are less defect.

Temperature influences the crystallization behaviour of polymorphs. A study by
Mitsutaka ®4 showed that at a high temperature of 50°C, the nucleation of
aragonite, calcite and vaterite crystals was observed, but at lower of 25°C fine
particles of calcite and vaterite crystals were observed without the presence of

aragonite crystals.

Young et al [, show the effect of temperature on the morphology of calcium
carbonate crystals. In the study, they observed that at 25°C, spherical particles
composed of vaterite and calcite crystals were present, whereas at a temperature
of 60°C, a needle-like particles composed of aragonite crystals were observed.
They attributed the changes in the morphology of calcium carbonate scale to
thermal vibration and effect of temperature on solubility of CaCOs scale. It was
also observed by Feng et al [, that temperature has an impact on the particle
size of CaCOs scale deposition by influencing the pH of the solution. At a lower
pH of the solution, large sizes of CaCO3s were observed.

Muryanto et al 7], reported that there is a reduction in the amount of calcium
carbonate scale deposited at lower temperature with high malic acid
concentration. At higher temperature, the activation energy of the scaling ions or
molecules increases, resulting in a faster reaction rate. This invariably increasing
the deposition rate of calcium carbonate scale and it was also observed from
their study that the morphology of calcium carbonate scale changes with

increasing temperature.

Dyer et al 18 studied the effect of temperature and pressure on oilfield scale
formation. The study report that, as the temperature increase, the scaling
tendency of the carbonate scaling brine increased. The scaling tendency of
sulphate scaling system decrease with increased temperature. Which they

concluded that the effect of temperature on scaling tendency is more significant
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than that of the pressure. Figure 2-18 shows the effect of temperature on the

solubility of inorganic scales.

Mineral solubilities versus temperature
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Figure 2-18: The effect of temperature on the solubility of inorganic
scales [67]

2.7.3 Effects of operating pressure

Scaling usually occur when there is decrease in pressure of the formation water.
Calcium carbonates precipitate from the produced water as the release of CO:2
causes an increase in pH and the degree of supersaturation of the carbonate

solution 991,

According to Amer et al 199 at different operating pressure, clear water in the
reservoir, mix with the reservoir brine which might result to scale precipitation. A

decrease in pressure of the brine solution, leads to a lower solubility of the salt.

Pressure also affect the rate of permeability of scale. Increase in pressure,
decreases the rate of permeability of scales. The reaction rate of the ionic species
increases with increasing pressure. Figure 2-19 shows the predicted barium

sulphate supersaturation as a function of pressure and temperature.
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Figure 2-19: Predicted barium sulphate supersaturation as a function of
pressure and temperature [100

2.7.4 Effects of solution supersaturation

Supersaturation is one of the driving forces for crystallization [1°%. 1921 The degree
of supersaturation determine the scaling tendency of oilfield brine. Scale
formation occur when the solution brine attain the supersaturation level.
Supersaturation also influences the crystal growth and agglomeration of scales,
which affects the crystal size, amount of precipitate, particle morphology and
polymorphism. Some of the effect of supersaturation on scale precipitation and

deposition from literature is presented below.

A study by Mitsutaka [*4 reported that the morphology of CaCOs is influenced by
the concentration of the reactant solutions. And also in the study, they observed
that the crystal size of CaCOs decreases with concentration. They attributed the
change in crystal size to high nucleation rate resulting from high supersaturation.
At high supersaturation, a metastable vaterite tends to crystallize and a stable
calcite precipitate at low supersaturation. The amount of vaterite formed

increases with solution concentration.
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Moghadasi et al [*%3], observed in their study that increasing the supersaturation
ratio of both barium and strontium sulphate scales produced an increased in the
amount of scale formed and the morphology of the crystals changes with

supersaturation.

Alsaiari et al [1%4 studied the interaction between ferrous iron and calcium iron in
supersaturated solution of calcium carbonate scale in continuous stirred tank
reactor. It was observed from their study that calcium ions greatly influence the
solubility of iron carbonate, whereas the effect of ferrous iron in the solubility of
calcium carbonate in the solution was not significant, this was attributed to the
increased stability of complex ferrous iron formed in the presences of calcium.
Different regions of variation of iron behaviour was distinguish as shown in Figure
2-20, R-1 represent the transition of solution from stable state to a metastable
state, at this region no precipitation was observed, Region R-2 indicate the
precipitation of iron with no precipitation of calcium, due to low solubility of iron.
R-3 indicate the region where the precipitation was completely stopped, while R-
4 show the region where both siderite and calcite precipitate spontaneously
resulting from high supersaturation of both iron carbonate and calcium carbonate.
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Figure 2-20: Change in saturation index (SI) with time [104
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2.7.5 Effect of flow velocity and hydrodynamic conditions

Studies 6. 101, 105] hayve shown that flow velocity, Reynolds number, shear stress,
turbulence etc. affect the morphology of inorganic scale in a flow system. It is
also reported that morphology of calcium carbonate polymorphs changes with

residence time [106],

The work of Sutherland et al 8 shows that turbulence increases the likelihood
of scale formation and also has an impact on the efficiency of scale Inhibitors.
Zhang et al 1Y, observed that calcium carbonate scaling rate increase sharply with
increased flow velocity, which become relatively stable when the velocity is above
0.5m/s, but above 0.7m/s, the calcium carbonate scaling rate drops, which may

be due to shear forces resulting from high flow velocity.

According to Moghadasi et al [*%3], under dynamic flow conditions, the structure
of the crystals formed are similar to that formed under static conditions, but the

crystal faces change at high shear stress.

Hasson et al 8% studied the influence of hydrodynamics on the degree of CaCOs
formation, comparing two flow systems. One consists of a supersaturated
solution flowing as a falling film system and the other consist of a supersaturated
solution in full pipe flow. The deposition and inhibition mechanism were different
in both flow system, the inhibition of the film falling system was more effective
compared to that the full pipe flow system; however the deposition rate was
greater in the film falling system. The reason given was that, the supersaturation
level for the full pipe flow system was constant, but high supersaturation level
was observed in a significant portion of the falling film system which could create
a spontaneous nucleation in the system forming colloids particles, these particles

diffuse to the wall of the tube.

A study by Chen et al 1971 showed that under hydrodynamic conditions, calcium
carbonate polymorphs which was unstable at the initial stage of crystallization
disappear and aragonite crystals were mainly present in the bulk solution.
Muryanto et al [*7] reported that the mass of CaCOz deposited increases with
increased flow rate for both blank test and addition of malic acid under laminar

flow conditions. They attributed this increase in mass of CaCOs to the rate of

44



reaction of the scaling ions in the bulk solution. High flow rate, increases the rate

of precipitation and deposition of CaCOs.

2.7.6 Effect of solution chemistry

The formation of carbonate and sulphate scale depends mainly on the solution
composition and environmental factors. Solution chemistry has major influence
on inorganic scale formation [108-110 The composition of the ionic species in
solution determines the degree of supersaturation. As the rate of scaling ions
increases, the solution becomes more supersaturated depending on the

environmental conditions such as temperature and pressure [26,

Maria et al 11 determined the rate of precipitation of barium and strontium
sulphate from a supersaturated solutions, by considering three deep water
operations fields with different scaling tendencies. The study shows that the rate
of precipitation decreased at lower temperature and depended on the water

chemistry of the field, in line with equation 2-40.
J o« T3SR? 2-40

2.7.7 Effect of impurities

The presence of foreign minerals or ions have strong influence on inorganic scale
formation [67.112. 1131 The work by Karabelas 114 examined the effect of foreign
particles scale formation. A small amount of particles affect the morphology of
calcium carbonate, but it was concluded that colloidal particles such as SiO2 has

no influence on calcium carbonate formation.

Frota et al %% stated that low concentration of metallic ions may affect nucleation
and the crystal growth of calcium carbonate. Graham et al 8, investigated the
impact of ferrous ions on the performance of scale inhibitors under calcium
carbonate scaling using dynamic tube blocking rig. From its result, the presence
of ferrous ion in the solution affect the performance of scale inhibitor by
increasing the minimum inhibitor concentration (MIC). Which was more obvious
in barium sulphate scale. The reason given as a result of this observation was
that addition of small amount of dissolved ferrous ion changes the composition
of the brine and the morphology of the scale crystals, invariably affecting the
performance of scale inhibitors.
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Chen et al ['*% studied the influence of Mg?* on the kinetics and crystals of
polymorphs of calcium carbonate scale formation on metal surface. The study
show that, the presence of Mg?* have a greater effect on precipitation of calcium
carbonate. They also observed that Mg?* was incorporated into the deposit
crystals and the ratio of Mg?* in the deposits formed was proportional to the ratio
Mg/Ca in the scale solution. In the study, the presence of Mg?* enhance the
transformation of Vaterite to calcite which adsorbs onto the surface of vaterite
and calcite. This resulted to increase in the surface roughness. They attributed
the changes in the morphology of CaCOs observed as a result of the poisoning
of the growth sites of the crystals by Mg?* which inhibit the growth rate of the

deposit formed on the surface of the metal.

According to Nancollas et al [*16] the presence of low amount of Mg?* inhibit
calcite growth with the formation of magnesium calcite. Increasing the
concentration of Mg?* leads to a rapid precipitation of aragonite, which affect the
efficiency of scale inhibitors. Figure 2-21 shows the effect of Mg?* in bulk solution

on induction time of calcium carbonate scale.
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Figure 2-21: Effect of Mg?* on the induction time of precipitates formed in
the bulk solution!!4
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2.7.8 Effect of surface roughness

The nature of deposited surface influence the formation of inorganic scales 1%
115, 1171 Most natural surfaces have each unit area of the substrate with finite
number of nucleation sites. Nucleation depends on the number of active free
sites, surface properties of material, such as corrosiveness, ionic charges and
absorptivity, affect the formation of scales. However, if these surfaces have a
low roughness area, the minimal number of contact point may likely reduce the
possibility of adhesion by reducing the bodies contacts [118],

Eroini et al 119 studied the effect of modified substrate surface on inorganic scale
prevention, using different substrates. The study showed that, isotropic
superfinished surface, which is the only hydrophilic substrate in all the surfaces
tested has the highest ability to inhibit calcium carbonate scale formation. This
was attributed to its ability to generate a non-directional roughness profile,

making the topography of the surface uniform.

Gunn 129 examined the effect of surface roughness on the nucleation and growth
of calcium sulphate formation using heated stainless steel material. The study
observed that, increasing the surface roughness of steel, increase the rate of

nucleation of calcium sulphate scale.

2.7.9 Summary of scale formation literatures review

The formation of calcium carbonate scale in oil and gas and desalination
industries has been studied extensively by various authors, using different
techniques. These studies have investigates different environmental factors
affecting the formation of calcium carbonate scale, such as temperature,
pressure, pH, solution supersaturation, flow velocity, solution chemistry,
presence of impurities and surface roughness. The influence of these factors on

scale kinetics and induction time are not fully understood.

They have been challenges of reconciling the effects of these factors on bulk
precipitation to surface deposition processes as majority of these studies focuses
on effect of these factors on bulk precipitation processes. It has also been
investigated that the kinetics of bulk precipitation process is different from that of

surface deposition process [61. 119],
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There are other challenges arising from the techniques being used in these
studies as they do not reflect the field scenarios in terms experimental conditions

and pipe geometry.

The effect of main driving force on scale formation, such as temperature, flow
velocity and solution supersaturation on both bulk precipitation and surface

deposition has not be study extensively.

2.8 Scale deposition kinetics studies and predictive models

Generally, the deposition of both organic and inorganic scales causes a lot of
flow assurance problems in crude oil production. This section of this work focuses
on the previous studies of scale deposition and predictive models from various

authors.

2.8.1 Inorganic scale surface deposition Kkinetics studies and their
predictive models

Scale prevention is important in oil and gas and desalination industries to ensure

optimum production. Several models have been developed over the past years;

these models concentrate mainly on the bulk scaling, little attempt has been

made in reconciling the bulk precipitation data with surface deposition data.

The effect of hydrodynamic parameters such as shear stress, Reynolds number,
flow velocity etc. on inorganic scales surface deposition kinetics has not be
incorporated in the previous models. Here are the summary of some previous

models.

Shipley et al 21 developed a semi empirical model to determine the effect of
hydrate inhibitors on oilfield scale formation and inhibition from experimental
solubility measurements of barite, calcite, halite and gypsum. The study,
recommended the procedures to determine the effect of hydrate inhibition on
mineral scale solubility at different experimental conditions such as temperature,
ionic strength etc. Firstly determine the thermodynamic constant from equation
2-41.

48



768041
PKgaso, = —136035 + + 48595

T(K)
x logyo(T(K)) — (0.394 — 1.11910*T(°C) x

P(atm) 241

500

The amount of barite (pptsarite) in Mol/kg that will precipitate from a solution of
unknown composition in hydrate inhibitor/water/ salt solution was determined

from equation 2-42

[Ba?*]o + [SO,* ] — x

PPlarite = 2 2-42
x = V([Ba**]o +[S0,° ")
KBarite _
— 4([Ba?*], S0, ] - i ) 23
YBa?*ygy,2-VBasoa

Where x denotes the mole fraction, yg2+, ¥50,2- , are the activity coefficients.

Hasson and Cornel 1% studied the kinetics of CaCOsz precipitation in a
continuous stirred tank vessel in the presence of sodium hexametaphosphate
(SHMP) as shown in Figure 2-22. The study showed that the rate of SHMP
adsorption on the precipitation of calcium carbonate crystals was inversely
proportional to the square root of residence time. The following adsorption and
residual supersaturation model was developed, as shown in equation 2-44 and
2-45 respectively.

P - P 9DEFF Pn
TCALG = OT = Ap™". m=const. 05

2-44

Where Dgpr denote the effective diffusivity (m?/min), 714, SHMP adsorption
rate (L/mol min), Po and P initial and final concentration of SHMP (mol/l) T is the

residence time (min)

Residual supersaturation is given by equation 2-45,

[Ca?*].[CO42-] = 1.66 x 10* (P67 ./T)%65 (ppm as CaCO5)? 2-45
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Figure 2-22: Schematic diagram of the continuous flow precipitation
vessel [109]

Dyer et al [°8l, studied the effect of temperature and pressure on oilfield scale
formation. The prediction model showed that an increase in temperature,
increased the scaling tendency for carbonate scaling brine. However, an increase
in temperature decreased the scaling tendency of sulphate scaling brine. It was
concluded that pressure had little effect on both carbonate and sulphate scaling

brines.

Alireza et al 1?2 developed a predictive model to evaluate CaCOz scale
formation as a function of temperature, ionic strength, pH, calcium ion
concentration, bicarbonate ion concentration and CO2mole fraction in a condition
of COz2 saturated water. The model work by determining the ionic strength from
a correlation factors, followed by other experimental conditions based on
equations 2-46 to 2-50.

In(K) = a+ bl +cl? +dI3 2-46
Where a= A+ 243242 247
T T T
B, C D, 2-48
b=A4,+ —+ > +==
2T 1 T2 T3
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B, C; D, 2-49

— At =+ 22
R N T PN
B, C, D,
d=A4+7+F+F 2.50

Where A1 to D4 denotes tuned coefficient factors as a function of temperature

and | is the ionic strength.

The R'factor is determined from the solubility factor and mole fraction of CO2,

Rl — CHco3~ x0.82 2-31
Xco2 x s¢
pH = (0.4341)In(R") + 6.2964 2-52

Abbe and Ajienka 23], predicted the scaling tendency of calcium carbonate from
an oilfield brine, using a software program Scale-check. Their prediction was
based on Stiff-Davis predictive model, which is established on the principle of
saturation and pH of unsaturated water and the pH when saturated with calcium
carbonate. The programme was able to predict scaling tendency of calcium
carbonate to some extent, which could help in developing a preventive measure

for calcium carbonate scaling under the environmental conditions investigated.

Langelier 124l compared the actual pH with the pHs when saturated with CaCOs
as stated in equation 2-53.

LSl = pH — pHs 2-53

Where LSl is the Langelier’s saturation index. The model is applied to non-oilfield
brine. If the LSl is positive, the water has scale forming tendency and is likely to
be relatively non-corrosive, but if LSl is negative, the water has no scaling
tendency and likely to be corrosive. However, this model only considered the
thermodynamic driving force of scale formation, whereas the amount of calcium

carbonate scale that will precipitate at equilibrium was not considered.

Stiff and Davis 125 126 developed a scale predictive model to improve on the
limitation of Langelier saturation index as a function of the total dissolved solids

(TDS). The model considered the pH of unsaturated and saturated water
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containing calcium carbonate scale. This index is applied to oilfield brines, where
the total dissolved solid (TDS) is greater than 5000 ppm, and the pH, is calculated

from equation 2-54

pHS - PCa+ + PAIk +K 2-54

Where K takes into account the influence of the higher overall concentration of
ions in the water, Pak = bicarbonate [M] alkalinity (mg/l).
SDI:pH—PCa_PAIk_K 2-55

Where P, = —log[Ca?*] 2-56

K denotes a constant, whose value depends on the temperature and salt
concentration. SDI denotes Stiff-Davis index, pH of water sample Pca is the,
negative logarithm of calcium ion concentration. Pa, the negative logarithm of

total alkalinity.

If the SDI is positive, it indicates that the water has a scaling tendency and is
likely to be relatively non-corrosive. If the SDI is negative, indicates that the water
has no scaling tendency and is likely to be corrosive. The limitation to this model
is that beyond a temperature of 90°C, the value of constant K cannot be

determined as the total dissolve solid limit is exceeded.

Vetter 1271, studied the effect of different environmental factors such as
temperature, pressure and brine composition on the precipitation of BaSOa4
formation. In the study, the time delay between initial precipitation and actual
precipitation of BaSOs4 is inversely proportional to the magnitude of
supersaturation. The deposition of barium sulphate is a function of pressure drop.
This was concluded that the hydrodynamics, long residence time and the
inclusion of hydrodynamic factors in a predictive model enhanced the prediction

of BaSO4 formation in oilfield.

Carageorgos et al 128 developed a laboratory technique for the determination of
model coefficient from pressure measurements for sulfate scaling in the reservoir
cores, as shown in Figure 2-23 . The model coefficients are the reaction rate
constant and the formation-damage parameter showing the rock porosity due to
the deposit of barium sulfate. This coefficients depends on temperature, brine

concentration and the pore space structure of the rock.
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Figure 2-23. Experimental setup for commingled injection of incompatible
waters 128l

From their study they proposed equation 2-57 and 2-58 to determine the [Ba?*]

and [SO4?%] concentration profiles.

1-a)
CBa = e —&k(l-a)xp _ 2-57
(1-a)
6504 = 1—qe —_ek(1-a)xp 2-58

Where ¢k and o are the chemical kinetics and formation damage coefficients

respectively.

Patrick et al [*2°], developed a prediction model for scaling conditions over life
cycle of a gas well. The model results were able to determine the zones along a
long wellbores which is more likely to have a scaling problems and the time
duration for the scaling problem to occur, the model indicates an increase in
supersaturation with reference to scaling ions as the fluids are produced.

Wright et al 139 predicted the scaling tendency of both sulfate and carbonate
scaling of Glemis field. The model observed that the rate factors controlling the
kinetics of calcium carbonated scale formation was determined and a preventive

method was designed to prevent both sulfate and carbonate scaling in the field.

Mazzollni et al 131 used a computer model to predict the scaling tendency of
BaSOa4. The model calculate the level of saturation of the aqueous phase for
scaling minerals and the degree of precipitation to attain thermodynamic

equilibrium.
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Zhang et al 1! developed a kinetics and thermodynamic model using dynamic
tube blocking rig for calcium carbonate scale prediction. The effect of
temperature, pressure and flow velocity on calcium carbonate scale formation
was determined. In the model, calcium carbonate deposition thickness rate was
determine as a function of time. The effect of flow was significant in the estimated
thickness rate at different experimental conditions. One of the limitation of this
model, is that a long capillary tube were deployed as the scaling surface and
effect of the uniformity of the scale layer was not considered.

Stamatakis et al [ determined the induction time of calcium carbonate
precipitation in porous rocks under flow conditions between temperature of 25°C
to 100°C, using a radiotracer technique. The empirical model developed from the
study, was based on classical nucleation theory which predicted the induction

time of calcium carbonate scale under flow conditions as shown in equation 2-59.

3.0 959.8 1849.9
o (min) = 3.2 — — — 2-59
logti,q(min) = 3.2 5] T +SI T

Where tina denotes the induction time in (min), Sl saturation index, T absolute
temperature (K). From their study, it was reported that the equation can predict
the induction time of calcium carbonate scale formation under a specific flow
condition in the near well region and the induction time is proportional to the

inverse of the saturation index and temperature.

Setta et al ['%8, studied the surface kinetics of calcium carbonate formation on
austenitic stainless steel surface, using an in-situ flow rig and rotating cylinder
electrode and developed an empirical model for calcium carbonate, within a wide
range of supersaturation index. The model enables the prediction of the calcium
carbonate thickness growth over a period of time. Figure 2-24 shows calcium
carbonate scale deposition as a function of saturation index at 24°C and 70°C.
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Figure 2-24: Calcium carbonate scale deposition in cm/year as a function
of saturation index (SI) at 24°C and 70°C [108]

2.8.2 Asphaltene and wax deposition kinetics studies and their predictive
models

The deposition of asphaltene and wax cause a lot of problem in crude oil

production, extensive studies have been carried out in the past on wax and

asphaltene deposition and different predictive models have been developed.

This models tends to prevent the deposition of asphaltene and wax in oilfield to
some extent compared to that of inorganic scales such as CaCOs. Here are some
of the studies.

Kamran et al (132, used high-pressure deposition cell to measure the deposition
of asphaltene from crude oil under real field conditions. The model developed
from the study can predict the deposition of asphaltene in an oilfield under

realistic field condition of temperature, pressure and shear stress.

Wang et al 133 1341 developed asphaltene deposition tool (ADEPT) that can

predict the formation of asphaltene and determine the amount and profile of

55



asphaltene deposition in the oilfield. The tool is based on thermodynamic and
deposition properties of asphaltene. The model was validated with data obtained
from capillary deposition experiment data at different operating conditions for the
same oil-precipitant mixture. The prediction of asphaltene deposition using the

model was in agreement with results obtained experimentally from the study.

Lawal et al 1?2, studied the deposition of asphaltene in a glass capillary flow
experimental set up. They monitored the deposition of asphaltene by capturing
the image of the asphaltene deposition along the capillary tube and measuring
the pressure drop across the capillary. They developed a predictive model that
could determine the deposition thickness as a function of pressure drop along
the capillary tube. The model was based on Hagen-poiseuille equation, as shown

in following equation 2-60 to 2-63.

(APyr* _ (AP)T" 960

He Hi
Where AP; and AP, denotes the initial pressure drop before deposition and at

time t, the pressure drop along the capillary (Psi). u; and u, are the initial

viscosity of the brine and average viscosity at time t respectively in (Ns/m?), 7;

and r are the original capillary tube radius and effective radius after deposition

respectively in (m).
Simplifying equation 2-60 by neglecting the effect of viscosity since u; = U
Equation 2-60 becomes

AP; 1/4
o (%) 2-61
The hydrodynamic thickness (e;) is given by the equation 2-62,

= 1—e 2-62

From equation 2-62 and 2-63
APN\Y*
e = 7 (1 _ (A—P;) ) 263
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Equation 2-63 is valid when ¢, < 1;

Hsu and Brubaker 3% developed model to predict wax deposition from waxy
crude production lines. The model can predict the deposition of wax along a cold
flowlines and the potential wax problem. The model considered both the

molecular diffusion and shear stress effect on wax deposition.

From the model, the wax deposition rate on pipe wall due to molecular diffusion

is given by equation 2-64

aw dc k., \dCdT

a0 = P g = () 2-64
Where W denotes the total wax mass deposited on pipe wall, t denotes the time,
k., is constant, p,, denotes density of the deposited wax, u is fluid viscosity, D,,

is the molecular diffusion coefficient of the precipitated wax, A is the pipe wall

. . ac . . :
area available for wax deposition, A = DL, = s the radial concentration
gradient of the precipitated wax, % is the concentration gradient of the

- . ar . .
precipitated wax with respect to temperature. = s the radial temperature

gradient.

Hsu and Santamaria [13¢] developed a laboratory test method to measure wax
deposition of waxy live crudes under turbulent flow conditions. The equipment
consist of high pressure turbulent flow loop, the system is made of two tube units
(test tube and reference tube). The test tube is designed to monitor the wax
deposition from the oil, while the reference tube is used for measurement of wax
deposition thickness. From their studies, they determined the wax deposition
thickness using the equation 2-65 and 2-66 for both laminar and turbulent flow

respectively.

The internal diameter of test tube (ID) during wax deposition process is given by

equation 2-65

0.402 .
Dy(inch) = ———— 2-65
(&)(Tlﬂ)

APy
For turbulent flow,
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Dy (inch) = —2402
T BP G 2-66
AP

Where 0.402 is the internal diameter (ID) of the reference tube, APy and APy

are the pressure drop across the test tube and reference tube during wax

deposition, n is the material constant.

They also went further to determine the cumulative wax deposition rate (Wr) from
equation 2-67

Do” —D7? 2-67
W,= 381 0 T
r DT(t_ to)

Where, Do is the bare tube ID (inch) of test tube, Dr is the effective tube ID (inch)

of test tube, t is the time during wax deposition and to is the starting time.

Wang and Buckley 24, estimate thickness of deposit layer from displacement
test. Where the amount of asphaltene deposits on the capillary tube is removed
by nitrogen gas at high pressure. From their studies, the thickness of asphaltene
deposits were determined from equation 2-68 and 2-69 for both evenly and non-
evenly distributed deposits along a capillary tube.

For evenly distributed deposit along the tube,

_ (P— P)mr* ]
q(t) = el 2-68

The weight of deposit layer as a function of time,

pr21?
W(t) = mr2plL {1— I1 _ 4#LZI } 2-69

where q(t) denotes the volume flow rate at the outlet end at time t, and I(t) denotes
the length of the remaining liquid segment inside the tube at time t, Pr denotes
the prandtl number, L length of the tube, p denotes the density of the liquid, the
weight of deposit displaced is measured using a non-destructive technique (N2
and glycerol probe), the value of q(t) and I(t) is calculated from W(t), using the

relationship between liquid density and the effective radius r. The thickness of
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deposit layer is obtained from the difference between r and the original radius of

the tube 1o

For unevenly distributed deposit layer, deposit thickness at different capillary

locations was calculated from equation 2-70 and 2-71

1/6
o [BECiawr]” 2.70
" m2PAt,
1/6
= M (P- 8uC,AV; yn %)—1 2-71
' T2 At; miAt; “I=ULr;2

Where i =1, 2... n-1, C1 is coefficient, which is 1.45033 x 107 , P is the capillary

pressure, AV; denotes the volume of liquid, At; denotes the time.

2.8.3 Summary of scale surface deposition kinetics studies and
predictive models
Organic and inorganic scale precipitation and deposition have been studied and
different predictive models have been developed over many years on scale
precipitation process such as residence time, induction time, nucleation and
crystal growth. These models have been mainly based on thermodynamics
parameters. However, little attention has be made on the effect of hydrodynamic
parameters on inorganic scale surface deposition kinetics. The use of a
methodology that will reflects the field scenario has been a challenge in most

models.

Developing a model that can predict the scale thickness growth rate over a period
of time and as a function of saturation ratio, temperature and flow velocity has

been limited.

The models developed by Kurup et al [*3% and Lawal et al [?? to determine the
uniformity of surface layer across the capillary as a function of differential
pressure and to determine the scale thickness growth will be investigated.
Subsequently a detailed empirical model that can predict the thickness growth
rate of both inorganic and organic scales in the field as a function of deposition

flux will be developed.
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A different technique of estimating the amount of deposit present in the capillary
after the deposition test will be established. The results obtained will be

compared with the asphaltene models.

2.9 Scale formation in a pipe flow system and fluid mechanics principles

The main cause of scaling in any system is the change in the environmental
conditions such as temperature and pressure, which affect the degree of
saturation of the system. Considering the scenario of CaCO3s scale formation
from a supersaturated solution under turbulent flow regime in pipe system, in this

system, the gaseous phase is not in contact 8,

According to Hasson et al 19! at high supersaturation ratio, there is depletion in
the bulk solution due to scale formation and the mean supersaturation ratio in
the bulk is uniform along the pipe. And also there is a possibility of CaCO3s
precipitation occurring in the bulk and at the surface of the pipe wall.

The formation of scale is favoured by pipe wall surface, depending on the
wettability and surface energy. Hasson proposes two rate determine steps in the
pipe flow system, firstly, diffusion of all ionic species towards the scale- water
interface and surface reaction of the ionic species [*371 and CaCOs crystals as

shown in Figure 2-25.
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Figure 2-25:Scale formation process in a pipe flow system [0

To effectively study the kinetics of scale deposition in a pipe flow system, there
must be detail understanding of the principle of fluid mechanics in a pipe flow
system. The nature of flow in fluid mechanics is generally grouped into two flow
regimes, which are laminar and turbulent flow regime, but there is a region
between this two flow boundaries called transitional flow. In this study, there will
be more emphasis on the laminar flow regime as it affects the capillary flow rig.

2.9.1 Pressureloss in laminar flow

The pressure loss in laminar flow is given by equations 2-72 to 2-75 .

Driving force due to pressure = Pressure drop x Area
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Figure 2-26: Pressure loss in laminar flow [138]

2
p = APmd 2-72
4
Retarding force due to stress by the wall = 7, mdl 2-73
At equilibrium, driving force = retarding force,
APmd?
= TWT[dl 2-74
4
AP = Twal

2-75
d

At equilibrium, the shearing forces on a cylinder = pressure force as shown in
Figure 2-27.
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Figure 2-27: Shearing forces on a cylinder [138]

2tnrl = APmr? 2-76
AP
;= 27 2-77
21
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Where t,, denotes the wall shear stress, [ denotes the length of the pipe, d

denotes the diameter of the pipe, 7 denotes the radius of the pipe, AP denotes

the pressure loss.

2.9.2 Hagen-Poiseuille’s law
The flow along a pipe is driven by a pressure difference, the viscosity acts to
retard the passage of the fluid along the pipe through the no-slip condition at the

wall. The flow rate is given by equation 2-78.

nD*AP
= 2-78
128ul

From equation 2-78 above, the flow rate,

» Increases when D is increased

» Increases when AP is increased

% Decreases when u is increased

» Decreased when [ is increased

However, the limitations of Hagen-poiseuille flow equation with respect to
capillary flow rig in determining the amount of deposit on the surface of substrate

are highlighted in chapter 3 of this work.

2.9.3 Dynamic tube blocking rig
The dynamic tube blocking rig (DTB) is one of the most efficient techniques to
study inorganic scale deposition kinetics as it operates at field condition of

temperature and pressure.

Various studies [10-139-141] 'ysed the dynamic tube blocking rig for scale inhibitors
efficiency ranking under different environmental conditions by examining the
scale inhibitors ability to prevent scale adherence and growth within a tubing coil.
The dynamic tube blocking rig (DTB) examines the growth of CaCOs and
blockage of micro bore metal cell by measuring the differential pressure as a
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function of time across the sample cell, which result from scale build up in the
material. DTB takes into account the adherence of the scale to pipe work to a

certain extent, the rig operates under laminar flow condition.

The schematic diagram of a conventional DTB is shown in Figure 2-28.

(R}
]
&)
]
|
[sp]

1. Cocllapsible bottles 6. Abs. P transducer
2. Pumps + switching wvalves 7. Thermocouple

3. Pre-heating coils 8. Back-pressure

4., Capillary scaling coil regulator

5. Diff. P transducer 9. Ovwven

Figure 2-28: A simplified diagram of anaerobic dynamic tube-blocking rig
[142]

Here are some studies, using the conventional dynamic tube blocking rig.

Xuan et al 43 | studied the effect of scale inhibitors on the induction time,
nucleation and growth stages of scale formation. They combined both polymer
based inhibitors and phosphoric based scale inhibitor and compared the results
obtained from dynamic tube blocking test and static jar test to the results they
obtained from ultrasonic technigue. The ultrasonic technique gave better
understanding of scale inhibitor mechanism. The study observed that, the
combined scale inhibitor showed better performance in the static jar test than the
dynamic test. The scale inhibitors showed great performance at certain inhibitor
concentration. The minimum inhibitor concentration of each of the inhibitors were
determined at different dosage. Some of the data generated from their studies is

shown in Figure 2-29.
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Figure 2-29 : Dynamic loop test with FW:SW 50:50 at 70°C [143]

Graham et a [1%4 studied the impact of ferrous ions on scale inhibitors
performance using the dynamic tube blocking. They reported that, the presences
of ferrous ions affect the minimum inhibitor concentration of scale inhibitors when

tested with CaCOsscale, which have more impact when tested with BaSO4 scale.

Graham and McMahon 149 studied the effect of scale inhibitor performance
against bulk and surface scale nucleation and growth by the addition of film
forming corrosion inhibitors. They reported that the presence of film forming
corrosion inhibitors has the ability to reduce scale adhesion and tube blockage,

but has no impact on degree of scale precipitation in the bulk.

Dong et al 112 investigated the performance of scale inhibitor in water containing
high levels of dissolved iron by comparing the results obtained from the DTB and
static jar test. It was reported that modified phosphate inhibitors (RSI-1 and RSI-
2) show great performance compared to the conventional scale inhibitors (PPCA,

DTPMP) at different inhibitor dosage as shown in Figure 2-30.
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Figure 2-30: The performance of selected inhibitors in dynamic tube
blocking tests in the presence of 100ppm Fe?* [112]

Graham and Williams 4% design a HT/HP stirred reactor test rig to conduct
calcium carbonate scale deposition kinetics, in order to overcome the limitation
of the DTB. From their design, the HT/HP stirred reactor rig can be used to study
calcium carbonate scale kinetics at high temperature and pressure over long
residence time, similar to the field conditions. Some of the data obtained from

their study is shown in Figure 2-31.
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Figure 2-31. The effect of bicarbonate concentration on blank scaling
time [140]
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Bazin et al [1%, compared the effectiveness of using DTB for minimum inhibitor
concentration determination at different flow rates and capillary geometry. It was
reported that, DTB technique is influenced by change in flow rates and capillary
geometry. The data obtained from their study at different inhibitor concentration

and flow rates is shown in Figure 2-32.
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Figure 2-32: DETPMP performance on BaSOyg, inhibitor injected step by
step (L=7.5m;ID=0.5mm;Q=30cm?3/h;T=90°C) [10]

However, none of this studies design a sample cell capillary tube, which shows
a replicate of pipe flow lines experience in the oilfield, instead they used a micro-
bore tubing coil for their studies. Using the conversional dynamic tube blocking
rig to study the deposition of scales and to develop an empirical model that can
predict scale formation maybe challenging. This is because the technique is
mainly designed for ranking and showing the effectiveness of scale inhibitors.
The technique also used a long capillary tube between 1-2m, which make it
difficult to determine the amount of deposit present in the capillary tube. This
difficulty is due to unevenly distribution of the deposited scales and saturation

ratio changes with time along the capillary.

Therefore it is worthwhile to design a technique with short capillary, which is more
reliable in determining the actual deposit present in the capillary and the
saturation ratio of the flowing brine. With the short capillary, it can be assumed

that the saturation ratio is constant due to the short resident time.
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The sample cell capillary made of stainless steel, is used to study calcium
carbonate scale surface deposition kinetics under dynamic flow conditions. This

will reflect the field operational conditions.

Chapter 3 of this report will give details of this rig design and various experimental
parameters that can be determined from this rig.
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CHAPTER 3. Capillary rig development and commissioning

3.1 Introduction

This chapter provides the detailed design of already commissioned capillary rig

for the surface deposition tests. The capillary flow rig was modified to

accommodate changes needed for this study and also for optimum performance

of the scaling time determination. The design changes made for the capillary flow

rig are:

R/
L X4

L)

Change of scaling surface from capillary coil of 1-2m to a capillary cell of

10mm length.

Change of pipe geometry from 3mm to 1mm (mixing capillary), to have a

fully developed flow from the mixing point to the capillary cell.

High resolution pressure transducer installed on the capillary flow rig for
differential pressure measurement. This enable a low pressure drop
variation to be detected by the pressure transducer.

Design of bulk and surface analysis sections of the capillary flow rig.

Design of the surface analysis test coupon.

The capillary flow rig descriptions is split into three sections with respect to the

experimental test conducted. These are:

>

>

The capillary flow rig description for surface deposition test.

Capillary flow rig description of bulk precipitation test (turbidity

measurement and inductively coupled plasma test)

Capillary flow description for scanning electron microscope (SEM) and X-
ray diffraction (XRD) test.
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3.2 Capillary flow rig description for surface deposition test

Dynamic tube-blocking rigs are widely used for the study of scaling phenomena
and in particular for the ranking of scale inhibitors [98. 143, 146, 1471 " A typical
experiment involves measurements of the differential pressure across a small
diameter bore tubing of approximately 1-2m length [10. 98,142, 148] |f the experiment
is properly designed, the time for the pressure across the cell to increase gives a
measure of the scaling time, which is the time for the differential pressure to
deviate from OPsi, such technique is often used to assess the efficiency of scale

inhibitors before being deployed in the production lines.

The drawback of this techniques is that the saturation ratio will drop across the
capillary cell and it is therefore difficult to use the methodology to develop a robust

kinetic models where the experimental conditions need to remain constant.

In this work, a capillary flow rig is developed to resolve this issues and study
CaCOs surface deposition kinetics. Figure 3-1 show the modified rig, which
enables the examination of the growth and blockage of the micro bore metal cell
(a very short cell where the conditions can be considered constant across the
capillary cell) by measuring the differential pressure as a function of time across

the capillary sample cell.

These results from scale build up in the capillary cell and from the differential
pressure (AP) versus time gives an understanding of the growth kinetics. The
brine solutions are pumped with two reciprocating pumps (Gilson pumps type,
100SC) which drive the cation and anion brine solutions into two separate coils
made of stainless steel, immersed in a heated water bath. This raises the solution
temperature to the desired test temperature before arriving at the mixing section.
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Figure 3-1: Schematic diagram of the capillary tube blocking rig

The test cell can be located any distance from the mixing section as shown in
Figure 3-2, this distance can be changed to alter the time the mixed solution to
reach the working section, such that the brine solution precipitation can be
controlled to either have precipitated crystals or not in the bulk solution as it flow
through the working capillary section.

Figure 3-2: Schematic diagram of capillary rig showing the mixing part
and capillary cell
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The combined solution which has a saturation ratio value greater than 1 passes
through a capillary test cell, made of stainless steel (316L) of internal diameter
1mm, length 10mm and scale crystal nucleate and grows on the surface of the
capillary cell. The saturation ratio can be assumed constant along its length due
to it short residence time (0.1sec, 0.05sec and 0.03sec for 5ml/min, 10ml/min and
15ml/min respectively).The formation of scale is monitored by measuring the
differential pressure across the capillary cell. The differential pressure transducer
(PX80D0-30-5T from Omega, 0-30Psi).

The pressure is maintained by a pressure gauge regulator leading to the effluent.
When the stainless steel capillary cell blocks, the automatic pumps shut-down
and the differential pressure and solution temperature as a function of time are

logged by the computer which contain a LabVIEW data acquisition system.

The pressure increase is measured continuously throughout the experiment. At
the end of each test, the rig is cleaned with a cleaning solution of (50% Sodium
hydroxide NaOH g/L and 50% Ethylene-diamine-acetic acid EDTA g/L) at a pH

of 10 for 30 minutes followed by distilled water for two hours.

3.3 Capillary flow rig description for bulk analysis test

The turbidity measurements and the inductively coupled plasma (ICP) test was
carried out by creating a two way control valve on the capillary pipe before the
capillary cell as shown in Figure 3-3. As such the amount of mixed brine collected

can be controlled by setting the volumetric flow rate from the pump.

The flow rate was set for 10ml/min for the turbidity test. At every minutes, 10ml
of brine solution were taken for the first five minutes, this was later increased to
every 10minutes. For the ICP test, 1ml of the brine was measure and added to
9ml of quenching solution, using micropipette. The details of the turbidity
measurements and inductively coupled plasma test is shown in chapter 4 of this

work.
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Figure 3-3: Capillary rig showing the bulk analysis section

3.4 Capillary flow rig description for scanning electron microscope and
X-ray diffraction test

The capillary flow rig was fitted with capillary tube compartment after the capillary
cell. A flat stainless steel coupon was inserted into a stainless steel extension
tube fitted on the capillary flow rig, where deposition took place for scanning
electron microscopy (SEM) and X-ray diffraction (XRD) observation. At the end

of each deposition test, the stainless steel coupon

3.4.1 Capillary tube and stainless steel extension tube design

Figure 3-4 and Figure 3-5 show the schematic diagram of the capillary cell and
the stainless steel extension tube for surface analysis test. From the capillary rig
design, it is difficult to carry out in-situ surface analysis of the calcium carbonate
scale deposited on the capillary cell during the test. However, for this study, a
non-destructive technique is used to carry out the surface analysis test without

any damage to the surface scale and the substrate.
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Figure 3-4: Schematic diagram of the capillary cell

The stainless steel coupon (316L) is 4.4mm in width and length 25mm, the
extension tube is of length 35mm and internal diameter of 4.6mm. This is done
before the deposition test is carried out, the flat coupon is cleaned with acetone
solvent to dissolve any interfering chemical substance or material on the surface
followed by distilled water and dried before inserting into the extension tube. At

the end of the test, the scaled coupon is dried and taken for surface analysis test.

Scale surface for
SEM/XRD Analysis

I 25mm 'l

|1 35mm ',

Figure 3-5: Schematic diagram of the stainless steel extension tube and
flat coupon for surface analysis
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However, it is difficult to know which scale deposition mechanism is occurring
when scale build up in the capillary cell under flow conditions, the following three

scale deposition mechanism is being suggested:

% Crystallization process,

% Adhesion process,

% Mixed regime.

The experimental methodology for this work will provide answers to these key

guestions.

3.5 Capillary rig design and modification

In the design and modification of the capillary rig, various pipe flow parameters

were considered.

1. The entrance effect

2. The residence time (mixing section and the capillary cell)

3. Reynolds number
3.5.1 Entrance effect
Hagen Poiseuille flow equation shows that increasing the flow velocity should
increase the differential pressure as shown in equation 3-1.0ne of the factor to

be considered to make this assumption possible is to determine the entrance

length.

D*AP
_r 31
128ul

To ensure the flow is fully developed, the capillary length after mixing must be
greater than the entrance length, and the internal diameter of the capillary before
the capillary cell must be the same. This was calculated using the relationship
between the Reynolds number (Re), internal diameter (D) and the entrance length
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(Le) as shown in equation 3-2 149 for laminar flow regime. Figure 3-6 shows a

schematic diagram of developing flow and fully developed flow.
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Figure 3-6: Pipe flow system showing a region of developing flow and
fully developed flow 11491,

The entrance length Le calculated from different flow rates at fluid viscosity of
8.94 x 10™* mPa.s and 4.06 x 10~*mPa.s 1% for 25°C and 70°C respectively

is shown in Table 3-1

Table 3-1: Entrance length of the capillary mixing section

Entrance length Le (mm)
Flow rate (ml/min) 25°C 70°C
5 7.11 15.66
10 14.23 31.32
15 21.34 46.98
20 28.46 62.64
25 35.57 78.29
30 42.69 93.96

However, for sake of clarity and consistency of the interpretation of differential

pressure (AP) data obtained from the capillary rig, all values were normalised to
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0 Psi as the starting differential pressure for each experiments. In reality from the

experimental results, AP values changes with flow rate.

3.5.2 Residence time (mixing section and the capillary cell)

The residence time for the fluid to travel through the capillary after mixing, before
it gets to the capillary cell. And also the residence time within the capillary cell to
effluent were calculated from equation 3-3. Table 3-2 shows the residence time

of the brine at different flow rates.

Volume of the system (V) 3-3
Volumetric flow rate (Q)

Residence time Tt =

The volume of the system V (mm3) =721, where r denotes the internal radius of
the capillary (mm) and [ denotes the length of the capillary (mm). Q denotes the

volumetric flow rate (ml/min).

Table 3-2: Capillary residence time at different flow rates

Residence time (s)

Flow rate (ml/min) Capillary cell Mixing section
L=10mm, ID=1mm L=80mm, ID=1mm
5 0.1 2.18
10 0.05 1.08
15 0.03 0.72
20 0.025 0.54
25 0.019 0.43
30 0.015 0.36
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3.5.3 Reynolds number
The Reynolds number at different flow rate was calculated from equation 3-4, in

order to determine the flow regime of the fluid entering the mixing section and the
capillary cell. The Reynolds number at different temperatures and flow rates is

shown in Table 3-3

Reynolds number R, = £ro 3-4

Where p denotes the density of fluid (kg/m3), V flow velocity (m/s), D internal

diameter of the capillary (m), pu denotes the viscosity of the fluid (Ns/m?).

Table 3-3: Reynolds number at different flow rates

Flow rate Reynolds Number Re Reynolds Number Re
(ml/min) Capillary cell, ID = 1Imm Mixing section, ID = 1.6mm

25°C 70°C 25°C 70°C

5 117 261 74 163

10 237 522 148 327

15 356 783 222 489

20 474 1044 297 653

25 593 1305 371 816

30 712 1566 445 979

3.6 Hagen Poiseuille (HP) flow prediction

Recalling the Hagen Poiseuille flow equations for laminar flow condition shown
in equation 3-1, assume a uniform flow, the flow rate is a function of the diameter

D, pressure drop AP, viscosity of fluid y and the capillary length L.

_ mD*AP 3-5
128ul

The following are assumptions of Hagen Poiseuille flow equations for laminar

flow regime.
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» The flow is constant through the capillary,

» The fluid is incompressible and Newtonian,

» The flow is laminar through a pipe of constant cross-section,
» No acceleration of fluid in the pipe,

» The flow must be fully developed

In a study by Wang et al 12021 and Lawal et al 1?2, they used the pressure drop
across the capillary tube during asphaltene deposition as a measure of thickness
of asphaltene deposited across the capillary cell. The thickness of asphaltene
deposited was determined from equation 3-6 to 3-9. For a constant flow rate,

(AP)r*  (AP)R* 3-6

Ur Ui

Where Q denotes the flow velocity (m?/s), D the internal diameter of the capillary
(m), AP the pressure drop along the capillary (Psi), u the viscosity (NS/m?), [ the
length of the capillary (m), AP; and AP, are initial pressure drop before
deposition and at time T, the pressure drop along the capillary. y; and u; are the
original viscosity of the brine and average viscosity at time T respectively, R and
r are the original capillary tube radius and effective radius after deposition
respectively. The schematic diagram of the scaling process is illustrated in Figure
3-7
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(a)
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Figure 3-7:(a) Scale deposited uniformly on a capillary tube (b) and (c)
Cross section of capillary tube before and after deposition
Simplifying equation 3-6 by neglecting the effect of viscosity change since y; =

pir 122
Therefore equation 3-6 becomes.
1/4

o

The scale deposition thickness (t) is given by the equation 3-9,

t= R-—r 3-8

From equation 3-7 and 3-8

APN\Y*
t=R<1—( l) ) 3-9
AP;

However, in this study, the pressure was used to determine or monitor where to

stop the test, and at the end of the test, the deposited scale on the surface of the
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capillary cell were dissolve and measured by Inductively coupled plasma Mass
Spectrometry (ICP-MS). It was also assumed that the initial pressure drop at the
beginning of the experiment is not significant compared to the cut off pressure
(5Psi) as the amount of CaCOs scale measured before the scaling time (ts) is less
than 5% of the amount of scale at ts, which is the time the differential pressure
deviate from 0 Psi as shown in Figure 3-8. The value of ts varies depending on
the experimental conditions and the sensitivity of the pressure transducers. The
values of ts determined at different tests are shown in Figure 3-9 and Figure 3-10
for SR 5, 5ml/min and SR 11, 10ml/min at 25°C respectively. The repeatability of
the ts values from the two plots is shown with the error bars in Figure 3-11

determined from the average ts values of the repeated tests.

Differential Pressure (Psi)

1
'|
Time (min) '
-1 tg

Figure 3-8: Differential pressure as a function of time

81



Differential Pressure {Psi)

—Test 1 Test 2
Tests t, (min)
1 3856
2 3837
3 3750
o 1000 2000 3000 4000
Time (min)
Figure 3-9: Repeatability test for SR 5, 5ml/min at 25°C
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Figure 3-10: Repeatability test for SR 11, 10ml/min at 25°C
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Figure 3-11: Repeatability test for SR 5,5ml/min and SR 11, 10ml/min at
25°C

It was also assumed that the growth rate is linear and from ts, a rapid pressure
increase indicating fast deposition rate (scale on substrate and scale on scale),
at that point the capillary cell is plugged and the effect of flow rate or pressure is

almost irrelevant with respect to deposition rate.

3.7 Limitations of Hagen Poiseuille flow equation measurement with
reference to capillary tube blocking rig

Hagen Poiseuille flow equation as a measure of scale deposition thickness

growth rate may not give accurate results due to the following limitations.

% The scale layer is not uniform, which is more obvious in long

capillaries.

s HP assumption estimate high deposition growth rate compared to

ICP-MS measurement as shown in Figure 3-13 to Figure 3-15.

% The effect of surface roughness, interfacial energy, wettability is not

considered in HP flow equation.
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3.8 Determination of scale deposition growth rate

To determine the amount of calcium carbonate deposited on the capillary cell,

the following method was adopted initially.

% To use the HP flow equation to estimate thickness of calcium carbonate

on surface of the capillary cell.

% Measurements were taken for a clean capillary cell at different diameter

and the HP values does not link.

% It was decided that a better way was to set the differential pressure at 5Psi

then estimate the growth rate.

The growth rate of calcium carbonate build-up on capillary surface were
calculated as the ratio of the amount of calcium carbonate scale deposited
(measured by ICP-MS) to the change in onset pressure increase until it reaches
a pressure of 5Psi.ie. (time it takes for the differential pressure to get to 5Psi and

the scaling time) as shown in Figure 3-12.

The growth rate in mg/min was converted to cm/sec by assuming a uniform

deposition of calcite along the capillary tube as shown in equation 3-10 to 3-12.

Mass of scale deposited m = p X v 3-10
Assuming a density of calcite p = 2.711g/cm3
The volume of hollow cylinder V. = mh(R?* — r?) (cm?3) 3-11

Scale deposition thickness t =R -r 3-12
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Where R denotes the radius of the capillary cell before deposition and r radius of

the capillary cell after deposition (cm).

Differential Pressure (Psi)
(2]

0 100 200 300

Time (min)

Figure 3-12: Differential pressure as a function of time
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Figure 3-13: Scale deposition growth rate as a function of saturation ratio
at 5ml/min and 25°C
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Figure 3-14: Scale deposition growth rate as a function of saturation ratio
at 5ml/min and 70°C
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Figure 3-15: Scale deposition growth rate as a function of saturation ratio
at 15ml/min and 70°C

3.9 Summary

Chapter 3, gives the capillary rig design overview and shows the modification and
specification of the capillary rig to achieve the aims and objectives of the study.
It also show that Hagen Poiseuille flow equation has some limitations in terms of

estimating calcium carbonate deposition thickness growth rate.

It is therefore important to determine the amount of calcium carbonate deposited
on the surface of the capillary cell by dissolving the scale and measure by ICP-
MS technique.

The fluid flow parameters determined, enable us to work within a certain flow
conditions and to understand the fluid mechanics of the capillary rig.

The data generated from the capillary flow rig shows a good repeatability and
accuracy of the technique as shown in Figure 3-11. The next chapters of this
thesis present the experimental methodology and details of apparatus used to
carry out the bulk and surface analysis test on stainless steel sample inserted

into the capillary flow rig.
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CHAPTER 4. Experimental procedure and methodology

4.1 Introduction

This chapter presents a description of the apparatus used during the experiments
namely, the bulk and surface analysis techniques used to study CaCOs scale
surface deposition kinetics. It also provides the understanding of the materials
and reagents used for the preparation of the synthetic brine solutions, and scale
software used for the calculation of the saturation ratio of the brine solutions at

different temperatures.

4.2 Experimental conditions

Experiments were run at 25°C and 70°C, at different flow rates (5, 10, 15, 20 and
30 ml/min). The brine ratio was 50 vol% formation water: 50% vol sea water. The
capillary cell is made of stainless steel 316L (ID 1mm, length 10mm). This
material was chosen to prevent corrosion products e.g. (FeCOs) being formed
from carbon steel and to focus on the kinetics of CaCOs surface deposition in the

capillary flow rig. The composition of the stainless material is shown in Table 4-1

Table 4-1: Composition of stainless steel (316L) 1151

Element Composition (Weight %)
Carbon (C) 0.03
Manganese (Mn) 2.00
Silicon (Si) 1.00
Chromium (Cr) 16.0 — 18.0
Nickel (Ni) 10.0-14.0
Phosphorus (P) 0.045
Sulphur (S) 0.03
Molybdenum (Mo) 20-3.0
Nitrogen (N) 0.10
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4.3 Brine preparation

Formation water containing calcium ions (Ca?') and sea water containing
carbonate ion (CO3%) were used for the experiments. The reagents used for the
preparation of these brines were sodium bicarbonate (NaHCOz3), sodium chloride
(NaCl) and calcium chloride dihydrate (CaCl2.2H20) which are all at different
concentrations, depending on the saturation ratio to be achieved. The
experiments were run at two different temperatures of 25°C and 70°C at 50:50
mixing ratio by varying the brine composition, but keeping the temperature

constant for each saturation ratio.

The saturation ratio of these brines was calculated using the Scale SoftPitzer
(Version 4.0). This software takes into account the co-precipitations that might
occur in complex brines. Saturation ratio is calculated generally using equation
4-1.

_ [Ca?*][COz-] 4-1
K

SPcacos

SR

Where [Ca?*] denotes the concentration of calcium ion, [CO3?] denotes the
concentration of carbonate ion, Ksp denotes the solubility product constant of
calcium carbonate. The scale software is programmed to predict the scaling
tendency of mineral scales common in oil and gas production, The program
calculates the effect of temperature (T), pressure (p), total dissolved solid (TDS),
ion pairing and composition on activity coefficients [152-154, The saturation ratio of
the brines covers a region where there is low scaling regime to a region of high
scaling regime as show in Table 4-2 and Table 4-3.
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Table 4-2: Brine composition at 25°C

Brine Na* Cl- Ca?t HCO3
(mg/l)

Formation 1250,2000,2950, -
water 3600,4000,5000,

29381 | 28135 7500, 10000

1850,4000,4800,
Sea water | 10666 | 18822 - 6000,8500,
10500, 15200, 18000

Saturation
Ratio SR
(50:50) SR 5, 11, 20, 31, | SR 5, 11, 20, 31, 50
mixed 50, 80, 200, 398 ,80, 200, 398
Table 4-3: Brine composition at 70°C
Brine Na* Cl- Ca?* HCO3
(mg/l)
Formation 600,1000,1450 -
water , 1800,
29381 | 28135
2000,2500,
3300, 5000
850,1800,2000,2600,
3700,
Sea water 10666 | 18822 -
4500, 8000, 10500
Saturation
Ratio SR
(50:50) SR 5, 11, 20, SR 5, 11, 20, 31, 50,
mixed 31, 50, 80, 80, 200, 398
200, 398
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4.4 Test method

Physical and chemical analyses were carried out, to enable the chemical
characteristics of calcium carbonate scale to be determined. A schematic outline
of the test methods is shown in Figure 4-1.

Test Method

Bulk Analysis Surface Analysis

Turbidity Measurement: bulk SEM : CaCO; scale crystal
induction time determination morphology

ICP-MS: To determine Ca®" XRD: Characterisation of
consumptionrate CaCO, scale crystals

Optical Microscope:
determination of
homaogeneity of CaCO,
scale layer

ICP-MS: To determine the
amount of CaCQO; deposited
at the surface of the capillary]

cell

Figure 4-1: Schematic diagram of the bulk analysis test

4.4.1 Bulk analysis test
The experimental bulk measurements were conducted using different

techniques. These techniques include turbidity measurement and inductively
coupled plasma mass spectrometry (ICP-MS) measurement. This was carried

out to support the surface analysis tests.

4.4.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
measurement

The Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical

technique used for the determination of elements in a solution. It has high

capability in detecting elements or ions and converts the atoms of the elements

in the sample ions. These ions are detected and separated by the mass
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spectrometer 1551 | After each test, the capillary test samples were dissolved in
10% acetic acid and the amount of calcium carbonate deposited on the surface
of the capillary cell was determined by ICP-MS. While for the bulk solution, the
ICP measurements were carried out by preparing a quenching (KCI/PVS)
solution of 11.42g of potassium chloride and 2g of polyvinyl sulfonate (PVS) scale
inhibitor in 2 litres of distilled water. The solution was then adjusted with 10%HCI
and concentrated NaOH solution to a pH value between 8 and 8.5. The sample
tests were prepared by taking 1ml of the test brine with a micropipette into 9ml of
the quenching solution (KCI/PVS) kept in test tube. The sample solutions were
analysed for Ca?*. The summary of the test protocol is given below. Figure 4-2

shows the ICP-MS apparatus used for the analysis.

4.4.3 Capillary cell preparation and solution sampling for ICP-MS analysis
(bulk precipitation)
% Capillary cell samples were rinsed thoroughly with distilled water, followed
by drying in an oven for 1 hour before experiments.

% Quenching solution was prepared by dissolving 11.42g of potassium
chloride (KCI) and 2g of polyvinyl sulfonate (PVS) scale inhibitor in 2 litres
of distilled water. PVS solution stabilise the sample and prevent further
precipitation, KCI solution act as an ionisation suppressant for Atomic

absorption determination of ions.

% The Quenching solution was adjusted with 10% HCI and concentrated

NaOH solution to a pH value between 8 and 8.5.

% 1ml of brine solution containing formation water and sea water (FW+SW)
is placed in a test tube containing 9ml quenching solution (PVS/KCI), using
Eppendorf pipette, the test tube is shake thoroughly to ensure complete

mixing.

K/
L X4

Brine solution is analysed by ICP for Calcium ion (Ca?*).
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4.4.4

@
L4

.,

Capillary cell preparation and solution sampling for ICP-MS analysis

(surface deposition)

Capillary cell samples were placed in 10% acetic acid solution
(CH3COOH) to determine the amount of CaCOs deposited on the surface
of the capillary cell.

Capillary cell samples were kept for 24 to 48hours in a test bottle, to
completely dissolve the scale on the surface of the samples before

sampling.

10ml of the sample solution was measured using Eppendorf pipette of
10ml, extreme care is taken to avoid impurities and test tubes are cap

securely.

Brine solution in 10ml test tube were analysed by ICP for Calcium ion
(Ca?").

Figure 4-2 :Inductively Coupled Plasma (ICP) [158]
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4.45 Turbidity measurement

Turbidity is a principal physical characteristic of the brine dispersion and is an
expression of the optical property that causes light to be scattered and absorbed
by particles and molecules, rather than transmitted in straight lines through a

water sample [157],

The bulk induction times for CaCOs scale to form after mixing from the capillary
flow rig, were determined through turbidity measurements on the collected fluids
from the flow rig. Figure 4-3 shows a typical turbidity curve, showing three
regimes, | denotes the induction time, where the first observable change in the
turbidity of the bulk solution is observed, G is the crystal growth stage, where
there is sharp increase in turbidity and P is the plateau stage, where there is no

further precipitation or increase in turbidity.

Turbidity (FAU)

Time (min) ’

rF Y
v
F 9
Y
F 9
v

I G P

Figure 4-3: Typical turbidity curve

Every minute, a turbidity measurement was taken for the first five minutes, further
increased to every 10minutes at a constant flow rate of 10ml/min for 25°C and

70°C respectively for all saturation ratios. The method used for this experiment
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is a direct method which measures the attenuation (that is reduction in strength)
of light as it passes through a sample column of water. Figure 4-4 shows the
HACH colorimeter DR/890 model used for this study

Figure 4-4: HACH colorimeter DR/890 turbidity meter [158]

4.4.6 Surface analysis test

Flat stainless steel coupon was inserted into the capillary rig, where the calcium
carbonate scale deposition took place. This was analysed by Scanning Electron
Microscopy (SEM) and X-Ray Diffraction (XRD) observation, to enable the
morphology and polymorphs of calcium carbonate crystals to be determined.
Details design of the stainless steel extension tube and the flat coupon is mention
in chapter 4. Optical Microscope was used to determine the homogeneity of the

scale layers on the surface of a cross section of the capillary cell.

4.4.7 Scanning Electron Microscope (SEM) observation

A SEM was used to characterise the surface scale crystal deposited on the
stainless steel coupon. The SEM model (EVO MA15) was used for the analysis.
This SEM model is used for material analysis across a broader range of sample
dimensions. It has a wide range of application vary from surface integration,
forensics and failure analysis. Electron beam was focused on the scan samples
and the equipment deliver images with information about the samples
morphology, topography and composition of the scale deposited on the surface
of the stainless steel coupon. The EVO MAL15, has a maximum specimen height
of 145mm, stage movement X,Y of 125mm, maximum specimen diameter of

250mm and maximum stage carrying capacity of 2kg [*%%. The surface analysis
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test was carried out in vacuum mode at a pressure of 3.5 X 10~>mbar at voltage
of 10KV and working distance of 8mm. The magnification used was from 100x to
2000x. The SEM systems is shown in Figure 4-5.

Figure 4-5: Zeiss EVO MA15 SEM 119

4.4.8 X-Ray Diffraction (XRD) observation

The morphology and crystalline species of calcium carbonate scale deposited on
the surfaces of the stainless steel coupon were analysed using a Philip Pan
Alytical X’ pert PRO diffractometer. This equipment is used to analyse single or
multiphase scale crystals. The high score plus software is used to acquire the
data and analyse the sample using a build in data bank. The assembly that
makes up of the sample holder, detector arm and the associated gearing is
shown in Figure 4-6. This instrument is powered by a Philip PW3040/60X-ray
generator and fitted with an X'celerator detector. The diffraction data is acquired
by exposing the samples to CU-Ka X-ray radiation, which has a wavelength (A)
of 1.5418A°, The X-rays are generated from a Cu anode supplied with 40KV and
a current of 40mA 6% X-ray on the crystal is diffracted in a pattern
characteristics of the structure. Materials have different distinct diffraction
patterns, compounds are identified by using a database of diffractions patterns
and the purity of samples is also determine from it diffraction patterns 161, The
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diffraction pattern is used to determine and retrieve the lattices parameters of the
crystal structures.

Figure 4-6: Philip Pan Alytical Pert PRO MPD [

4.4.9 Optical Microscope

The homogeneity of the calcium carbonate scale layer on the surface of a cross
section of the capillary cell were analysed using Leica DM 6000M Optical
microscope. It operates with a motorized Z-drive, motorized nosepiece turret and
motorized stage. The motorized stages, operates as an integral part of the
system and respond to magnifications changes [162, Figure 4-7 shows the optical

microscope used for this study.
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Figure 4-7: Leica DM 6000M Optical microscope !¢

4.5 Summary

The equipment and techniques used for the bulk and surface analyses of calcium
carbonate scale are presented in this chapter. The bulk analysis techniques used
enable the understanding of the bulk precipitation process and also the amount

of deposited scales can be determined or quantified using ICP-MS techniques.

The surface analysis techniques help in the understanding of the nature, particle
size and homogeneity of calcium carbonate crystals formed on the surface of the

substrate.

The next chapters provide the results obtained from the capillary rig and various
bulk and surface analysis technigue used in this study and their interpretation in
terms of scale precipitation and deposition kinetics.
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CHAPTER 5. Bulk precipitation study of calcium carbonate

(CaCO:s) scale: Influence of saturation ratio

5.1 Introduction

This chapter presents the bulk scaling analysis obtained from the experimental
work to support the surface deposition tests. The first section shows the results
of the turbidity measurements and the second section shows the results of the

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis.

Turbidity is an indication of the crystal formation of calcium carbonate scale in
the bulk solution and enables measurement of the induction time of calcium
carbonate precipitation. ICP-MS, enables the rate of consumption of calcium
ions in the bulk solution to be determined from which the amount of calcium
carbonate scale deposited on the surface of the capillary cell can be determined.
The ICP-MS measurement enables the mass balance of the calcium ions
consumed during scale formation to be completed and be reconciled with the

ionic content of the effluent after the deposition test.

5.2 Calcium carbonate turbidity measurement at 25°C and 70°C

Turbidity measurement helps in the understanding of the inorganic scale
precipitation process; the induction time of calcium carbonate scale can be
determined. As described in Chapter 3, Figure 4-3 of this thesis, the typical

turbidity curve shows three different regions of the scale precipitation process.

There is a region where the turbidity is zero; at this point there are no crystals in
the bulk solution, which is referred to as the induction period. The region of rapid
growth and finally the region where there is no further precipitation of scaling
ions, at this point the turbidity curve attains a plateau region or equilibrium [143],
In this study for the bulk analysis, our emphasis is on the initial stage of the
crystallization process and, as such, the induction time and scaling regime with

respect to the scale mechanism are established.

Figure 5-la and Figure 5-2a show the turbidity measurement of calcium

carbonate scale at 25°C and 70°C under a laminar flow regime, while Figure 5-1b

and Figure 5-2b , show the high resolution of the turbidity measurement for the
99



first five minutes of calcium carbonate precipitation indicated with red dotted

lines.

The turbidity measurements were taken at one minute intervals for the first five
minutes of calcium carbonate precipitation as shown in Figure 5-1b and Figure
5-2b respectively, and further extended to every 10 minutes to capture the later
stages of calcium carbonate precipitation as shown in Figure 5-1a and Figure
5-2a respectively. The nucleation process for high saturation ratios 200 and 398
was rapid as expected. This is due to high ionic concentration of the brine solution
and there was no induction time recorded. This is in agreement with studies at

high concentration, representing rapid precipitation of calcium carbonate scale
[115, 163-165]

The precipitation rate of calcium carbonate scale increases with increasing
temperature. The solubility of CaCO3s decreases with increasing temperature and
also the kinetics of the scale process are enhanced. This implies that, for SR >
80, the induction time is less than the residence time (tina < tr) and so there are
crystals present in the bulk solution when it passes the capillary. The residence
time in the flow rig at a flow rate of 10ml/min is 1.08s, which is the time for the

fluid to travel from the mixing point to the working section.

The precipitation rate for lower saturation values (SR < 80) was slow compared
to high saturation ratio (SR > 80). Induction times of 5, 4, 3, 2, 1 and <1 min
were obtained for SR 5, SR 11, SR 20, SR 31, SR 50 and SR 80 respectively at
25°C and induction times of 4, 3, 2, 1, <1 and < 1 mins was recorded for SR 5,
SR 11, SR 20, SR 31, SR 50 and SR 80 at 70°C respectively.

These results show that, at lower saturation ratio (SR < 80) there are no crystals
present in the bulk solution at the capillary, since the induction time is greater
than the residence time (tind >tr).
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Figure 5-1 (a & b): CaCOs scale turbidity measurement at 25°C
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Figure 5-2 (a & b): CaCOs scale turbidity measurement at 70°C
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A study by Stamatakis et al [ which determined the induction time of calcium
carbonate scale formation under dynamic flow conditions. It was reported that at
SR > 80, the induction time becomes independent of the temperature, but
depends on the initial degree of the solution saturation ratio. At very high degrees

of supersaturation, the process is dominated by solution concentration.

The turbidity curves suggest we can create two Scenarios within the brine
composition investigated; That is, a region where the SR > 80, the scale
mechanism is predominantly heterogeneous nucleation and adhesion, while the
region where the SR < 80, is dominated by crystallization process. This
hypothesis will be validated by results obtained in the surface deposition study

presented in chapter 7.

5.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
measurement at 25°C and 70°C

The rate of consumption of ionic species (Ca?*, COs?%) in the bulk solution gives
an understanding of the precipitation rate of calcium carbonate scale (CaCOz3).
In this study, the rate of consumption of calcium ions (Ca?*) in the bulk solution

was determined at different saturation ratios and temperatures.

Figure 5-3 and Figure 5-4 show the calcium ion concentration consumption rate
in bulk solution at 25°C and 70°C for all the saturation values. At 25°C, the
calcium ion (Ca?*) concentration drops rapidly from 1250, 2000, 2950, 3600,
4000, 5000, 7500 and 10000mg/l t0,875, 1035, 1643, 2021, 2053, 2226, 4024,
7036mg/l for saturation values of 5, 11, 20, 31, 50, 80, 200 and 398 respectively,
for the first few minutes, followed by a gradual decrease in calcium ion (Ca?*)
concentration. There were no further reaction or precipitation of calcium ion after
30 minutes. This corresponds to the plateau stage of the turbidity curve, while
the initial part of the rapid precipitation or consumption rate corresponds to the
growth stage of calcium carbonate as shown in the typical turbidity curve.

At 70°C, calcium ion (Ca?*) concentration drops more rapidly compared to the
condition at 25°C, as calcium ion concentration drops from 600, 1000, 1450,
1800, 2000, 2500, 3300 and 5000mg/I to 589,785, 840, 945,1020, 1950, 2025,
2636mg/l for saturation values of 5, 11, 20, 31, 50, 80, 200 and 398 respectively.
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After 20 minutes when there was no further precipitation. As such the calcium ion

(Ca?*) concentration was constant until the end of the one hour experiment.

The calcium ion (Ca?*) concentration plateaux appear faster at 70°C compared
to 25°C due to the effect of temperature on the rate of precipitation or formation
of calcium carbonate scale (CaCOs). The rate of formation of calcium carbonate
scale increases with temperature and also higher saturation values enhance
crystal formation in the bulk solution, which could increase the tendency for

scaling process through heterogeneous nucleation.

There is a possibility of the nucleation process taking place instantaneously as
most of the calcium ion consumption takes place at the early stage of
crystallization 1198, This indicate the formation of nuclei at the same time, followed
by growth of nuclei thereafter. Until there is no further reaction showing that all
the calcium ion (Ca?*) in the bulk solution is fully consumed by the carbonate ion
(CO3?) in the solution, as shown in the plateau stage in Figure 5-3 and Figure
5-4.
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Figure 5-3: Calcium ion concentration [Ca?*] as a function of time
determined by ICP at 25°C
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Figure 5-4: Calcium ion concentration [Ca?*] as a function of time
determined by ICP at 70°C

5.4 Summary

The bulk analyses studies enable us to create two scenarios within the brine
composition values investigated.ie. At saturation ratio SR >80, there is no
induction time recorded. As such for the times that represent the residence time
from the mixing point to the capillary in the flow rig described in chapter 3. The
mechanism of scale is likely to be dominated by mixed regime of heterogeneous

nucleation and adhesion.

At saturation values SR < 80, the induction times recorded showed that there will
be no crystals in the bulk solution as it passes the capillary. The induction time is
greater than the residence time (tind > tr). The scale mechanism is likely to be a

crystallization process.

This two scenarios will be validated, based on the results obtained in the surface
deposition study presented in chapter 7.

105



CHAPTER 6. Calcium carbonate scale surface deposition

kinetics

6.1 Introduction

The main focus of this study is to determine the kinetics of surface scaling under
hydrodynamic conditions. This chapter shows the raw experimental results
obtained from the capillary flow rig with respect to the effect of flow rate, degree
of supersaturation and temperature on calcium carbonate scale (CaCOs3)
deposition. The results obtained from various surface analysis techniques are
also presented.

6.1.1 The effect of flow rate on calcium carbonate surface deposition
Kinetics at 25°C

Flow rate is one of the driving forces for calcium carbonate scale precipitation
and deposition. Increasing the flow rate promotes scale precipitation by
increasing the motion of scaling ions in the bulk solution, which invariably
increases the tendency for calcium ions (Ca?*) and carbonate ions (CO3?) to
react or form clusters after the induction time. Figure 6-1 to Figure 6-8, show
differential pressure as a function of time at different flow rates for SR values of
5, 11, 20, 31, 50, 200 and 398.
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Figure 6-1. Differential pressure as a function of time for saturation ratio
5, 25°C at different flow rates
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Figure 6-2: Differential pressure as a function of time for saturation ratio
11, 25°C at different flow rates
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Figure 6-3: Differential pressure as a function of time for saturation ratio
20, 25°C at different flow rates
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Figure 6-4: Differential pressure as a function of time for saturation ratio
31, 25°C at different flow rates

From the results, it is clear that calcium carbonate scale deposition rate increases
with flow rate. At low flow rates of 5ml/min for SR 5, it takes about 4362 minutes
(72.7hours) for the differential pressure to get to 5Psi, however, when the flow
rate is increase to 30ml/min, it takes 581.9minutes (9.7 hours) to get to 5Psi. The
result observed also shows that the differential pressure value remains the same
until after 4120mins, when there was a rapid precipitation and deposition of
calcium carbonate scale on the surface of the capillary cell, resulting to a sharp

increase in the differential pressure.

A similar trend is observed for other flow rates and saturation values as shown in
Table 6-1.
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Table 6-1: Calcium carbonate scale deposition time for SR 5, 5ml/min at

25°C
Flow rate (ml/min) Deposition time (5Psi)
(hours)
5 72.7
10 29.4
15 20.6
20 16.4
30 9.7
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Figure 6-5: Differential pressure as a function of time for saturation ratio
50, 25°C at different flow rates
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Figure 6-6: Differential pressure as a function of time for saturation ratio
80, 25°C at different flow rates
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Figure 6-7: Differential pressure as a function of time for saturation ratio
200, 25°C at different flow rates
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Figure 6-8: Differential pressure as a function of time for saturation ratio
398, 25°C at different flow rates

6.1.2 The effect of flow rates on calcium carbonate surface deposition
kinetics at 70°C

Figure 6-9 to Figure 6-16, show the effect of flow rate on calcium carbonate

(CaCOg3) scale surface deposition rate at temperature 70°C, for SR 5, 11, 20, 31,

50, 80 and 200 and 398 respectively. The rate of calcium carbonate scale

deposition was rapid as the deposition time decreased with flow rate for all brine

compositions investigated, which is similar to what was observed at 25°C.

However, the temperature enhanced the deposition kinetics as in the case of SR
5 at 25°C, the deposition time was 4362 minutes compared to SR 5 at 70°C of
deposition time 1001 minutes.
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Figure 6-9: Differential pressure as a function of time for saturation ratio
5, 70°C at different flow rates
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Figure 6-10: Differential pressure as a function of time for saturation ratio
11, 70°C at different flow rates
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Figure 6-11: Differential pressure as a function of time for saturation ratio
20, 70°C at different flow rates
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Figure 6-12: Differential pressure as a function of time for saturation ratio
31, 70°C at different flow rates
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The results clearly show that, even at the same saturation ratio, temperature has
a great influence on the deposition time of calcium carbonate scale. A similar

trend was observed for all the saturation values investigated.
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Figure 6-13: Differential pressure as a function of time for saturation ratio
50, 70°C at different flow rates
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Figure 6-14: Differential pressure as a function of time for saturation ratio
80, 70°C at different flow rates
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Figure 6-15: Differential pressure as a function of time for saturation ratio
200, 70°C at different flow rates
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Figure 6-16: Differential pressure as a function of time for saturation ratio
398, 70°C at different flow rates.

The analysis of this data generated from the capillary flow rig and the discussions
in relation to nucleation theory, calcium carbonate surface kinetics mechanisms
and the growth kinetics are presented in chapter 7 of this thesis to reflect the

aims and objectives of the study.

6.2 Scanning Electron Microscope (SEM) observations

The scanning electron microscope was used to support calcium carbonate scale
surface deposition results obtained from the capillary rig and bulk analysis
results. This technique helps to determine the shape and size of calcium
carbonate (CaCO3) scale crystals as they transit from one form to another due to
experimental conditions. It is observed from Figure 6-17 to Figure 6-20, that the
degree of supersaturation influences the morphology of scale crystals [166-168] and

also flow rate changes the morphology of calcium carbonate scale [8% 101,

The SEM images shown in Figure 6-17 to Figure 6-20, indicate that the
morphology of calcium carbonate scale crystals changes with flow rate. It is also

well known from other studies [8 169 that apart from degree of supersaturation
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and flow rates, there are other factors which could influence the morphology and
particle size of calcium carbonate scale crystals such as temperature, pH, ionic

concentration of Ca?* and CO3? and presence of additives.

At flow rate of 10ml/min, the crystals are predominantly cubic crystals, which are
mainly calcite and no traces of aragonite or vaterite crystals. However, calcite
crystals became larger at high flow rate of 15ml/min with more aragonite crystals
observed for SR 31, compared to a flow rate of 10ml/min which is completely
dominated with calcite crystals. A similar trend is observed for SR 50 at 25°C and

70°C respectively.

The SEM image observed is due to high supersaturation value and temperature
which enhance the kinetics of the calcium carbonate scale precipitation. There
was no presence of vaterite crystals in both conditions. This may be due to the

unstable nature of vaterite crystals at high supersaturated solution.
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Figure 6-17 : SEM image of calcium carbonate crystals at SR 31, 25°C for
(@) 10ml/min and (b) 15ml/min
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Figure 6-18: SEM image of calcium carbonate crystals at SR 50, 25°C for
(&) 10ml/min and (b) 15ml/min
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Figure 6-19: SEM image of calcium carbonate crystals at SR 31, 70°C for
(@) 10ml/min and (b) 15ml/min
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Figure 6-20: SEM image of calcium carbonate crystals at SR 50, 70°C for
(@) 10ml/min and (b) 15ml/min

6.3 X-ray Diffraction (XRD) Measurements

Figure 6-21 and Figure 6-22 show the X-ray diffraction pattern for saturation ratio
of 31 and 50 at 25°C for flow rates of 10ml/min and 15ml/min respectively. From
the results, A denotes aragonite crystals and C denotes calcite crystals. It is
observed from the results that, at flow rate of 10ml/min, the crystals are
dominated by calcite crystals, but as the flow increases to 15ml/min, the
morphology changes with traces of aragonite crystals present on the surface of

the stainless steel.

The highest peak obtained at about 29.5° is assigned to calcite, with 51.2° is
assigned to aragonite. The few traces of aragonite observed at 25°C for both flow
rates are due to the effect of low temperature on aragonite stability [179, as calcite

crystals are more stable at low temperature.

Studies 171 172 have shown that, at high saturation ratio, a spontaneous
formation of calcium carbonate scale crystals clusters on the stainless steel
surface is increased due to high precipitation of calcium carbonate scale at high
saturation values. In terms of the morphology changes, flow rate has more

influence on the morphology of calcium carbonate (CaCOs) scale crystals than
119



saturation ratio. This is demonstrate in Figure 6-22, the morphologies are similar
at both SR 31 and SR 50 and calcite crystals are dominant. The presence of
vaterite crystal is not visible, suggesting that, the initial stage of crystallization of
calcium carbonate scale is characterized by instability of vaterite and aragonite
crystals under flow conditions 18 | These results also show that vaterite crystals

are the least stable calcium carbonate polymorphs.

Studies [78 147. 166, 169] gy ggested that, the presence of additive such as scale

inhibitors, calcium hydroxide Ca(OH)2 could favour the formation of vaterite

crystals.
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Figure 6-21: XRD diffraction pattern for calcium carbonate (CaCOs) scale
crystals for SR 50 and 25°C at flow rates 10ml/min and 15ml/min

A Study by Chen and Neville 1151, suggested that, the presences of impurities
such as Mg?* speed up the transition of vaterite to calcite crystals formed on
substrate surface, that the amount of Mg?* present in the bulk solution determines

the proportion of vaterite transition to calcite.

The results observed from the SEM and XRD, suggested that the presence of

high proportion of calcite crystals on the surface of the stainless steel maybe due
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to the stability of calcite crystals at low temperature and high supersaturation and

also the absence of additives or impurities and scale inhibitors in the bulk

solution.
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Figure 6-22: XRD diffraction pattern for calcium carbonate scale (CaCO3)
crystals at 25°C, 10ml/min for SR 31 and SR 50

6.4 Optical Microscope Images

In an attempt to determine the homogeneity of calcium carbonate crystals
deposited on the capillary cell and to reconcile it with the assumption that the
scale crystals along the capillary cell is not uniform, optical microscopy

observation was carried out.

The optical microscope observations show that, irrespective of the experimental
conditions, the calcium carbonate scale crystals layers were not uniform along
the capillary cell, which may be more obvious in long capillary tube as in the case
of dynamic tube blocking rig, where a long capillary coil of length 1 to 2m is used

as the scaling surface.

Figure 6-23 (a-d) show the cross sections of the microscope image observation

at different experimental conditions. The microscope image observation show
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that the deposition rate of calcium carbonate (CaCOs) scale increases with
differential pressure for saturation ratio of 11 as expected. At differential pressure
of 5Psi, the amount of calcium carbonate scale deposited on the surface of the
capillary cell is higher compared to that at 1Psi.

The optical microscope observations show that, irrespective of the experimental
conditions, the calcium carbonate scale crystals layers were not uniform along
the capillary cell, which may be more obvious in long capillary tube as in the case
of dynamic tube blocking rig, where a long capillary coil of length 1 to 2m is used
as the scaling surface.

(c) SR 11, 5Sml/min at 25°C, 1Psi (d) SR 11, Smi/min at 25°C, 1Psi

Figure 6-23: Cross sections of optical microscope images at different
conditions
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6.5 Scaling time and saturation ratio at 25°C and 70°C

The scaling time (ts), is the time at which the differential pressure deviate from O
Psi as shown previously in chapter 3 and Figure 6-24. The scaling time (ts) is
similar to the bulk induction time (tind) for bulk scaling process. Relating the
scaling time to saturation ratio gives the understanding of the surface scaling

mechanism under flow conditions.

Differential Pressure (Psi)

1
|
Time (min) :
-1 ts

Figure 6-24: Scaling time (ts) determination

Figure 6-25 and Figure 6-26 shows the relationship between scaling time (ts) and
saturation ratio (SR) for 25°C and 70°C respectively. From the results, it is
observed that the scaling time (ts), is inversely proportional to saturation ratio at
different flow rate and temperature. Increased saturation value and flow rate,

decrease the scaling time. This observation is in agreement with reported studies
58, 61, 119, 173]

The scaling time is greatly influenced by the degree of supersaturation, flow rate
and temperature [°8l, Brine with saturation value of 5 has the highest scaling time
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of 4120 minutes compared to brine with saturation value of 398 with the lowest

scaling time of 61 minutes for 5ml/min and 25°C as shown in Figure 6-25.
4000 -
3500 -
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Figure 6-25: Relationship between scaling time ts and saturation ratio at
25°C

The long scaling time observed at lower saturation ratio, is due to low ionic
compositions of the bulk solution, which invariably slow down the nucleation
process. At low flow rate, the formation of nuclei is slow resulting from decrease
in mass transfer of scaling ions (Ca?*, COz?%) in the bulk solution. The motion of
scaling ions in the solution determines the collision or reaction rate, which is more
rapid at moderate flow rates as observed for a flow rates of 10ml/min and

15ml/min respectively.

At 70°C, the nucleation process was rapid compared to that of low temperature
of 25°C. This is because, an increase in temperature increases the kinetic energy

of the solution, which in turn increases the reaction rate of calcium ion (Ca?*) and
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bicarbonate ion (CO3?) leading to rapid formation of calcium carbonate scale,
even at the same saturation value. Temperature was the dominant parameter in
the scaling process at SR 5 at both 25°C and 70°C (Figure 6-25 and Figure 6-26)
where the highest scaling times are 4120minutes and 964minutes respectively.

A similar trends is observed for all flow rates and saturation values investigated
in this study. These results clearly shows that the degree of supersaturation and
flow rate has great influence on the rate of surface deposition, in agreement with

the bulk analysis results.
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Figure 6-26: Relationship between scaling time ts and saturation ratio at
70°C
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6.6 Summary

The key parameters influencing the precipitation and deposition of calcium
carbonate scale (CaCOs) was clearly demonstrated from the raw results
obtained.

The effect of flow rate on calcium carbonate scale deposition rate is due to the
collision or motion of scaling ions in the bulk solution. The collisions of ions
increases as the flow rate is increased, invariably leading to rapid formation of
calcium carbonate scale. On the other hand, the adherence of this scale to the
surface of the capillary cell is depended on different factors such as interfacial
tension, wettability, surface roughness, flow regime etc. Details of these factors

will be discussed in chapter 7.

The flow rate also affects the morphology of calcium carbonate scale crystals.
Calcite crystals were more prominent at low flow rates, while traces of aragonite

crystals were observed as the flow rate increased.

The optical microscope observations shows that the calcium carbonate crystals
were not uniform along the capillary cell, which might be the reason for the
difference in the amount of calcium carbonate scale determine by ICP-MS

measurement and Hagen Poiseuille flow assumptions.

Temperature and degree of supersaturation has also shown a great influence on
the deposition rate of calcium carbonate (CaCO3s) scale as their effect was
significant in calcium carbonate scale deposition time obtained at different

experimental conditions investigated.

Chapter 7 provides the detailed analysis of the raw results obtained from this
chapter and discussions in relation to nucleation theory, calcium carbonate
(CaCOs) scale surface deposition mechanism, growth kinetics and empirical

models established in this work.

126



CHAPTER 7. Discussion

7.1 Introduction

Calcium carbonate (CaCOz3) scale is one of the most widely studied inorganic
scale types; different mechanisms and prediction models of its formation have
been proposed by researchers over the years, but there are some challenges in
terms of understanding its formation mechanisms under flow conditions. Having
a reliable model that can predict its formation as a function of time and other

environmental conditions is a real and timely challenge.

Understanding both bulk and surface scaling processes of calcium carbonate
scale deposition could enable reliable strategies for mitigating its formation in the
field to be developed. The previous two chapters of this work showed the results
obtained from the capillary flow rig experiments in relation to both surface and

bulk scaling processes for different environmental conditions.

This chapter presents the analysed results from chapter 5 and 6 and a discussion
of calcium carbonate scale surface deposition mechanisms in relation to
nucleation theory, surface deposition mechanisms, growth kinetics and CaCOs

empirical models established for predicting surface scaling processes.

This chapter is split into the following key points.

Nucleation theory

e Adhesion and crystallization mechanisms

e Determination of classical nucleation theory parameters

e CaCOs scale deposition growth kinetics

e CaCOs surface empirical models
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7.2 CaCOs scale surface deposition mechanism

The mechanisms by which calcium carbonate (CaCOs) scale can form on the
surface of the capillary cell in relation to the results obtained from the capillary rig
experiment, nucleation theory and scaling time (ts) are analysed and discussed

in this chapter.

Chapters 5 and 6 showed the results of how various factors such as temperature,
flow rate and degree of supersaturation influence the bulk precipitation and

surface deposition of calcium carbonate (CaCO3) scale.

The scaling time (ts) is similar to the bulk induction time (ting) for bulk scaling
processes. It is defined as the time the differential pressure deviates from 0 Psi
as presented in chapter 6, Figure 6-24. It is assumed that at ts there is no scale
build-up on the capillary cell surface as such the onset differential pressure
remain the same. A period after ts, there is rapid increase in differential pressure

indicating the period of accelerated nucleation and growth of CaCOs crystals.

Relating ts to SR can give the understanding of the surface scaling mechanisms
under flow conditions. Consequently the constants that describe the nucleation
theory can be determined from the relationship between (log ts) and (log SR)?

[57.58 as shown in equation 7-1 and 7-2.

_ B 7-1
log(t,) = [A + T3(logSR)2]

_Br*vm?NAf(6) 7-2

~ (13R)3

From equation 7-1 and 7-2 157 the main parameters governing the rate of

nucleation are, temperature, saturation ratio and interfacial energy

Where y denotes the interfacial energy (mN/m), Vm is the molecular volume of
crystals (6.132x10723 cm? for calcite), T the temperature (K), SR the saturation
ratio, ts the scaling time (s), A an empirical constant (dimensionless), R the molar
gas constant (J/mol.K), Na denotes the Avogadro's constant (mol?),f(6) is a

correction factor depending on the type of nucleation, £ is a geometric factor of

1%” for spherical shape crystal.
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The induction period has often been used as a quantitative method for assessing
the nucleation process, but it is sometimes challenging in getting an accurate
measurement in some chemical substances due to its complexity, techniques
and the influence of some external factors. This work focuses on a surface

scaling process in relation to saturation ratio, flow rate and temperature.

7.3 Adhesion and crystallization mechanism

The deposition of calcium carbonate (CaCO3) scale on the surface of the capillary
cell can occur either by adhesion of pre-precipitated scale or a heterogeneous
nucleation (surface crystallization process).This two processes can occur

simultaneously within a given range of brine saturation ratios.

Adhesion occurs when surfaces have an affinity to one another by intermolecular
forces such as valence forces. The scale crystals can attach to the wall of the
capillary cell either by nucleated crystals being transported to the surface of the
capillary cell or by agglomerating in the bulk where they attach to the surface of
the capillary cell. This process can occur through intermolecular forces such as
Van der Waals force, electrostatic interaction and chemical bonding [81-83 174, 175],
Adhesion of the crystals to the surface of the capillary cell is dependent on the
nature of the crystals, substrate (capillary cell) and the experimental conditions

or the environment.

A schematic diagram of the adhesion process is shown in Figure 7-1.

Flow — Agglomerated

scale crystal

N Deposited scale

Capillary wall

Figure 7-1: Scale deposited on the wall of capillary cell by heterogeneous
nucleation and adhesion
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The surface roughness of the capillary cell, wettability, contact angle and the
interfacial energy are the main parameters that determine the stability or
adherence of calcium carbonate scale crystals to the wall of the capillary cell.
However, there are other factors which influence adhesion processes such as

flow rate, temperature and solution concentration #9176, 177],

The other principal mechanism by which the scale layer can form is by
crystallization at the surface, where the crystals are surface nucleated and grow
directly from the scaling ions in the bulk solution as shown in the schematic

diagram in Figure 7-2.

( ) \
Nucleated Scale
Flow m—) ji crystal

Capillary wall

Figure 7-2: Scale deposited on the wall of the capillary cell by
crystallization process

In this study, the interfacial energy of the crystals to the surface of the capillary
cell was determined from the relationship between log ts and (log SR)? for
heterogeneous nucleation process (crystallization process) show in Figure 7-5

and Figure 7-6 for 25°C and 70°C respectively.

Calcium carbonate scale deposition rate was greatly influenced by flow rate as
shown in chapter 6, where the deposition time decreased with increased flow
rate. It should however be noted that the streamline forces resulting from
increased flow rate did not have significant impact on the adherence of the
crystals to the walls of the capillary cell rather it increased the mass transfer of
the scaling ions (Ca?*, CO3%) leading to rapid formation of calcium carbonate
scale. This observation could be due to the flow regime (laminar flow) used in

this work.
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In the case of turbulent flow, studies ' 10 561 have shown that, the scaling
tendency may be slow. This is due to high streamline forces resulting from
increased flow rate, invariably affecting the adherence of crystals to the walls of
the capillary cell and also, the number of nuclei formed on a substrate surface
per unit area is increased with increased flow rate, indicating that, at high flow

rate, nucleation time is reduced 93!,

Flow rate also influences the shear stress, increasing the flow rate, resulting in
high shear stress. High shear stress changes the kinetics of a flow system. This
increases the scale formation rate due to rapid agglomeration and deposition of
scale on the surface of the capillary cell. The wall shear stress of the capillary
cellare 0.76, 1.5, 2.3, 3.03, and 4.55N/m? corresponding to a flow rates of (5, 10,
15, 20 and 30ml/min), even at high shear stress, the surface fouling is dominant

over the removal of scale.

The CaCOs scale deposition rate at saturation value greater than 80, (SR > 80)
increase rapidly with flow rate, resulting to a decrease in capillary cell blocking
time. This is in the agreement with the work of Bazin et al [*%, where a dynamic
tube blocking rig was used to evaluate the efficiency of different mineral scale
inhibitors. The capillary cell blocking time was a lot faster at higher saturation
values and flow rates. This is due to the effect of high supersaturation on calcium
carbonate scale deposition rate as the kinetics mechanism at this condition

maybe due to heterogeneous nucleation and adhesion of pre-precipitate crystals.

However, the force of interaction of the scale crystals to the wall of the capillary
cell is greatly influenced by the concentration of the scaling ions in the bulk
solution (Ca?* , COs?%), which accounts for the electric potential of the crystal
surface and the capillary surface 78, This is clearly demonstrated at high

saturation ratio (SR > 80).
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Figure 7-3: Relationship between log ts and (log SR) 2 at 25°C
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Figure 7-4: Relationship between log ts and (log SR) 2 at 70°C
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Supersaturation is the driving force for crystallization, according to classical
nucleation theory 7], the main parameters governing the rate of nucleation are,
temperature, saturation ratio and interfacial energy as shown in equation 7-1 and
7-2. The effects of saturation ratio and temperature on calcium carbonate scale

nucleation processes were presented in chapter 6.

From this work, the relationship between this factors were established to
determine the boundary between the processes that occurs within the brine
composition investigated as shown in Figure 7-3 and Figure 7-4 for 25°C and
70°C respectively. This boundary is based on the fact that crystals were or were

not seen in the bulk solution as stated previous in the bulk analysis study.

Figure 7-3 and Figure 7-4 show the relationship between log ts and (log SR)? at
25°C and 70°C respectively, from the results, the surface scaling kinetic

mechanism were substantiated within the saturation ratios investigated.

It is observed that, there is a linear relationship between log ts and (log SR)? at
lower saturation values (SR < 80), indicating heterogeneous nucleation which is
purely crystallization process. In this mechanism, the nucleation process is driven
by presence of foreign material and nucleation occurs at the nucleation site. The
scaling time of this brines were quite slow due to the chemical composition or

ionic strength of the bulk solution.

However, at high saturation values (SR > 80), calcium carbonate scale is form
due to heterogeneous nucleation and adhesion. This is indicated at the left hand
section of Figure 7-3 and Figure 7-4. The scaling process is driven by mass
transport of nucleated crystals or agglomerated crystals in the bulk solution to the

surface of the capillary cell where they adhere and grow.

This process is influenced by the concentration of the scaling ions in the bulk
solution as a result, the surface charge density is affected by the ionic strength
of the scaling ions in the bulk solution. As such, at high concentration of scaling
ions (Ca?*, CO3%), the force of interaction between calcium carbonate scale

crystals and the surface of the capillary cell is increased [176],

A study by Sohnel and Mullin 59, suggested that, there is linear relationship

between log tsand (log SR)? at constant temperature for variety of substances,
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however the linear relationship is within a defined range of saturation values. That
is, there is a level of supersaturation where two nucleation mechanism occurs
within the relationship as in the case of calcium carbonate scale (CaCOz3), where
the plot of log ts versus (log SR)? is separated into two part, with each curve

having a gradient.

This two mechanisms were reported as homogeneous and heterogeneous
nucleation. In this work, the plot of log ts versus (log SR)? is separated into two
section with the left part is predominantly heterogeneous nucleation and
adhesion, while the right part is predominantly heterogeneous nucleation and
growth (crystallization process). This is in agreement with bulk analysis test

results obtained in chapter 5 of this work.

Similar trends occur for both temperatures (25°C and 70°C). This clearly show
that at constant temperature, there is a linear relationship between log ts and (log

SR)*, which is in agreement with other studies [28: 58. 59, 179],

7.3.1 Determination of parameters that define nucleation theory

Prediction of calcium carbonate scale formation is often based on thermodynamic
prediction models. The bulk induction time is used as key parameters for scaling

tendency of inorganic scales.

However, there are studies [?8. 58 63,180, 181] '\where emphasis is on bulk induction
time with respect to the saturation ratio in establishing a predictive models for

calcium carbonate scale deposition process.

Surface scaling is the main challenge affecting the integrity of facilities in oil and
gas and desalination industries. Understanding the mechanism of surface scaling
processes and determining the parameters that influence the deposition of
calcium carbonate scale on the surface of the facilities under flow conditions, can

give a reliable predictive models for surface scaling deposition processes.

The results obtained from the relationship between scaling time (ts) and
saturation ratio (SR) from chapter 6 was analysed and fitted into nucleation
theory equation, as such the parameters that describe the nucleation theory was
determined from crystallization process plot shown in Figure 7-5 and Figure 7-6
for 25°C and 70°C respectively.
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Rearranging equation 7-1
logt, =A+B x T~3(logSR) 2 7-3

The calculated parameters for nucleation theory and the interfacial energy at
different flow rates for 25°C and 70°C respectively are summarised in Table 7-1

and Table 7-2 respectively.

4 -
y = 0.7141x + 2.1916
3.5 - R2 = 0.9942
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Figure 7-5: Relationship between log ts and (log SR)? at 25°C for
heterogeneous nucleation (crystallization process)
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Figure 7-6: Relationship between log ts and (log SR)? at 70°C for
heterogeneous nucleation (crystallization process)

The interfacial energy values obtained for CaCOs at 25°C range from 0.038 to
0.040 mJ/m? compared to values between 25 to 83 mJ/m? obtained from previous
studies [65 69.182.183] The difference in the interfacial energy values obtained could
be due to the differences in techniques used for this study, the experimental
conditions, the nature of crystals formed and heterogeneous nucleation process
taking place. However saturation ratio varies, as most studies focused on bulk

induction time from bulk scaling processes.

Spanos and Koutsoukos 182 reported in their study that very low interfacial
energy values is attributed to heterogeneous nucleation process, while high
interfacial energy relate to invalid hypothesis on data analysis. This hypothesis
was also supported by study 9. They estimated the interfacial energy for
different calcium carbonate scale polymorphs, as each polymorphs have different

interfacial energy values due to their crystalline structures.
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Table 7-1: Crystallization parameters based on nucleation theory values at

25°C
Flow rate
(ml/min) )
A B ¥ (mJ/m?) R
5 2.1916 1.89 x 107 0.0387 0.9942
10 1.8549 1.78 x 107 0.0380 0.9947
15 1.3724 2.1 x 107 0.0400 0.9992

Table 7-2: Crystallization parameters based on nucleation theory values at

70°C
Flow rate
(ml/min) )
A B y (mJ/m?) R
5 1.9936 1.99 x 107 0.0453 0.9908
10 1.7210 1.98 x 107 0.0452 0.9947
15 1.4542 2.04 x 107 0.0456 0.9992

The empirical relationship between log (ts) and (log SR)? were established with
the values of constants A and B is determined from the intercepts and gradient
of Figure 7-5 and Figure 7-6.

i 0 _ 1.8x 107 7-4
For flow rate of 5ml/min at 25°C, log(t;) = 2.1916 + T (logSK)?
For flow rate of 5ml/min at 70°C , log(t,) = 1.9936 + _L99x 107 7-5
’ s ' T3(logSR)>?

The empirical relationship shown in equation 7-4 and 7-5 is a step towards
developing a semi empirical model for predicting surface scaling time of calcium

carbonate scale within the environmental conditions considered in this work.
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Having a predictive model for both surface and bulk induction time under flow
condition and across a wide range of saturation ratios, could give more reliable
strategists for preventing or mitigating scale deposition and precipitation on the
surface of facilities. However, caution should be exercised when applying this
models to system of high turbulent regime, temperature and water salinity as the
empirical relationship may not be valid. These conditions may affects the

adherence of scale crystals.

7.4 Calcium carbonate (CaCOs3) scale deposition growth kinetics

Calcium carbonate scale precipitation and deposition mechanism have been
studied over the years using different techniques such as quartz crystal
microbalance (QCM), rotary cylinder electrode (RCE), static bulk jar test, and
dynamic tube blocking rig etc.[108. 148, 171, 184-186] These studies were based on
determination of the growth Kkinetics through bulk analysis, gravimetric
measurement of weight gain and/or also in-situ measurement in the case of
QCM.

The QCM techniques is efficient at investigating the early stages of CaCOs3
deposition on the surface of substrate, the static bulk jar test and dynamic tube
blocking rig is often used for ranking of inhibitors, while the rotary cylinder

electrode is used for CaCOs scale study under flow conditions.

However, these techniques have some challenges with respect to understanding
the initial stage and later stages of calcium carbonate scale deposition growth
kinetics across a wide range of supersaturation values, temperature, pressures
and flow rates. It is therefore important to use a technique that can give a better
understanding of calcium carbonate scale growth kinetics. And also will that will
reflect the field conditions, for a more efficient and reliable method of estimating

growth rate.

This section of this work presents the analysed results and discussions of calcium
carbonate scale growth rate obtained at different experimental conditions. This is
one of the key aspect of this work and steps towards establishing an empirical
model for predicting calcium carbonate scale deposition growth rate across a

wide range of saturation ratios.

138



Recalling from chapter 3, Figure 3-12. Calcium carbonate scale deposition
growth rate (Gr) were determined from the ratio of the amount of CaCOs scale
measured by ICP-MS measurement (Mc) to the difference in the deposition time
(tspsi) and scaling time (ts) as shown in Figure 7-7 and equation 7-6.

Differential Pressure (Psi)
)

Time (min)
-1

Figure 7-7: Determination of CaCOs scale growth rate

The amount of calcium carbonate scale (CaCOs) deposited were converted to
CaCOs scale deposition thickness by assuming a uniform deposition of scale

crystal along the capillary cell and the crystal deposited as calcite, as previously
mention in chapter 3.

scale deposition thickness (cm) 7-6

Scale deposition growth rate (Gg) =
(Tgpg; —ts)

139



7.5 Calcium carbonate (CaCOs3) scale deposition growth kinetics at 25°C
and 70°C

The average growth rate of calcium carbonate scale as a function of saturation
ratio at different flow rates is shown in Figure 7-8 to Figure 7-11 for 25°C and
70°C respectively. The average growth rate increase sharply with increased
saturation ratio for (SR <80) as expected for both temperatures 1871, For
saturation ratios (SR> 80), the average growth rates were not affected by
increased saturation ratio, rather forms a plateau which correspond to the
mechanism observed at high saturation ratios (SR>80) for the plot of log ts versus

(log SR) shown in previous section of this work.
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Figure 7-8: The average growth rate as a function of saturation ratio at
25°C
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Figure 7-9: The average growth rate as a function of saturation ratio at 25°C

The plots shows clearly that two different scale deposition mechanism were
observed in the brine composition investigated. At saturation ratios (SR < 80),
the scale is form due to crystallization process as the formation of calcium
carbonate scale crystals is driven by the degree of the ionic strength and the
motion of scaling ions (Ca?*, COs3?) in the bulk solution. The deposition time
decrease with increased saturation ratio and flow rate, which invariably result to

increase in average growth rate observed.

The trend is different for saturation ratios (SR >80) as the scale mechanism is

predominantly adhesion of pre-precipitated crystals from the bulk solution. The

agglomerated crystals in the bulk solution are transported to the surface of the

capillary cell where they adhere and grow, which result to plugging of the capillary

cell bore, as such increasing the flow rate and the ionic strength or concentration

of the bulk solution, do not have significant effect on the average growth rate.
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The average growth of calcium carbonate scale at 70°C, 5ml/min is (1.89 x 107
cm/sec or 0.6mm/year), much higher compared to the average growth rate of
calcium carbonate scale at 25°C, 5ml/min (6.87 x 10~/ cm/sec or 0.22mm/year)
for saturation ratio of 5 as expected. This is due to the effect of temperature on
the rate of precipitation and deposition of calcium carbonate scale. Similar trends

is observed in other conditions investigated.
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Figure 7-10: The average growth rate as a function of saturation ratio at
70°C

142



0.000016

0.000014
0.000012
M
(]
9
€  0.00001
CJ
Q
-]
£ 0.000008
g
(4
% 0.000006
(]
[ -]
g
®  0.000004
<
0.000002
0

Figure 7-11: The average growth rate as a function of saturation ratio at

The growth rate obtained from this work range from 6.87 x 1077 cm/sec to
1.29 x 1075 cm/sec for CaCOsz test conducted at 25°C. This is in close
agreement with the growth rate obtained by Tai et al [*88] where crystal growth
rate of calcite was investigated as a function of ionic strength using a fluidized-
bed crystallizer. Tai’s study obtained growth trend between 4.2 x 10~7 cm/sec to
7.2 x 1077 cm/sec for CaCOs at 25°C. The study reported that the growth rate of
calcite is greatly influenced by the concentration of calcium ion, carbonate ion
and the fluid dynamics of the system. A linear relationship between the growth

rate of calcite and the saturation ratio was obtained. The crystal growth process

1E-07x + 2E-06
2= 0.999

y = 9E-08x + 2E-06
R? = 0.997

=¢=5ml/min

=fi=10ml/min

20 40 60 80 100
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70°C

was said to be controlled by surface integration [188],
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Growth rate values of 3 x 1077 cm/secto 9 x 10~7 cm/sec was also obtained by
Weijden et al [89 for CaCOz at 25°C. The study reported that the growth rate of
calcium carbonate scale increased with ionic strength of bulk solution and that
linear growth rate of calcite is a function of the degree of the scaling ions (Ca?*
and COz?) in the bulk solution.

Table 7-3, shows the comparison of calcium carbonate scale deposition growth

rate obtained from this work and other literatures values.

Table 7-3: Comparison of calcium carbonate scale deposition growth rate
with literatures values

Capillary flow rig CaCO, This study 6.87 x 1077
at to
25°C 1.29 x 1075
Fluidized-bed CaCoO, Tai et a2 42 x 1077
crystallizer at to
25°C 7.2 X 1077
Chemostat CaCoO, Weijden etal"™ 3 x1077
system at to
25°C 9 x 1077

The results obtained from their study is similar to what is observed from this work,
as the growth rate of calcium carbonate scale increase with increased saturation
ratio for (SR <80) and the average growth rate has a linear relationship with

saturation ratio for both temperatures and flow rates 6. 190,

The results obtained from this work, are highly reproducible as the coefficient of
determination (R?) for each of the conditions is approximately 1 as shown in Table
7-4 and Table 7-5 for 25°C and 70°C respectively.
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The average growth rate of calcium carbonate scale deposited can be
determined as a function of saturation ratio from the linear equations shown in
Table 7-4 and Table 7-5. Where y denotes the average growth rate, x denotes
the saturation ratio. That is, at a particular flow rate and temperature, the average

growth rate of CaCOs can be predicted as a function of saturation ratio.

The average growth rate of calcium carbonate scale increased in proportion to
the degree of supersaturation as expected, estimating the growth rate of calcium
carbonate scale within the experimental conditions from this work can give an
understanding of the growth kinetics mechanism and strategy of mitigating its

occurrence in the field.

However, having a single scale predictive empirical model which considered the
effect of flow rates into the existing empirical equations in Table 7-4 and Table 7-
5, can give more reliable prediction of average growth rate of calcium carbonate
scale as saturation ratio and flow rate are the main driving force for scale

deposition.

The next section of this work focused on the prediction of calcium carbonate
scale growth rate as a function of deposition flux (saturation ratio and flow rate)
at different temperature. Also the discussions of empirical models established in

relation to field conditions and literatures is presented.

Table 7-4: Fitted equation on the experimental data at different flow rates

for 25°C

Flow rate Fitted equation Coefficient of
(ml/min) determination R?

5 Y=9%x10"7x+1x107° 0.9999

10 Y=8x10"7x+7x%x107° 0.9985

15 Y=7x10"7x+2x107° 0.9999

20 Y =4x10"7x+9x 1077 0.9985

30 Y =2x10"7x+2x1077 0.9964
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Table 7-5: Fitted equation on the experimental data at different flow rates

for 70°C
Flow rate Fitted equation Coefficient of
(ml/min) determination R?
5 Y=1x10"7x+3%x107° 0.9987
10 Y =1x10"7x+2x107° 0.999
15 Y =9%x108x+2x107° 0.997

7.6 Calcium carbonate scale deposition kinetics empirical model

Scale prevention is important in oil and gas industries to ensure optimum
production. Organic and inorganic scale precipitation and deposition have been
studied and different predictive models have been developed over many years
on scale precipitation process such as residence time, induction time, nucleation

and crystal growth.

These models have been mainly based on thermodynamics parameters.
However, little attention has be made on the effect of hydrodynamic parameters
on inorganic scale surface deposition kinetics. The use of a methodology that

will reflects the field scenario has been a challenge in most models.

To have a robust empirical model, both the thermodynamic parameters and
hydrodynamic parameters needs to be considered as this can give better
understanding of scale growth kinetics and also help in establishing a reliable
strategist for predicting the scaling rate of both organic and inorganic scales in
the field.

Researchers have often used pressure build up as method for assessing the
deposition of scales across a capillary tube, and based their prediction models
on the thickness of scales across the capillary tube due to the pressure build up

on the wall of the capillary 4,
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Work by Wang et al 2% 21 and Lawal et al [?? as stated previously in chapter 3,
determined the thickness of asphaltene deposits across a long capillary tube as
a function of the pressure build up across the capillary tube during asphaltene
deposition, using Hagen Poiseuille flow equation shown in equation 7-7 and 7-8.

_ mD*AP 7-7
~128ul

(APp)r*  (AP)R? 7-8
HT Hi

Where Q denotes the flow velocity (m?/s), D the internal diameter of the capillary
(m), AP the pressure drop along the capillary (Psi), u the viscosity (NS/m?), [ the
length of the capillary (m), AP; and AP,are initial pressure drop before deposition
and at time T, the pressure drop along the capillary, u; and p; are the original
viscosity of the brine and average viscosity at time T respectively, R and r are the

original capillary tube radius and effective radius after deposition respectively.

The scale deposition thickness was related to the initial radius of the tube and
1/4%™ of the power of the ratio of the initial pressure drop to the pressure drop with
time as shown in equation 7-9. Detailed derivation of equation 7-9 is shown in
chapter 3 of this work.

t =R(1 (Api)1/4 79
N AP;

Nevertheless, equation 7-9 assumed a uniformly deposited scale along the

capillary tube, the optical microscopy image observations in chapter 6 showed
that calcium carbonate scale deposited on the surface of the capillary cell were

not uniform at different experimental conditions.

In this work, to ascertain the actual amount of deposit/scale present on the
capillary cell, scale deposited on the surface of the capillary was dissolved and
measured by ICP. This method gives a reliable results to use in a predictive

empirical model.

Calcium carbonate scale growth rate determined by ICP-MS measurement were

compared with the growth rate determined using Hagen Poiseuille flow equation
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as shown previously in chapter 3, Figure 3-13 to Figure 3-15 for 25°C and 70°C
respectively, by calculating the actual differential pressure of the capillary rig at

different flow rates.

The growth rate determined by dissolving the scale and measured by ICP-MS
were much smaller compared to the growth rate determined from Hagen
Poiseuille flow prediction. This either due to non-uniformity of scale layer along
capillary cell or the capillary cell is plugged with scale at some point along the
capillary, resulting to plugged flow, which contradict the Hagen Poiseuille flow

assumption of uniform deposition and a constant flow rate.

This was in agreement with the work of Wang et al 2%, where they compared the
amount of asphaltene deposited from pressure drop (Hagen Poiseuille flow
prediction) and the amount of asphaltene recovered from the capillary tube after
deposition test, using a capillary tube blocking rig. The amount of deposits were
recovered by displacement test, which involve the use of N2 gas at high pressure.
From their results, the scale thickness growth rate determined by amount of
deposits recovered after deposition test were small compared to the scale
thickness growth rate calculated from Hagen Poiseuille flow assumption. They
attributed this to the viscosity nature of asphaltene or the plugging of the capillary
tube 20

The average deposition thickness growth rate determine from this study,
the same order of magnitude as the one determine by Kurup et al [l as
shown in

Table 7-6.

The deposition thickness growth rate of calcium carbonate scale from this work
were higher compared to the deposition thickness growth rate of asphaltene as
expected. This may be due to the solubility nature of calcium carbonate scale
and the viscosity nature of asphaltene. Similar trend occurs in all saturation ratio

and flow rates for both temperature of 25°C and 70°C respectively.
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Table 7-6: Comparison of calcium carbonate scale deposit thickness
growth rate and asphaltene deposit thickness growth rate

Scales Sources Deposit thickness growth rate
(cm/sec)
CaCOs SR5, 5ml/min, 25°C 6.9 x 1077
1.0 x 1077
Asphaltene Kurup et al [1°1] 1.0 x 10~7
Hassi Messaoud 91 2.0 x 1077
Marrat 11911 2.5x 1077

7.7 The empirical relationship between deposition growth rate and

deposition flux

This study aimed at understanding the scale deposition kinetics mechanism and
using a robust empirical model to predict scale deposition growth rate under
hydrodynamic conditions and relating it to the influence of factors such as degree

of supersaturation, flow rate and temperature.

However, bringing this relationship into a mathematical equations or empirical
models can give understanding of predicting both organic and inorganic scales

deposition growth rate under flow conditions.

This empirical models, considered both thermodynamic parameters and flow
rates across a wide range of calcium carbonate scale saturation ratios, using a

robust technique that could be related to field scenarios.

The empirical model takes into account the challenges of dynamic tube blocking
rig, which is often used for inhibitor efficiency testing and the technique use a
long capillary tube between (1-2m) as the scaling surface. There is a high
tendency for the saturation ratio of the brine to change across the capillary tube
and also the homogeneity of the scale crystal layer is also of a major concerns

as the scale layer may not be uniform across the capillary tube.

149



Studies I 2% 22, 133] hased their models on the data generated from pressure
measurement as a function of other parameters such as time, temperature,
solution chemistry etc. therefore, using this technique in generating data for
empirical models, may not give accurate prediction of both organic and inorganic

scales in the field.

In the empirical models established from this work, the short capillary cell and
ICP-MS technique used can give more accurate and reliable data for formulating
a empirical models as the residence time for the fluid to travel through the
capillary cell is very short and as such, the saturation ratio is assumed to be

constant across the capillary cell.

The data generated from the capillary rig is highly reproducible and reliable as

the coefficient of determination (R?) is approximately 1.

7.7.1 The empirical relationship between deposition growth rate and
deposition flux at 25°C and 70°C

Figure 7-12 shows the empirical relationship between the average growth rate of

calcium carbonate scale and deposition flux at 25°C and 70°C respectively. It is

observed that the trend of calcium carbonate scale growth rate as function of the

deposition flux is linear for both temperature with high coefficient of determination

of approximately 1.

The data generated from this work were analysed using other equation fittings
such as quadratic, polynomial, logarithm etc. These equation fittings gives
coefficient of determination (R?) of less than 0.8. The best fit of the data was

linear relationship.

It is observed from Figure 7-12 that calcium carbonate scale deposition growth
rate increase with increased deposition flux for 25°C and 70°C respectively as
expected. The concentration of the bulk solution increase the rate of precipitation
and deposition of calcium carbonate scale, which invariably increased the scaling
tendency or reaction affinity of the scaling ions (Ca?*, CO3%) in the bulk solution.
On the other hand, the motion or the collision of the scaling ions is driven by the
flow rate of the system, resulting to diffusion or mass transport of ionic species

to the surface of the capillary cell where they deposit and grow.
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Figure 7-12: Scale deposition growth rate as a function of deposition flux
at 25°C and 70°C

This is in agreement with the work of Hasson et al 8%, which proposes two rate
determine steps of calcium carbonate scale deposition in pipe flow system.
Firstly, diffusion of the scaling ions in the bulk solution to CaCOs scale and water
interface, followed by surface reaction of the ionic species. This is supported by
Berthoud [*°2, The two processes are controlled by concentration gradient of the

scaling ions in the bulk solution.

The agglomeration of calcium carbonate scale crystals in the bulk solution
increase with respect to the level of the ionic concentration and degree of flow in
the capillary rig. This was clearly observed when deposition thickness growth rate

of calcium carbonate scale increase with increased deposition flux.
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It can be said that, two rate determining steps controlled the scaling process
within the brine composition investigated in this work, that is, mass transport of
ionic species to the surface of the capillary cell and surface reaction of the ionic
species. However, mass transport process is likely to dominate the nucleation
and growth process of CaCOs crystals as a result of linear relationship between

the average growth rate and deposition flux observed in Figure 7-12.

Calcium carbonate scale thickness growth rate can be determined from the
empirical relationship in Figure 7-12 for 25°C and 70°C respectively. Where Y
denotes calcium carbonate scale thickness growth rate in cm/sec, x denotes the

deposition flux (L/sec), which is a function of saturation ratio and flow rate.

This empirical relationship is expected to be valid within the brine composition,

laminar flow regime and temperature investigated in this study.

However, caution should be exercised when applying this models to system of
high turbulent regime, temperature and water salinity as the empirical relationship

may not be valid. These conditions may affects the adherence of scale crystals.

7.8 Summary

This chapter presents the critical analysis, interpretation of the raw results from
the differential pressure versus time curve in relation to scaling time (ts). The
discussions in relation to calcium carbonate surface deposition mechanisms,
growth rate as a function of deposition flux and empirical models established from

this work were also presented.

The results obtained show that, the scaling time is dependent on the following

factors; degree of supersaturation, temperature and interfacial energy.

The interfacial energy values obtained from the capillary rig experiment is low
compared to what is obtained from other studies, which may be attributed to the
experimental condition used, the nature of the calcium carbonate crystals and
the techniques used in this work. However, other studies have also relate the low
interfacial energy values to heterogeneous nucleation process taking place as

most studies assumed homogeneous nucleation process.

152



The plot of log ts versus (log SR)? show that two scale kinetic mechanism occur
within the saturation ratios investigated, that is, at high saturation values (SR
>80), the scale mechanism is predominantly adhesion and heterogeneous
nucleation, while at saturation values (SR < 80), the scale mechanism is
predominantly crystallization process. This is in agreement with calcium

carbonate scale growth kinetics and the bulk precipitation studies.

The plot of log ts and (log SR)? for crystallization process show a linear
relationship. The constants that describe nucleation theory were determined from
the plot to establish an empirical predictive models for scaling time determination
at constant temperature, similar to induction time predictive model from studies

158,59 for bulk scaling processes at temperature of 25°C and 70°C respectively.

The average deposition thickness growth rate of calcium carbonate scale
increase with increased deposition flux for 25°C and 70°C respectively. That is,
CaCOs scale deposition thickness growth rate is strongly influenced by the ionic
strength or degree of the supersaturation and flow rate.

There is linear relationship between the deposition thickness growth rate of
calcium carbonate scale and saturation ratio for SR < 80 as expected and the

coefficient of determination (R?) is approximately 1.

Empirical kinetic model have been developed from the data generated from this
work, which show a linear relationship between average deposition thickness
growth rate of CaCOs scale and deposition flux for 25°C and 70°C respectively.
The empirical model can be used to predict the deposition thickness growth rate
of scales across a wide range of saturation ratios at specific temperature over a

period of time.

The empirical relationship between CaCOs scale deposition thickness growth
rate and the deposition flux can give an understanding of the CaCOs surface
deposition kinetics growth rate and how the growth rate is influenced by the
deposition flux and temperature. Also the scaling mechanism is likely to be

dominated by mass transport of the ionic species.
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The deposition thickness growth rate of CaCOs scale determined from this work
is in the same order of magnitude compared to the asphaltene deposit thickness

growth rate obtained from the work of Kurup et al [*°4,
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CHAPTER 8. Conclusions

8.1 Conclusions

This chapter summarises the different findings arising from this work, which
focuses on developing the understanding of calcium carbonate scale deposition
on the surface of facilities and the kinetics of surface growth. This chapter is
divided into distinct sections. This include conclusions relating to factors
influencing the deposition and precipitation of CaCOs.Conclusions reached in
relation to CaCOssurface deposition mechanisms, growth kinetics and empirical

models developed.

8.2 Factors influencing the formation and precipitation of CaCOs

This study has shown that flow rates, degree of supersaturation and temperature
has great influence on the CaCOs scale deposition in terms of their induction
time, residence time, change in morphology, sizes and shapes of crystals,
thickness of scale and amount of scale deposited. The conclusion arising from
the effect of this factors on calcium carbonate scale deposition is divided into

each individual headings.

8.2.1 Effect of flow rate on CaCOs scale deposition
% The effect of flow rates on the deposition and precipitation of calcium
carbonate scale was significant. This was obvious in the deposition time
obtained from various conditions. The deposition time of calcium
carbonate scale was quite short for higher flow rates compared to low flow
rates. This was attributed to the motion of scaling ions in the bulk solution
which enhanced the reaction rate or the affinity for the scaling ions to react

or form clusters after induction.

% The effect of flow rate to the adherence of calcium carbonate crystals to
the walls of the capillary cell was not significant as the flow rate was
increased. This was due to low shear stress associated with laminar flow

regime.
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The morphology, sizes, shapes of calcium carbonate crystals changes
with flow rates as calcite crystals were prominent at low flow rates.
However, at high flow rates, calcite and aragonite were present at the
surface as observed in the scanning electron microscope (SEM) and X-
ray diffraction (XRD) results. CaCOgs scale crystals layer were not uniform

irrespective of the flow conditions.

It is demonstrated from this work that, flow rates are of paramount
important in calcium carbonate scale deposition kinetics studies and one

of the key driving force for crystallization.

Effect of saturation ratio on CaCOs scale deposition

The level of supersaturation influences the deposition process of calcium
carbonate scale as shown from this work. The deposition time of calcium
carbonate scale increases at low concentration of scaling ions in the bulk
solution or saturation ratio. Also scaling time is inversely proportional to

the saturation ratio.

The influence of degree of supersaturation on calcium carbonate scale
crystals and morphology was not quite obvious compared to the impact of
flow rate. However the level of supersaturation was a key driving force for
precipitation and deposition of calcium carbonate as the nucleation
process was rapid at high saturation ratios and no induction time was
recorded at this level (SR > 80).

Effect of temperature on CaCOs deposition

This work has demonstrated that temperature is one of the key driving
force for crystallization. The scaling tendency of calcium carbonate scale

increases with increase in temperature.

The influence of temperature on the precipitation and deposition of

calcium carbonate scale is due to the solubility of calcium carbonate scale
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at high temperature, thus the solubility of CaCO3s decreases with increased

temperature.

% The chemical potentials of the scaling ions (Ca?* CO3s?) in the bulk solution
increases with temperature, this influence the nucleation and growth rate
of CaCOs. Even at the same saturation ratio of 5, calcium carbonate
deposition rate was more rapid at 70°C compared to 25°C

8.3 CaCOs surface deposition kinetics mechanism

The mechanisms occurring when scale build up in the capillary cell under
hydrodynamic conditions has be substantiated in relation to scaling time and
saturation ratio. The data generated from this work was fitted into classical
nucleation theory to establish an empirical relationship between scaling time and
saturation ratio at different temperatures and flow rates. The results obtained

were in agreement with other studies, who focus mainly on bulk scaling process.

% Two scale deposition mechanism occur within the brine composition
investigated. First, at saturation ratio SR > 80, there is was no induction time
recorded. As such there was no crystals in bulk solution and the induction
time was less than the residence time. The mechanism of scale was

heterogeneous nucleation and adhesion.

«» At saturation ratio SR < 80, the induction times recorded showed that there

L)

were no calcium carbonate crystals in the bulk solution as it flowed through
the capillary, the induction time is greater than the residence time. The scale

mechanism is heterogeneous nucleation or purely crystallization process.

o

» The interfacial energy values obtained from the capillary rig experiment is
quite low compared to what is obtained from other studies, which may be
attributed to the experimental conditions used, the nature of the calcium
carbonate crystals and the techniques used in this work. However, other
studies have also related the low interfacial energy values to the
heterogeneous nucleation process taking place as most studies assumed
homogeneous nucleation process.
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% Empirical models have been established for predicting scaling time as a

function of saturation ratios, flow rate and temperature. These models will

helps in the understanding of calcium carbonate scale deposition in the field

within the laminar flow regime. The empirical models showed a linear

relationship between logarithm of scaling (log ts) and logarithm square of

saturation ratio (log SR)? for crystallization process.

8.3.1

CaCOs scale growth kinetics

The use of Hagen Poiseuille flow assumption as means of estimating the

deposition thickness of scale from differential pressure measurement across a

long capillary tube may not give a reliable scale predictive models due to non-

uniformity of the scale layer along the capillary tube.

D

R/

R/

The use of short capillary cell and dissolving the scale deposited on the
surface of the capillary cell and measured the amount of scale by ICP-MS
gave more reliable scale deposition thickness rate and invariably good

predictive models.

The average deposition thickness growth rate of calcium carbonate scale
increased with increase in deposition flux. Calcium carbonate scale
deposition thickness growth rate is strongly influenced by the degree of

the supersaturation, flow rate and temperature.

Calcium carbonate deposition thickness growth shows a linear
relationship with the deposition flux at saturation ratios (SR < 80) with high

coefficient of determination (R?) approximately 1

An empirical kinetics models has been developed from the data generated
from this work, which shows a linear relationship between average
deposition thickness growth rate of calcium carbonate scale and
deposition flux for 25°C and 70°C respectively. The empirical model can
be used to predict the deposition thickness growth rate of scales across a
wide range of saturation ratios at specific temperature over a period of

time in the field.
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% The empirical relationship between calcium carbonate scale deposition
thickness growth rate and the deposition flux gives an understanding of
the calcium carbonate scale surface deposition kinetics growth rate and
how the growth rate is influence by the deposition flux and temperature.

X/
°e

The deposition thickness growth rate of calcium carbonate scale
determine from this work is in the same order of magnitude compared to
the Asphaltene deposit thickness growth rate obtained from the work of

Kurup et al °1 in their Asphaltene deposition study.

This work has a great impact in both the industry and academia, as most studies
focus on bulk scaling processes as the major challenge facing oil and gas and
desalination industries. Different predictive models based on thermodynamic

parameters have been developed.

Findings from this work have shown that understanding both the mechanism of
both bulk scaling and surface scaling processes and using a technique which
reflect the field scenario by considering the effect of hydrodynamics will give a

reliable strategy of mitigating scale formation in the field.

The empirical models developed from this work is expected to be valid at
saturation ratio less than 80 (SR < 80), within a temperature of 25°C and 70°C
and flow rates between 5ml/min to 30ml/min. The semi empirical models is a
framework for a more detailed models to be developed and it needs further
verifications and validations with respect to industrial applications. As such there
can be an improvement from average deposition growth rate to deposition growth

rate.
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CHAPTER 9. Future work

The capillary flow rig used for this study, provided highly reproducible data and a
robust technique for studying scale precipitation and deposition process under
hydrodynamic conditions. The findings from this work have helped in the
understanding of mechanism of scale deposition at the surface of facilities and
development of a robust empirical models for predicting scale deposition growth
rate. This work has developed a detailed frame work of studying the kinetics of
inorganics scales under hydrodynamic conditions. Hence, the following

recommendation is suggested on how to build on this frame work.

9.1 Hydrodynamic and in-situ study

The capillary flow rig can be upgraded for turbulent flow regime as the scale
kinetics for turbulent flow regime may be different due to impact of shear stress
on the walls of the capillary cell and the flow regime may also have effect on the
residence and induction time of the flowing brine, which invariably might change

the kinetic mechanism

Developing a techniques where the scaling process can be observed inline or in-
situ by using a glass capillary cell and camera system and also inline turbidity

can be measured by using a turbidity probe for bulk precipitation study.

Designing a carbon steel (X65) capillary cell to understand how the corrosion
product (FeCO3s) will affect the deposition of inorganic scales under different
experimental condition and also to have true reflection of pipe system been

deployed in the oil and gas industries and their crude oil transportation pipe lines.

9.2 Inhibitor efficiency study

Conventional inhibitors such as PPCA, PVS, and DETPMP at different dosage,
will enable the understanding of the mechanism of these inhibitors under
hydrodynamic conditions and their ranking in terms of minimum inhibitor
concentration (MIC). This will also help in the understanding and development of
a robust empirical models where the effect of inhibitors can be considered and
as such a scale mitigation strategies road map can be developed.
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Introduction of green scale inhibitors to investigate its effectiveness on the early
stage of crystallization process as such the induction period can be determined
and surface analysis techniques can be used to observe the shape, sizes and
the polymorphs of the crystals formed on the surface of the capillary. The
efficiency of the green scale inhibitors will be compared with that of the

conventional scale inhibitors using the capillary flow rig

Developing experimental technique, where a complex inorganic brine will be
used to reflect the field scenarios of temperature, water chemistry etc. this will
help in the understanding of the scale mechanism and the data generated can

be correlated with the field data.
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Appendix A: The effect of saturation ratio on calcium carbonate

scale deposition
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Figure 9-1: Differential pressure as a function time for 25°C and 5ml/min at
different saturation ratio
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Figure 9-2: Differential pressure as a function time for 25°C and 10ml/min
at different saturation ratio
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Figure 9-3: Differential pressure as a function time for 25°C and 15ml/min
at different saturation ratio
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Figure 9-4: Differential pressure as a function of time for 25°C and
20ml/min at different saturation ratio
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Figure 9-5: Differential pressure as a function time for 25°C and 30ml/min
at different saturation ratio
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Figure 9-6: Differential pressure as a function time for 70°C and 5ml/min at
different saturation ratio
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Figure 9-7: Differential pressure as a function time for 70°C and 10ml/min
at different saturation ratio
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Figure 9-8: Differential pressure as a function time for 70°C and 15ml/min
at different saturation ratio
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Appendix B: The effect of temperature on calcium carbonate

scale deposition
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Figure 9-9: Differential pressure as a function of time for saturation ratio 5

at 10ml/min
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Figure 9-10: Differential pressure as a function of time for saturation ratio
11 at 10ml/min
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Figure 9-11: Differential pressure as a function of time for saturation ratio
20 at 10ml/min
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Figure 9-12: Differential pressure as a function of time for saturation ratio
31 at 10ml/min
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Figure 9-13: Differential pressure as a function of time for saturation ratio
50 at 10ml/min
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Figure 9-14: Differential pressure as a function of time for saturation ratio
80 at 10ml/min
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Figure 9-15: Differential pressure as a function of time for saturation ratio
200 at 10ml/min
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Figure 9-16: Differential pressure as a function of time for saturation ratio
398 at 10ml/min
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Appendix C: Calcium carbonate scale thickness growth rate

from Hagen Poiseuille and ICP
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Figure 9-17: Scale deposition growth rate as a function of saturation ratio
at 10ml/min and 25°C
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Figure 9-18: Scale deposition growth rate as a function of saturation ratio

at 15ml/min and 25°C

0.00006

0.00005

0.00004

0.00003

0.00002

0.00001

Scale deposition growth rate (cm/sec)

EHP
I miCP
5 11 20 31 50

Saturation ratio SR

80

Figure 9-19 : Scale deposition growth rate as a function of saturation ratio

at 10ml/min and 70°C
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Figure 9-20: Scale deposition growth rate as a function of saturation ratio
at 15ml/min and 70°C
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Appendix D: Empirical relationship between average growth

rate and deposition flux at different temperature
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Figure 9-21: The average growth rate as a function of deposition flux at
25°C
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Figure 9-22: The average growth rate as a function of deposition flux at
70°C
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