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DESENVOLVIMENTO DE UMA INSTALACAO DE LOOP DE FLUXO EM
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Fenomenos de incrustagao inorganica ou ”scale” podem ser encontrados em
varios sistemas de produgao de petrdleo e gas, incluindo oleodutos onshore e off-
shore, equipamentos complexos como valvulas de segurancga, arvores de Natal e out-
ros tipos de equipamentos de producgao submarinos. A fim de estudar o mecanismo
de deposicao de incrustacoes em tubos, um loop experimental foi desenvolvido para
gerar deposi¢ao de sais inorganicos em um tubo de 27,3 mm de diametro. A agua
pré-aquecida contendo ions de céalcio e carbonato vem de um tanque de mistura que
passa por uma secao aquecida do tubo para acelerar a precipitacao e a deposi¢ao
na parede interna do tubo. Uma secao de teste foi projetada para ser removida
sem interromper o restante do experimento para estudar o aumento da escala ao
longo do tempo. O sistema experimental permite realizar diversas experiéncias com
diferentes geometrias, materiais tratados com revestimentos, inibidores mecanicos
(indutores de campo magnético) e quimicos. Experimentos controlados e seus resul-
tados, comparando imagens de infravermelho e incrustacao, sao apresentados neste
trabalho. Um algoritmo de previsao de escala foi desenvolvido usando diferentes
modelos analiticos disponiveis na literatura. Esses modelos analiticos sao avaliados

a luz dos resultados experimentais.
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Scale deposition phenomena can be encountered in various oil and gas produc-
tion systems, including onshore and offshore pipelines, complex equipment like safety
valves, Christmas trees and other subsea production equipment. In order to study
the mechanism of scale deposition in pipes, an experimental loop was developed to
generate inorganic salt deposition in a one-inch diameter pipe.Pre-heated water con-
taining calcium and carbonate ions comes from a mixture tank and passes through a
heated section of the pipe to accelerate scale precipitation and deposition to the pipe
inner wall. A test section was designed to be removed to study the scale build-up
over time. The experimental system allows conducting diverse experiments with dif-
ferent geometries, surface-treated materials, mechanical (magnetic field inductors)
and chemical scale inhibitors. Controlled experiments and their results, comparing
IR images and scale build-up are presented in this work. A scale prediction algo-
rithm was developed using different analytical models available in the literature.

These analytical models are assessed in light of experimental results.
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Chapter 1
Introduction

One of the most severe operational hazards of offshore pipelines ans subsea produc-
tion is the risk associated with the transportation of multi-phase fluids.Several com-
plex equipment and structures operate in subsea systems ,such as risers, umbilical
systems, Christmas trees, manifolds, well valves, among these, valve applications and
tubular are strongly affected by solid deposition problems influencing the oil and gas
production [10].In some cases, like production tubing, inflow control devices(ICDs)
and inflow control valves(ICVs) Choke and down hole valves, the selection of appro-
priates down hole materials its critical to their operation over the well life. Among
many criteria for selection, strength and corrosion resistance are primary consider-
ations [I1]. Sudden changes in temperature and pressure promote scale forming,
which can even hamper the operation of actuators in the valves generating oper-
ational risks in emergency cases[12].The practice of identifying, quantifying, and
mitigating all the flow risks associated with offshore pipelines and sub-sea systems
is called flow assurance[§].

Scale as a result of crystallization and precipitation of minerals present in water
have been one of the most common topics in flow assurance (according to the first
technical report of the API[I3]).This phenomena interferes with operational param-
eters (OPEX), resulting in additional costs on treatment, protection and removal,
inhibition or reduction of the scale build up.These problems result in a loss of prof-
itability that makes that unconventional wells (e.g. wells as the pre-salt layer, Cana-
dian tar sands, ultra-heavy Orinoco oil in Venezuela and Angolan pre-salt basin)
more challenging to exploited. Deposition can be minimized by chemical inhibitors
or cleaning by acidification. Proper water sampling, handling, and analysis are very
critical for flow assurance risk assessment][§].

In offshore production pipelines, there usually exists water together with oil
and gas.Water is produced from the reservoir and, because water is an excellent
solvent, it dissolve plenty of chemical compounds and gases inside the formation.

Water also includes suspended solids and impurities. Inside the reservoir formation,



water and the chemical compounds are usually in equilibrium.When water, oil, and
gas are flowing simultaneously inside the pipeline, there are quite a few potential
problems that can occur: water and hydrocarbon fluids can form hydrate and block
the pipeline; wax and asphalt can deposit on the wall and may eventually block
the pipeline, corrosion may occur; with pressure and temperature changes along the
pipeline and/or with incompatible water mixing, severe slugging may form inside
the pipeline and cause operational problems to downstream processing facilities, and
finally scales may form and deposit inside the pipeline and restrict the flow. Another
aspect where operators found scale build up phenomena are during injection of
water flooding operations.Precipitation of inorganic scale is a major issue in injecting
brines with a high concentration of divalent ions(Mg¢*", Ca®*T).

Most scale deposits found in oil fields form by direct precipitation from the water
present in a reservoir rock, or as a result of produced water becoming oversaturated
with scale components when two incompatible waters meet down-hole[14].When
water and gases flow together in the pipeline, at certain pressure and temperature
conditions, they would form hydrate which can potentially block the pipeline.The
challenge that engineers will face is, thus, how to design the pipeline and subsea
system to assure to engineers that multi-phase fluids will be safely and economically

transported from the bottom wells all the way to the processing plant.

Figure 1.1: Scale formation in actual pipe cross-section, Source: Subsea Technology
Laboratory, COPPE / UFRJ.



Scale Removal

Once scales are formed in the production facilities, they can be removed either by
mechanical means, such as pigging, or by dissolving using chemicals. When brush
or scraper pigs are run through the pipeline, they can mechanically remove some of
the scale deposits on the pipe wall. But if the deposits, which may contain scales,
waxes, and /or asphaltene, are too hard, pigging may not be very effective. Acids can
react with scales and dissolve scale deposits on the pipe wall. For calcium carbonate
scales, either hydrochloric acid or chelating agents can be used. Calcium sulfate scale
is not soluble to hydrochloric acid. Inorganic converters, like ammonium carbonate
((NH4)2COs3), can be used to convert it into calcium carbonate which can then be
dissolved using hydrochloric acid. Since it is quite possible that hydrocarbons can
deposit on the surface of the scales and hydrocarbons can interfere with the acid
reaction with the scales, it is necessary to pre-wash the scales using hydrocarbon
solvents. Furthermore, to keep the acid from dissolving the pipe wall, a corrosive
inhibitor is also necessary to be added to the acid. Magnetic field treatment[15] have
also been studied during the recent decades as a more cost-effective alternative and
environmentally friendly technique. The use of coatings with materials that inhibit
scale formation can also be a cost-effective and environmentally friendly alterna-
tive for fighting against scale[16]. Another way to prevent scale depositions is using
prediction models [17],[I8],[19]. A hybrid combination of the previous described

processes could be an improved solution.

Aim of this thesis

The complexity of multiphase flows in sub sea equipment and pipelines, along with
the different nature and maturity of the fields, require a successful experimental
methodology to pretest the possible candidates to control and inhibition of scale
deposits in new production systems. In addition, it is important to generate models,
measure, detect and study coatings that can reduce and prevent scale formation in
critical sections.

To do the above, several and diverse tests must be performed. To this end,
an experimental system must be constructed that can guarantee repeatability and
versatility of each experiment performed.

This work aims to create and validate a mesoscale flow loop experimental facility
to improve the understanding of scale deposition phenomena. To understood the
acquired data, several techniques were used; from a classical semi intrusive approach
using fouling resistance, pressure drop, and fluid characterization, passing through
the non intrusive IR technique to detect and measure scale thickness to avoid semi

intrusive tests. Finally, direct tests as weight measurement of a coupon section were



also performed to follow scale build-up inside the pipeline.

This work is separated in several sections:

e Chapter two presents the bibliography related to the scale problems, main
precipitation problems in sub-sea systems, references in the area, and most

important work within the experimental scale study.

e Chapter three presents the main analytical models, developed in Matlab, used

to predict the scale build-up formation in the loop system.

e Chapter four presents the experimental loop, the main advances and drawbacks

during the mesoscale system development.

e Chapter five presents a case study to evaluate the final loop configuration; the
case-study was compared with the models developed in chapter four. Besides,

a study of scale detection technique using an infrared camera is presented.

e Chapter six presents conclusions and future works.

The installation was designed and built in the Subsea Technology Laboratory in
COPPE / UFRJ.

Other objectives include:

e Generate a deposition process using controllable values such as flow, pH, con-

centration and temperature.

e Test the IR technique to detect scale build-up in real-time during the experi-

ment.

e Compare results with different analytical uni-dimensional models integrated

into an iteration made in Matlab.



Chapter 2

Bibliography

2.1 Scale formation Process

Scale is as vast as the limitations that exist for its total understanding.The studies
on the subject are usually linked to the type of equipment and fluid analyzed. Many
of the water properties, like dissolved gases, suspended solids, and pH values would
change with time and would change with pressure and temperature. Both lab and
in-situ analysis are necessary to get accurate water characteristics. At oil platforms
there are mainly problems with salt deposition, such as barium sulfate, calcium and
magnesium carbonates. While sulfates are deposited due to mixture of sulfate-rich
sea water, with water present inside reservoirs, rich in barium ions and strontium,
carbonates are precipitate due to the change in saturation, which is very sensitive
to variations in temperature, pressure and pH. Water based drilling fluid (mud)
typically contain 65% wt. ,brine/water 30% wt. barite salts. The remaining 5% wt.
are stabilizing additives.

The main ions in water that are of importance for flow assurance are listed below.

The main negative charged ions (anions) in water are:

e Chloride

Sulfide

Sulfate

Bromide

Bicarbonate

Carbonate

And the main positive charged ions (cations) in water are:



e Sodium

e Potassium

e Calcium

e Magnesium
e Strontium

e Barium

e Iron

o Aluminum

Cations and anions can combine and form different substances. When pressure
and temperature change, the solubility of each ion will change.The excessive ions
will precipitate from water and form solids, like scales.Bai[20] classifies the main

types of mineral deposition origin in offshore facilities, as follows:

2.1.1 Calcium sulphate

Calcium sulphate precipitation is given by the following reaction:
Ca** + S0 = CaSO, (2.1)

This type of inlay can happen in different forms. Gypsum (CaSO, , 2H50)
is the most common fouling in oil fields. It is associated with low temperature.
CaSO, can be formed warm temperatures. Typically, it can precipitate about
37.7°C as opposed to gypsite due its low solubility. The gypsum can be found at a
temperature above 100°C'. During the production life, Gipsy will tend to dehydrate
and form anhydride. A recurring mechanism that induces the precipitation of
gypsum in oil fields is the reduction of pressure (eg at the well head). The solubility
increases with increasing pressure, because when the scale is diluted in water, the

total volume of the system decreases.

2.1.2 Barium Sulphate

This type of scale is extremely insoluble and practically impossible to remove chem-
ically. Barium sulfate is generated even at low sulfate and barium concentrations,

it is formed through the following chemical formula:

Ba®* + SO;? = BaS0O, (2.2)
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Injection of seawater for secondary oil recovery is also a cause of scale formation.
As the reservoir matures and sea water mixes with the oil reserve, these two incom-
patible waters mix together giving rise to the formation of barium.

Barium sulphate generally increases as temperature and salinity increase. Similar
to gypsite, the solubility of BaSO, increases with pressure and is unaffected by pH

change.

2.1.3 Strontium Sulphate
Sr¥* 4+ CO> — SrSO, (2.3)

Strontium sulfate increases with water salinity (above 175,000 mg / L), tem-
perature, and pressure. Again, pH influences the process. Deposits of strontium
sulphate in large amounts are difficult to find with the exception of a few wells in
the Middle East. Deposits of SrSO4 in production wells where reservoirs rich in

strontium are mixed with injection water rich in sulphates.

2.1.4 Calcium carbonate:

Is the most common type of fouling in oil and gas fields. Calcite precipitation occurs
when calcium ions are combined with carbonate or bicarbonate ions as the following

formulas:

Ca** +C03~ — CaCO;3 (2.4)
Ca** +2HCO; — CaCOs + COy + Hy0O (2.5)

The presence of C'O3 increases the solubility of CaCOj3 in the brine. Increasing
CO2 also creates acidity in the water, decreasing the pH. Formation of calcium
carbonate generally takes place with a drop in pressure, for example, in the well
head. This reduces the partial pressure of CO2, increasing pH and decreasing the
solubility of C'aCO3. Solubility of calcium carbonate decreases with the increase in
temperature.

The chemical equilibrium constant in Eq/4.1] can be read using Chateliers cause and

effect principle as:

[CCLCOg] [(COQ)M]]

K= 2
[Ca®+][HCO; |2

(2.6)

The principle explain that when C'O, is liberated and removed by pressure re-
duction, the C'O, concentration will reduced. To compensate for this effect, more
CaCO3 will be produced to maintain the constant K.



Calcite formation is a typical problem in the presence of water in the range of 10%
to 15% in the extracted petroleum composition, and is first observed by deposi-
tions into the wellhead duct. As the well pressure decreases through well life, the
calcite-forming position moves progressively to the lower end of the production pipe
until it forms inside the well.Gravel packs, perforations and screens may become

clogged.Scale in extreme pressures can be found in the form of aragonite.

2.2 Scale problems in subsea and pipeline systems

Guan [1] presented the performance of subsea equipment in early and later field
production life for a specific field, the work presented a historical analysis of the
different equipment as the figure ??, where saturation ratio(SR), precipitation and

accumulation rate of CaC'O3 are presented.
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Figure 2.1: Saturation Ratio, [1].
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Figure 2.2: Precipitation of CaCO3, [1].

Scale tendency

The likelihood of scaling is represented by the saturation ratio (SR) plot on the
fig SR increases from reservoir/perforation (equilibrium), Completion to X-tree,
then decreases from Riser to FPSO (except late life case where an increase is seen
from riser to FPSO). Greatest increases found in scaling risks at an early field cycle
life which vary from 1.2 (Completion) to 1.5 (X-tree). This is mainly due to the
higher temperatures experienced at an early life which generated greater calcium
carbonate scaling tendency.

Saturation ratio is defined as the ratio of the ion product to the ion product at

saturation conditions. For example, for calcium carbonate (CaCO3):

SR = (CCa+2XCCO3—2)/(CC’a+2XCCOS—2)Saturation (27)

where Cgg,t2 is the concentration of C'a*? in the solution and Cgos-—+2 is the con-
centration of CO372 in solution.

For a given solution SR = 1, solution is saturated with CaCO3.
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Figure 2.3: Accumulation rate[I]

If SR < 1, the solution is under saturated with CaCO3 and precipitation will not
occur. If SR > 1, the solution is supersaturated with CaCO3 and precipitation can

potentially occur.

A concept that is used more often than saturation ratio is called saturation
index (SI) which is defined as:

If SI < 0, the scaling ions are under saturated in the solution at the given
condition and no scale precipitation is expected. SI = 0, the scaling ions are at
equilibrium in the solution. SI > 0, the scaling ions are supersaturated in the
solution at the given condition and scale precipitation is possible.

This index is very used at several scale precipitation prediction [21].
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Scale amount

The maximum mass of scale when is fully deposited is represented by the max. pre-
cipitation plot in the fig. . Similar trends were found — precipitation amount
increases from reservoir /perforation (equilibrium), Completion to X-tree, then de-
creases from Riser to FPSO (again except late life case where an increase is seen
from riser to FPSP). Again greatest increases found in scaling mass at an early field

cycle life which vary from 100mg/1 (Completion) to 250mg/1 (X-tree).

Accumulation rate

This represents the daily maximum scaling rate when certain amount of water is
flowing by2.3} it is therefore dependent on the amount of water production — the
higher the water production rate, the greater the accumulation rate. It is therefore
expected that very small accumulation rate due to the very small water production
at early lifetime, higher accumulation rates at mid and late lifetime due to the much

increased water production.

Solubility

Solubility is a parameter used to assess how much a substance can stay in a solution
without precipitation and is defined as the maximum amount of a solute that can
be dissolved in a solvent under given physical conditions (pressure, temperature,
pH, etc.). The higher the solubility of a compound, larger will be the amount
of the compound that can dissolved in a solution. The solubility of a compound
can change when pressure, temperature, and/or compositions changes. Different
compounds have different solubility. It is well known that the solubility in water of
calcium carbonate, barium sulfate, strontium sulfate, or calcium sulfate is relatively
small. That is why these compounds tend to precipitate from water to form scales.
Water with dissolved salts is also an excellent electrolyte that is required for corrosion
to occur. When free water is high enough to wet the inner pipe wall, corrosion may
occur. The more salts or ions in the water, the more conductive the water is and
the more severe the corrosion rate will be.

Water can significantly change the multiphase flow characteristics inside the
pipeline and cause severe slugs to occur. For example, for the same total liquid
flow-rate and the same gas oil ratio, the total amount of gas inside the pipeline
will be much less with water cut of 90% than with water cut of 0%. With lower
gas flow, the liquid amount inside the pipeline will be higher and it is harder for
the gas to carry the liquid through the riser due to fewer gas energy. Thus, it is
easier to form severe slugs.But based upon the above brief discussions, it is obvious

that produced water has significant impacts on flow assurance risks.Also, in sub sea
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systems, multiple wells are linked to the flow lines on the ocean floor where the
produced brine from different wells commingle[22]. Such production system often
increases the challenges of scale prevention and control.

The most effective way to mitigate flow assurance risks in production pipelines
is to dispose the water sub sea and make sure no water will get into the pipeline.
Unfortunately, the most effective way may not be the most economical way, nor
the most practical way[§]. Currently, the most common strategy to mitigate flow
assurance risks in offshore pipelines are thermal insulation and chemical inhibitions.
But if the amount of water flowing inside the pipeline can be reduced (down
hole separation and/or sea floor processing), the amount of chemicals needed for
inhibition will also be less, resulting in less operation costs. The major factors
affecting the scale precipitation from water are pressure, temperature, pH value,
and dissolved solids in water.Boyun[§] summarized the impacts of these factors for

the common scales in oil industries.

Table 2.1: Summary of Major Factors Impacting Scale Precipitations[§]

Scales Temperature Pressure effects | pH value effects | Dissolved solid
effects effects
Calcium Inversely solu- | Less soluble with | Less soluble
carbonate | ble/Higher Temp. | reduced pressure | with  increased
will form more | / If water goes | pH value
scale to the bubble
point COy would
evolve from so-
lution and scale
likely to form.
Barium For common tem- | Less soluble | Little impact. More soluble
sulfate perature  range, | with reduced with  increased
solubility increase | pressure. dissolved salt
with increased
temperature.
Stronium Less soluble with | Less soluble | Little impact. More soluble
Sulfate increased temper- | in NaCl brines with  increased
ature. with reduced NaCl content.
pressure.
Calcium Less soluble with | Less soluble | Little impact. More soluble
Sulfate increased tem- | with reduced with  increased
perature for the | pressure. water salinity
common reser-
voir temperature
range
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The main means of scale control is chemical inhibition, which includes both
continuous chemical injection and periodic scale squeeze inside the formation.Scale
inhibitors prevent scale deposition and they do not normally re-dissolve the deposits
that have already formed.So the key function of a scale inhibitor is prevention, not
remediation. Scale control strategies can be different at different stages of field
life. At early life, only connate water or aquifer water breaks through. The most likely
scales will be carbonate scales which will be the main focus for scale control strategy.
Scale severity will increase with increased water cut. If seawater is injected at later
field life, sulfate scales can be formed when the injected seawater breaks through
and mixes with formation water. Strategies at this stage would include controlling
both carbonate and sulfate scales. With production, the sea- water fraction in the
produced water will increase with time, and the severity of sulfate scales will change
accordingly.

Literature related to the inhibition of fouling in materials tends to work with
one or more minerals dissolved in the fluid, Zhao [23], studied Ni- PTFE (Nickel-
phosphorus-polytetrafluoroethylene) inhibitors of calcium sulfate to mitigate scale

formation in membrane systems for seawater desalination.

When chemical inhibitors are used for scale control, inhibitors will work with

one or more of the following three main mechanisms:
e Crystal nucleation inhibition
e Crystal Growth retardation
e Dispersion of small scale crystals in the flowing fluid

An inhibitor molecule works against crystal nucleation by interacting directly
with the scaling ions in the brine, and thus prevents the ions from agglomerating
into nuclei. Inhibitor molecules can also retard crystal growth by either adsorbing
onto the crystal surface (the growth sites) or fitting into the crystal lattice to
replace one of the scaling ions (usually the anion). By doing so, it distorts the
crystal lattice or the growth steps thus preventing the crystal from growing rapidly

in a regular morphology.

If small scale crystals have already formed in solution, an inhibitor may also
prevent the crystals from adhering to each other and to other surfaces by dispersing
them in the fluid. The small crystals are hence carried along with the fluid, and scale
deposition is minimized. A particular inhibitor often inhibits scale formation with
a primary inhibition mode. Some are better at exhibiting one particular inhibition

mechanism than the other.Testing and selecting the right inhibitor for a given scale
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problem are very critical for scale control(|[14],[24],]25]).The most important step
for screening an inhibitor is water sampling. With representative samples available,
water chemistry data which is the most important information needed to diagnose
and analyze the scaling potential of produced waters can be obtained. Water
chemistry data include concentrations of ions (anions and cations, like calcium, bar-
ium, strontium, bicarbonate, and sulfate) and pH. Accurate chemistry data of the
produced water under system conditions (in-situ), along with system information
such as production data, temperature, and pressure as well as gas composition are
essential for assessing scale risks and for testing inhibitors. Obtaining representative
water samples requires good practices. For a new oil/gas field, original formation
water samples should be collected. Water samples must be preserved and stabilized
at the time of sampling. Samples without preservation often go through changes
including precipitation of scaling ions, evolution of carbon dioxide (CO2), and
pH drift. If a sample is collected without using a pressurized container, pH and
bicarbonate should be determined immediately on-site. This is because both will
drift rapidly, resulting from CO2 evolution from the solution. It is also important
to determine whether or not the samples have been contaminated by drilling muds
and completion fluids before performing analysis. Finally, the water chemistry data
should be examined by an expert to ensure the quality.Once water chemistry data
is available, the scale prediction can be performed using simulation packages. There
are a few commercial simulation packages available ([14], [22] ). Based upon the
simulations, the nature of scale and potential amount of scale that will precipitate
can be assessed. And proper scale control technologies/strategies can be eventu-
ally developed. A very successful story on how to develop a new scale inhibitor

for a specific field problem in the Gulf of Mexico was reported by Yuan et al. in 2003.

Boyun[8] enlisted the main characteristics that a successful scale inhibitor

has to have :

e [t must inhibit scale formation at threshold inhibitor levels under a range of

brine, temperature, and pressure conditions.

e [t should have good compatibility with the produced water to avoid the for-
mation of solids and/or suspensions. Some scale inhibitors will react with
calcium, magnesium, or barium ions to form insoluble compounds which can

precipitate to form scales, thus, creating new problems.

e [t should have good compatibility with valves, wellbore, and flowline materials,

e.g., low corrosion on metals. Thus, a corrosivity test is necessary.

e It should be compatible with other chemicals, like corrosion inhibitors, wax
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inhibitors, and hydrate inhibitors. The scale inhibitor should be physically
compatible with other chemicals so no solids will form. The scale inhibitor
should also be compatible with other chemicals so their individual performance

will not be significantly interfered.

e [t must be thermally stable under the application temperature and within the
residence time. This can be challenging for some fields with high formation

temperatures.

e The leftover residues in produced brine must be detectable for monitoring

purposes.

For scale control in wellbore and pipelines, inhibitors are required to be injected
continuously so it can avoid the growth of each scale crystal as it precipitates from
the water. For maximum impact against further crystal growth, scale inhibitor must
be present at the upstream of the point where scale precipitation occurs. That is
why in a lot of cases scale inhibitor is injected at the bottom of the wellbore. If
scale is a risk in formation, especially near the wellbore region, it is not practical to
continuously inject inhibitor in the formation. Scale squeeze operations are required.
The scale squeeze technique have been used extensively in North Sea fields for quite

a long time [26].

2.3 Other approaches to scale formation (deposi-
tion) and inhibition

The surface composition of the material, absorption, electric charge, as well as the
tendency to corrosion, can be properties that could affect scale formation. On
the other hand, if this surface has micro-roughness, there is a minimal presence of
contact points, which can reduce the possible formation of scale since the contact
area between the body coating and an external body is reduced. The materials can
have roughness in different length scales. Cheong [27] studied the effect of surface
morphology based on biomimetics (the technique of copying functional forms in
nature and using them in technological systems). The most famous biomimetic
technique is Velcro. This concept in surface engineering is receiving attention as
nature provides a broad spectrum of functional surfaces.

Eroini et al. [I6], studied the capability of different materials to reduce or modify
calcium carbonate (CaCOj3) deposition, in order to understand what constitutes a
surface that minimizes the scale formation potential. Seven different surfaces (stain-
less steel, polyprophosphorocarboxylic acid or PTFE pre-treated stainless steel,

PTFE, diamond-like carbon or DLC, ceramic coated stainless steel and polymer,
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Figure 2.4: Morphology of the butterfly eye ( courtesy ”Biomimicry Institute”, 2015).

and finally a super smoothened stainless steel surface) were tested in two Solutions
of water with different Salt concentrations. Each surface was characterized by con-
tact angle, roughness measurements and dispersion X-ray (EDX). The formation of
calcium carbonate was evaluated by means of an electron microscopy (SEM) scan-
ner. As a result, a ranking was generated indicating the scale inhibition capacity of
each surfaces.Only a few isolated crystals were observed on these surfaces.

Ceylan et al.[28] studied the roughness effect on fully developed turbulent flow
pipes, and generated some empirical formulas to correlate results related to heat
transfer and fouling formation in heat exchangers.The correlation is limited to geo-
metrical constraints.

Lalot et al. [29] generates a neural network to detect fouling formation in a cross
flow heat exchanger, the model validation was based on more than one hundred
experiments. The drawback in this case is that neural networks does not explain
the physical phenomena and only have been limited to detect the fouling.

Albert et al.[30] studied the roughness and constraint effects on fouling formation
in a double pipe heat exchangers using an experimental setup.Crystal formation and
fouling built-up on the heat transfer surface give rise to two effects: an increased
surface roughness followed by an additional constriction of the flow cross section as
fouling progresses. These affect fluid dynamic as well as thermal performance of the
heat exchanger.

Delrot et. al.[3T] generated a neural network(NN) to detect fouling formation
in heat exchangers, their used real data to test the network reliability. The NN is
designed by exploiting the bilinear structure of a simplified model of the heat ex-
changer.

Yang et. al. [32] present a method based on the study of induction period in
three applications; crude oil, crystallization fouling and protein fouling, these models
detected the phenomena from induction time up to the steady fouling state.The
model describes quantitatively the effect of material surface temperature on the
fouling phenomena.Also describes in a quantitative way the influence of velocity over

the induction time. The work recommends more research on the flow influencing
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the phenomena, because it influenced in a more complex way the scale formation
than the surface temperature. The roughness of the material its another effect hard
to incorporate in the models.

Kumar et Al.[33] studied the phenomenon in critical components on underwater
machines as safety valves for production wells (Sub-surface Safety Valves), which
present fouling problems on the springs since formation of incrustation interferes
with the free movement of the same and with the valve Flapper, for which they

were coated with scale inhibition materials.

2.4 Empirical studies related to scale

Andristos[34] presents the results from a experimental system to study calcium
carbonate deposits at isothermal temperature, the study observes a linear increment
of scale deposition for small or moderate periods of time, and a asymptotic behavior
in longer periods. The major observations were that higher velocities incremented
the scale deposition on pipe walls, which is indicative of a mass transfer-controlled
process.Calcite is the only C'aC03 poly-morph found for temperatures less than 25°C,
whereas at higher temperatures aragonite dominates being stabilized kinetically.

Khan[35] works with three Reynolds numbers (in the laminar regime), three
wall temperatures and three pipeline diameters, its uses the fouling resistance Ry
as the main parameter to detect scale formation.It was observed that the influence
of Reynolds number in the range investigated (Re =900-1700) was almost negligi-
ble.However, the influence of tube surface temperature and tube diameter on the
fouling growth was found to be appreciable for the range investigated.In regard to
the laminar Reynolds regime the reality can shows that the majority of the equip-
ment in real systems works in the turbulent regime.

Charpentier et al.[36] studied scale formation under laminar and turbulent flow
conditions for different materials in complex mineral scale environments where coat-
ings and surface treatments were tested.The works presented final results of scale
formation using a comparison between section weight measurements before and after
the experiments, by using a coupon reactor system, the system can rotate at several
Reynolds numbers.

Mavredakin and Neville[37]studied the CaCo3 deposition phenomenon in a stain-
less steel tube in order to understand scale formation. First it was simulated de-
position with the software ”Multiscale”. Scale formation was evaluated with scale
measurement, equipment such as the ”Quartz Crystal Micro Balance” used to mon-
itor the initial conditions of deposition on a surface. A bench was used to analyze
the C'aCoz formation at 80°C and in different water compositions with brine. The

study allowed an interpretation of the areas where concentration of brine generated
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a greater tendency to deposit on the tube surface.In this case the test bed uses a
capillary tube system, where heated water circulates at 25 ml / min, which allows
the formation of scale in a period of one hour due to the micrometer diameter. The
experiment circulated was 400 pl/min.

Hamid[I7] proposed a methodology using empirical models from the high-
pressure experimental system; also, a CFD model was created to account for flow
velocity. Then a Neural Network(NN) to predict scale formation was created, com-
parisons between the experimental data and NN model was made. The experimental
system was limited because the higher cost derived from the use of higher pressures,
also the experimental system does not allow to test higher flow velocity in the ex-
perimental setup.

Wang [38] studied the effect of flow velocity on the calcium carbonate fouling
in smooth tube. A number of experiments were performed to determine the whole
process of calcium carbonate deposition in a double pipe heat exchanger in a long
term.The flow velocity mostly is studied ranges from 0.2 m/s to 1.6 m/ s, and flow
state is turbulent flow.

Vazirian et al.[39] studied scale deposition at the end of multi oil-water separation
facility during five months. Were tested different coatings and concluded that surface
engineering techniques can mitigate the fouling phenomena and even improve the
flow assurance on petroleum and gas facilities.

Paz,[40] et al.proposed a calcium carbonate scaling prediction method using Ar-
tificial Neural Networks(ANNs). The ANNs were fed with the initial concentration
of NaH-O3 and CaCly used for the experiments. These experiments were per-
formed in a small temperature-controlled automatically stirred batch reactor, where
acquiring real-time measures of temperature and pH was possible. The small size of
the reactor allowed them to perform experiments under a variety of initial conditions
of salts concentrations and temperatures. The quantity of gathered data was good
enough for them to fed the ANN to improve the prediction method. This method-
ology, using a batch reactor, can be scaled up in order to develop a mesoscale loop
which can be used to study different parameters as C'aC' O3 accumulation within the
pipes, this parameter would be difficult to study in a small diameter pipe as the
accumulation of CaC'O3 would be minimal. Another characteristic that could be
studied is the fouling resistance as it increases with the C'aCO3 accumulation.

Although there is an extensive bibliography on experimental tests, no labora-
tory tests were found that could describe the formation of scale in order to mimic
phenomena that may occur in an oil well, most of the studies describes experiments
of short duration and diameters excessively small that generate deposits in a short
time (diameters in order of micrometers of the capillary type) or describe phenomena

that occur in scale heat exchanger systems.
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2.5 Models to predict scale deposition

Mathematical models to predict scale deposition have been developed over the years,
specifically to predict fouling on heat exchangers, petroleum distillation facilities and
well-bores, these models are known as deposition-release models. A large number
of semi-empirical models are derived from these works, being developed and opti-
mized to date, with variations in flow composition, loop geometry and configuration,
fluid density, temperature and flow velocity, among others. In Chapter Three some
remarkable models are described in more detail.

Early models such as Nelson [41], Kern and Seaton [42],Crittenden et. al.[43],
Epstein [44] are based on the Arrhenius equation and are not able to predict the
effect of fluid velocity and its ability to remove the deposit.

Takemoto et. al. [45], used data collected over a period of 3 years in an oil
distillation unit, where it was possible to determine the correlation between the
total fouling rate of the equipment and its wall temperature. This correlation was
then successfully used to predict the thermal efficiency reduction of the preheating
battery, operating with ”light” oils. However, as the studies come from operational
data, the range of results is limited. Consistent results of velocity and temperature
were reported in this study, and it could be verified that the decrease in flow velocity
and the increase in operating temperature led to increase the incrustation observed.

Ebert and Panchal [46] proposed a mathematical model to quantify the effects
of flow velocity and the fouling by tube sides in oils at high temperature, from data
collected from pilot plants studies, where the study of coking data by Scarborough
et al.[47]was used. From the observations made, they adjusted the data obtained in
a numerical model where the inlay rate is the result of a competition between the
deposition process and the removal process. This model allowed users to estimate
operating conditions where the fouling rate would approach zero. This information
provides a quantitative basis for improving the unit in operational terms and new
information for designing units and updating existing ones.

After the model presented by Ebert and Panchal (1995), many authors presented
variants in subsequent years. Ebert and Panchal (1999) presented a review of the
original model using pilot plant data and operating units, taking into account the
Prandtl number raised to a power.

Polley et. AlL[48] presented a model based on the experimental results obtained
by Knudsen et. al.]49] and similar to that proposed by Patterson and Fryer[50] with
explicit dependence on the wall temperature, rather than the define temperature,
and a removal term analogous to that proposed by Takemoto et. Al. [45]. Nasr and
Givi (2006) proposed a new model for heat exchangers to preheat petroleum based

on experimental results obtained in the Salehet study. Al.[51]. The model advantage

19



is a non-dependence of the Prandtl number, as well as an exponent determination
of the Re number from the calibrated data of operational data. It was possible to
calculate the operation parameters such as shear stress, film and wall temperature,
thermal exchange coefficients, flow velocity and operational factors, where it was
possible to obtain relations between the mentioned parameters and the evolution of
scale resistance.

Al-Hadhrami[52], studied the inlaying of CaCO3 in a loop varying the flow ve-
locity between 0.5 and 2 m / s, the test section was modified geometrically in the
form of helical tube To assess whether the scale decreases in a tube having these
characteristics, it has been observed that the scale decreases as the flow velocity
increases inside the duct since geometry increases the turbulence effect inside the
helix tube.

Foruatan et. al.[53] studied the parameters of precipitation in working conditions
(temperature , pH, salt concentration). With the obtained data it was possible to
generate an analysis program inspired by neural networks capable of predicting scale
formation data for different cases and arrangements with a 5% error.

Harche et. Al. [54] studied the performance conditions of a crude oil preheating
system. This paper aimed to extrapolate empirical models based on the Kern and
Saton models (1959). The results show an exponential evolution of the scale deposi-
tion in this equipment, probably due to lack of maintenance. They also revealed the
coexistence of four types of fouling; precipitation of mineral origin, presence of insol-
uble materials (eg. sand), incrustation due to chemical reactions, and incrustation
due to corrosion.

Pakkonen [55] studied the accuracy of experimental results by uncertainty anal-
ysis, used SEM and XRD to determine the morphology and the composition of the
deposited slats. The uncertainty analysis shows that the bias and precision uncer-
tainties in the measured wall temperature are the largest source of uncertainty in
the experiments.

The total uncertainty in the fouling resistance in the studied case was found to
be + 13.5% at the 95% confidence level, then Pakkonen [19] studied the formation
of fouling from calcite (CaCOs3) in a flat surface heat exchanger. The scale deposi-
tion is evaluated from the inlay thermal resistance (Ry). The uncertainty of scale
deposition is evaluated again. Thus the empirical model was evaluated through an
experimental test. The work found a dependence on scale-up time with the fluid
flow inside the exchanger. They concluded that the mass transfer term in the scale
deposition process presents a large number of uncertainty parameters (including
surface roughness of the exchanger).

The empirical models described above are structured for the analysis of heat ex-

changers, both in petroleum distillation systems used in refineries, as well as steam
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boilers. The objective in a simplified way, is to describe the fouling process us-
ing models where scale rate is evaluated in terms of thermal resistance (Ry) or
"fouling resistance”. The model can be applied in pipes using input data based on
physiochemical characteristics of the fluid such as viscosity, density, heat transfer
coefficient (C'p). The major parts of the empirical models describe the phenomena
through real-time measurements of the physical parameters (inlet and outlet tem-
perature, flow rate, fluid density) and aims to predict at what time ¢ will be reached
a stabilization of the incrustation observed by the formation of an asymptotic curve
described in these publications. Yang[I8] combined the effect of fluid flow and heat
transfer on scaling,then proposed a mathematical model for predicting CaCO3 for-
mation, which is based on the model for calculation of deposition and removal mass
rates. The model was used to predict the scaling in water injection well-bore of low
permeability reservoir in the Shengli Oilfield. Prediction results were in good agree-
ment with measurements. It was found that the scale layer thickness increases with
the injection water time and scale-forming ions concentration, while it decreases
with an increase on daily injection water rate. However, different geometry, compo-
sition and flows in the equipment causes that empirical prediction models present
a certain degree of uncertainty, giving rise to repeat the tests and generate an ad-
justment curve to represent the inlay behavior. To study the inorganic scale in the
loop, several sensors were used among them an IR Thermography camera, which
can gives sensitive information related to temperature changes on external pipe wall.
Currently there are few studies of experimental scaling and scale formation carried
out using these IR in real time.More details on sensor systems are in chapter 2.

As described previously, there are several models to predict scale deposition
phenomena. Most part of empirical models used thermo-physics properties of the
fluid; viscosity, density, heat transfer and coefficients C,, [56].

Due to the complexity and variety of the studied compositions in literature,
is necessary a simplification of the problem to controllable parameters in order to
evaluate which physical magnitude will inhibit or accelerate a specific scale process,
at this thesis Calcium Carbonate will be the main scale component, because it is
the most common phenomena in scale precipitation and crystallization during oil
production processes. The exposed empirical models only presents scale deposition
in small diameter capillary systems(1/8 inch), [1], [57], [16], [58],[59], distillation
batteries[60],[61] heat exchangers[52],[31] and rotating tanks, most of the works
studied the phenomena during a short time, or low Reynolds number especially
when are related to study the phenomena in pipes[62].

Prediction of fluid flow in offshore engineering is a task which still has an ongoing
production of models and concepts to predict flow assurance in petroleum explo-

ration and production, Shippen[2] enumerated the main focus of a design workflow
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in the multi-phase area:
e The behaviour of the lower completion design (reservoir contact)
e The response of the upper completion design (tubing and artificial lift systems)
e The impact and proper design of surface equipment and connecting flowlines.

For systems in operation, multiphase flow studies provide insight into which param-
eters may be adjusted to maximize production, efficiency, and net revenue. Such
operational parameters include gas lift injection rates, pump speeds, choke settings,
and others. More-advanced analysis of multiphase systems further explores the im-
pact of specific multiphase flow characteristics such as flow pattern, liquid holdup,
and slug properties. This management are among others; prediction of erosion and
corrosion, identification of unsteady flow (heading or liquid loading in wells and
severe slugging in risers) and solids deposition.

Five models were studied and developed in Matlab software to predict mass depo-
sition rate(K g) ; three adapted asphalt particle deposition models [3], a deposition-
release model[18], and an adapted paraffin wax deposition model [63], then they were
compared with experimental results using direct mass deposition measurements as
a way to correlate with the scale growth, those comparisons are on chapter 5. These
models fall under the classification of empirical models of type ”"C” as stated by
Shippen[2] where Slip between phases and the flow pattern is considered, with this,
the models can be considered as multiphase models because those have the objec-
tive of model scale growth phenomena which encompasses two phases, a fluid one
and a stable one corresponding to the transported C'acO3 particles in the flow loop.
A detailed chart showing the evolution of several models along the years is in [2.5]
Correlations to predict liquid holdup and the friction factor[64] as well as methods

to predict the flow pattern were developed.

22



—— More Physi

LedaFow P

Mechanisth q OLGAS _Q
[Phenomenclogical) ERHILUUS a0 Ansasl PetmlaBisie T TURFP Unified
00 =OH) 009 —
& Fogarasi 0 & Hakir

Empirical Category C S .

v Slip Durs & Rt Cirisgevenks Mukbesjee & B

' Fiow tegne O & o 9
[empirical Categary B =y e O"‘“’

J ﬁ]p L B.rn-u-l:.h

Juber B Find)

Ly s e Duift Flus. v
IEMHI W”A Prsatmannd Bazpndal B

x slip Carpanter O 0“'“"“’

H Lockhart &

X Flow Regime i

Single-Phase 2-Phase (Ges-Lguid]  3-Phase (Gas-0il-Water) WdinationAngle  Evolutionary

Homogeneous O Key: —_—

MM HIM M Darcy-Weishach-Moody

| ) |
15!:; 19\150 l’Eéﬂ 19?}0 1980 15590 2000 Eﬂ!lﬂ
Flow Equation Formulation Empirical Period Awakening Years  Modeling Period
neering Application Intuition Graphical Steady-State Translent Coupled
ng

Figure 2.5: A chart describing the evolution of multiphase models according to [2]

23



Chapter 3

Scale prediction models

3.1 Deposition-release model

The models used the following entrance variables to predict the mass deposition rate;

those variables were the main parameters which affects the scaling phenomenon,

based on several authors:

The model has these assumptions for simplification:

e Fluid density is considered as water.
e Initial roughness of scale is as the stainless pipeline.
e The induction period of scaling layer was too short so is not taken into con-
sideration
e Scale density is constant and stated as determined by Pakkonen [19]
. Table 3.1:0113\/[ain parameters affecting scale build-up in the models
arametor 5.

Bulk concentration(C})

Pipeline temperature affects the precipitation of inorganic scale and less directly asphaltenes and naphthenates;

also several crystals may form in the experiment, those crystals also depends on this parameter; [65], [06],[67],[G8]

Bulk Temperture (Tpu)

Higher temperatures can precipitate more particles in the fluid; [18],]69], [70]

Wall Temperature (Tyy.)

When the radial temperature drop is primarily outside the steel wall of a subsea
pipeline, the inside wall temperature is very close to the bulk temperature.
Rough calculations for typical pipeline conditions show that the inside pipe wall temperature in subsea pipelines are

only 1-2C below the bulk temperature.[7]

Flow velocity (Vel)

Flowrate phenomena have only gradually emerged in software models to predict precipitation.
The link between precipitation and deposition continues to be the weakness of software mod- elling.
The deposition of solids is more complicated than the precipitation of solids.

Laboratory flow-loop and field data are required to couple the phenomena of precipitation and deposition.
Such data are expensive to gather and often difficult to interpret; [71], [72], [? ], [38]
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3.2 Yang model

Yang[18] proposed an iterative solution to predict scale thickness based on the work
of several authors,[42] [73] as the difference between deposition and removal rates

more known as the deposition release model:

dm/dt = dmg/dt — dm,/dt (3.1)

The crystal mass per surface area at a determined time ¢ + /A, is calculated as a
sum of the total mass per surface area on time t added to the calculated mass rate

during the new computing time step A;:

My Ny, = My + dm/dt * At (32)

The thickness layer is calculated as the deposit mass in each time step At per

surface area divided by the density p; of the scaling layer:

Xy = mt+At/pf (3-3)

3.2.1 Deposition mass rate

The mass deposition rate is the sum of the crystallization deposition mass rate and
the particle deposition mass rate:
dmg dm., dm,

i - ar T at

(3.4)

Mass rate of crystallization

Yang proposed a formula for the rate of crystallization as:

1/4
dme 1 B 1 B\ B

where A is the total concentration difference:

Ac=Cp—C, (3.6)

CF is the bulk concentration, C; is defined as saturation concentration, calculated
as in function of :
AH, JANG

p
= T .
23s ket | R 9T EC (3.7)

ZOQ(CS)
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where AL, is solution enthalpy stated as -81 3, Ac,is the difference of heat capacity
of calcite as stated by Jacobs[74], R is molar gas constant, C is a parameter given
by J. Lammer.
[T5]stated Supersaturation of CaCOjs crystals in function of Bulk temperature:
For Calcite:

AC, = —184.79+0.32322T g1, — 36882005 T s> — (1.297dexp—4)* (T ) +3883+ Ty >

(3.8)
The Ty is the surface temperature of the scaling layer calculated as[70]:
Tf = Twall —q* 1.4e—4 (39)
The mass transfer coefficient is a function of the Sherwood number:
Shx D
g="" (3.10)
do
Sherwood number is according to Lammers:
Sh = 0.034 * Re"®™ % 5333 (3.11)
Where:
Veld,
Re = ~2%P (3.12)
U]
N
Se = (3.13)
pDcoef

S, correspond to Schmidt number, and D,.s correspond to the diffusion coefficient,

this last therm is according to Stokes-Einstein equation[77]:

kBT Buk
3mudp
Where Kp correspond to the Boltzmann constant(Kp = 1.38%10723J/K), d,, is the
particle hydrodynamic diameter(CaCOs m=36um as stated by [18]), p is solvent

Dcoef = (314)

viscosity(in this case water) and Ty is bulk temperature.

Deposition mass rate of particle

Following the Kern-Seaton model [42] the deposition mass rate of the particle as a

function of the concentration of particle in the solution and particle deposition rate:

dm,,
dt

= C,V, (3.15)

26



The concentration of particles is a function of supersaturation as stated by Quan[7g]:

C, = —16.647 + 1.6675b (3.16)

The supersaturation degree is calculated as:

C(Ca?H)C(CO%)

Sb =
log K spp

(3.17)

The K, is the solubility product of CaCO;z; crystals at the solution

temperature(Tp,x), is calculated as calcite, Vaterite and Aragonite by
Busenberg[79]:

e For Calcite:

10g(Kp,C) = —171.9065 — 0.077993(Thusk) + 2839.319/ Tyuir, + 71.595009(Tyuire)
(3.18)

e For Vaterite:

log(KypV) = —171.9065 — 0.077993(Thui) + 3074688/ Thusie + 71.595009(Thure)
(3.19)

e And for Aragonite:

log(KyppA) = —171.9065 — 0.077993(Thusi) + 2903.293 ) Tyuur, + 71.595009(Tyuir)
(3.20)

okl B Tl Y WP

Figure 3.1: CaCO3Calcite Crystals generated during the experiment

Following Quan et al.[78], the particle deposition rate is described as follow:
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4 — (3.21)

0.07(Sc)"2/* — 7+ <= 0.02(diffusion regime)
3.521074(77)? — 0.02 < 7 < 20(diffusion Inertia) (3.22)
0.18 — 71 > 20(Inertia)

Details respect to those regimes are stated ahead.

Friction factor

Calculation of friction factor is not only necessary for determining pressure drop in
pipelines and heat exchangers but also essential for the Nusselt number in turbulent

tube flow. The parameter was calculated using the equation proposed by Azizi [64].

e 1.108 —2
o .164
f= (1.805l0g(D1 >-16 )) (3.23)

4.267 * Re-966

Azizi proposed to estimate the friction factor of turbulent fluid flows in rough pipes
over the ranges of 107° <e/D; < 0.05 and 2000< Re <108 for which this experimental
loop satisfied the conditions.

The friction wall coefficient of the loop pipeline was analyzed (stainless steel
304L), measured by a profilometer model DEKTAK IIA, fifteen measurements were
made on sample surface without surface treatment. The prove extracted for mea-
surements and profilometer are in figd. I} This parameter was incorporated into the

models to calculate the friction factor.

Table 3.2: Specification of pipe wall roughness

Roughness Units

Mean Value

22606 Armstrong
2,2603 micrometers
Relative rough- | 0.000827949
ness e/ D;

Calculation of the removal mass rate

Removal mass rate is calculated as [80]:

dm, K
;’Lf = 50s(1+ AT dy(o"ng) X Vel (3.24)

Vavg 1s the average flow velocity, above the scale growth, g describes the gravity force

effect, P describes crystalline action force, K is a parameter equal to the number of
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Figure 3.2: Profilometer and sections to roughness measurements

fault points in the fouling layer.(1+JAT') describes the temperature stresses, in the
fouling layer. 0 is the linear expansion coefficient and AT’ the temperature gradient
in the fouling layer, d, is the average C'aC'Os crystal diameter(36 pm).

An approach to K/P calculation is present by Krause:

P/K = 83.2V254 (3.25)

avg

ps is the average density of the fouling layer kg/m?[] kg/m®. Bulk velocity V

comes as a function of flow rate (), fluid density and tube diameter:

Vavg - W (326)

Finally, the total scale thickness is the sum between the average total thickness

from time ¢ and the new growth within the time step At:

Xyror = Xy + ——— (3.27)

3.3 Matzain Model

Matzain[63] developed a semi-empirical model, used as a wax deposition model, in

this thesis was modified to attend scale deposition based on experimental analyses.

dd IT dC,, dT
- = rlmpmf[ﬁﬂ] (3.28)

dd is the thickness of deposited layer on the wall(meters), Dy is calculated
by equation [3.14] C,, is of particles, in this case, the particles were assumed to be
composed entirely of C'aCO3 concentration in solution, r is pipe radial distance,
dT/dr is the thermal gradient.

II; corresponds as an empirical correlation accounting for the porosity effect
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on the deposits build-up and enhancement mechanisms not considered by diffusion

coeflicients:

I, = _CIC_L (3.29)

100
Where C correspond to 15 and (7, is defined as:

Np, 01
Cp =100 (1 — ; ) (3.30)
Np, is defined as:
2r;
Npe = 2270 (3.31)
14
II, corresponds to:
Il = 14 Cy(Ngp)“? (3.32)

where Cy = 0.055 and C3 = 1.4.
In this model, for simplification, the flow regime value of Ngg is calculated as a

single phase:

)
Nop = % (3.33)

Thermal gradient is given by:

dT _ Tbulk — Tfh

— .34
dr k (3.34)

Where T, is inner flow temperature, T is deposit surface temperature, £ is ther-

mal conductivity, and A is the inner wall heat transfer coefficient, calculated as:

h = Nux\/d; (3.35)

Where Ay is the heat conductivity of the test tube, d; internal diameter and Nu is
the Nusselt number. Wang [38] proposed a calculation of Nusslet number depending

on flow regime as

Laminar flow:

d, 1/3 i 0.14
Nu = 1.86Re'/3Prl/3 (f) (”—) (3.36)
o
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Transition flow:

6210~
Nu = 0.023Re"8 pr0-4 (1 - %) (3.37)

And turbulence flow:
Nu = 0.023Re® Pro-4 (3.38)

3.4 Models based on particle deposition

Shirdel, [3] presents several deposition models where the main factor is the transport
coefficient K;, which is analogous to particle velocity towards the wall, this factor
can be calculated depending on the governing deposition mechanism, which are

diffusion, inertia or impaction.

a b c

Figure 3.3: Deposition mechanism, (a) diffusion, (b) inertia, (¢) impaction.[3]
Those values depend on the particle stopping distance equation:
ppdp2

S, =V
p p18/1/

The particle stopping distance is defined as the distance a sphere (mass, m,, diam-

(3.39)

eter, dp, and density, p,), with an initial velocity V,, travels in free-flight through a
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stagnant fluid before it stops because of the dragging force. Assuming that V), is the
particle velocity which depends on the particle position in the flow stream, stated
by Friedlander and Jhonstone[81] as:

V, = 0.9V, g (3.40)

Based on the S, value, one of the three deposition mechanism becomes dominant,
as stated below:

0< S; < 5: Stopping distance is located in the sub-laminar layer.

5 < S; < 30: Stopping distance is located in the buffer zone.

30 < S; : Stopping distance is located in the turbulent core.

The particle relaxation time, ¢,, is the time for the speed of a free-flight particle
to decay to 1/e (or 36.8%) of its initial value, defined as:

2
PR dep

= 3.41

This is regarded as the particular time in which particles respond to changes in fluid
velocity, being considered a measure of particle inertia. In general, particle motion
is not affected by eddies with lifetimes shorter than tp. The equation can evaluate

the lifetime of the near-wall eddies:

i

The occurrence of slippage in the near-wall region can be evaluated by comparing

te =

(3.42)

t, to t.. The ratio tp/te is known as dimensionless relaxation time:

The dimensionless relaxed time of particle is defined as:

t; _ ppdg%f/Q‘V;zng (3.43)
18w

Where V,,, is fluid velocity, 1 dynamic viscosity, d,, particle diameter of the sus-
pended solids and v kinematic viscosity, f is the fanning friction factor determined
by[64] and [82].This dimensionless parameter provides a quantitative measure of
particle-fluid slippage and can be applied to classify experimental data in the three
deposition regimes, diffusion (! < 0.1), diffusion-impaction (0.1 < ¢ < 10), and
inertia-moderated (¢, > 10) the three regimes can be encountered at ﬁ.

The particle deposition rate, Ny, is defined as the number of particles depositing
in a specific area of a pipe during a known period. It is equal to the radial particle
flux, N, evaluated at the wall vicinity (y=0). It can be expressed as the product of

a transport coefficient, K4, by the average particle concentration in the flow Cfy.
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Kq

Kf—— 4
Vavg/ [ /2

(3.44)

Particle deposition rates, frequently reported in the form of K vs t7. When
those parameters are used to plot experimental data in a logarithmic graph, the
result is a characteristic “s-shaped” curve like Fig. The particle diameter was
measured according to experimental results, where a C'aCO3 sample analyzed by
digital microscopy gives d, estimated according to the average size of CaCO5 par-

ticles in the sample.

1E+00

Diffusion i Diffusion- Inertia-moderated

1E-01 -

1E-02
J 1E-03

1E-D4

1E-05

1E-06 . .
1E-04 1E-03 1E-02 1E-01 1E+00 1E+«01 11E«02 1E+03 1E+D4

L

Figure 3.4: Deposition diagram of experimental data. Changes in dimensionless
relaxation times, caused mainly by variations in particle size and flow velocity, can
lead to different deposition regimes.[4]

3.5 Attachment process

A phenomenon that significantly affects the solid deposition is the attachment pro-
cess. There are several active forces between particles and fluid, as well as the
particles and the wall. The source of those forces can be electrostatic and polar
attractions or the shear forces due to high velocity and viscosity of the moving
fluids. In gas flow, since shear forces are weak, attachment of the particles is not

pronounced. However, for liquids system, these forces are very significant.
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One approach to include the attachment process is applying sticking
probability(SP) function to the final transport coefficient, where the deposition
coefficient is:

Kp = SPK, (3.45)

Watkinson and Epstein defined SP as:

SP o AdhesionForce BetweenParticlesandW all (3.46)

DragForceonParticlesontheSur face

Using an Arrhenius type expression and drag coefficient to calculate adhesion

force and drag force, respectively:

(3.47)

Here Kp and E, are provided by Yang [18]. The complete equation for particle

deposition flux, considering the attachment becomes:

my = SPK,(C, — C,) (3.48)

Where C,, is the average particle bulk concentration in fluid as stated by Quan
[78] and Kor [83], and C; is the wall particle concentration.Cj is calculated as [I8]:
—-ALH, AC,

T 3.3RTY + 7 X log(Ty) + C (3.49)

log(C's) =

Ty is defined as surface temperature of scale layer defined by[76]:
Ti = Twan — q(1,4e™%) (3.50)

With my defined, the next models only changes the transport coefficient K;
depending on the three dominant regimes.Then, my is substituted for equation [3.5

and complemented in for the new models approach.

3.5.1 Friedlander and Jhonstone Model

Friedlander and Johnstone considered large particles sizes tp™ < 0.1 in their models
to calculate the transport coefficient in the three conditions, depending on stopping
distance value:

0 < S < 5: Stopping distance is located in the sub-laminar layer.

Kt _ V:wgf/2
L+ VI, 50.6))

5 < S; < 30: Stopping distance is located in the buffer zone.

(3.51)
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avg.f/2

K = (3.52)
(L+ v/ f/2(5In g5 %5555 — 13.7))
30 < S]j . Stopping distance is located in the turbulent core.
Kt - ‘/avgf/Q (353)

3.5.2 Beal model

Beal (1970) developed a model based on Brownian and eddy diffusion, using a similar
approach as Friedlander and Johnstone (1957). Besides, Beal (1970) assumed a
linear equation for mass and momentum flux.

The following equations present the transport coefficient for the different stop-
ping distances obtained.

0< S; < 5: Stopping distance is in the sublaminar layer.

Kt o Vavg \/

- (HPSEPR(Se,8,7) — Ty ScAPG(Se, 8,7) + (5+

1.5D, T

y)(DB — 0.959y)In Databi _ 250

pzpe pipe
5 < S; < 30 : stopping distance is in the buffer zone
K — -‘/CL'Ug \/ f/2
t 5[1 + 10 Jin] Dp+5.04v = 10 1-13.714/f/2
D Tpiper D =0.959) " Dy 1 (5F 2005000 (DH, (6 202) V2
(3.54)
30 < 5’; . Stopping distance is in the turbulent core.

K, —
113732
3.5.3 Cleaver and Yates model

Cleaver and Yates applied a stochastic approach to obtain the transport coefficient

for small relaxation times (#; < 0.2 ). Where the diffusion mechanism is dominant:

0.084V,501/f/2
K, = T (3.56)

Later Epstein combined Cleaver and Yates model with Papavergos and Hedly
model, which also is a stochastic approach, with this Kt was proposed for situations
when the inertia and impaction are dominants:

02<tr <10
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K} =0.00035(tF)? (3.57)

K; = 0.18t (3.58)

3.6 Model algorithm

Based on the prediction models, a software was developed in Matlab described more

in the flow chart on Fig[3.5
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Entrance variables: D, Vavg, Twall,
Thulk, Bulk concentrotion

!

| Determine time step At I

!

Velocity field

|

Deposition mass _ Removal mass rate
rate dmy fdt

dm, fdt

Total mass rate: dm-'lfd: = dmdfdl: - dmr-';d:

t=it+At 1

Total mass rate: m = my = M4 + dmlrfdt « At

l

X ="fpy

No

Figure 3.5: Scaling prediction chart

The models parameters are; Particle concentration(Cy), Bulk temperature(Zpuy),
Flow velocity (1t /min) and Wall temperature(T,q;), these are the main factors which

can affect the scale build-up process.

3.7 Heat Analogy

Describe the fouling process where the scaling rate is evaluated on therms of Ry

(fouling resistance) with this value scale thickness is derived from having an approx-
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imation of the tube scaling process and proceed with the mitigation strategies.
The scale formation model is derived from the work by Belmar and Beiny [5] on

heat transfer exchangers:

Rrot = R, + Ry (3.59)

Where Rr, is the total heat resistance of the system m2?K/W, R, is the heat
resistance without fouling and Rf is the fouling resistance, rearranging the formula

based on the work of Pakkonen [19] the fouling heat transfer can be determined by:

Ry = Rrot — Ro = ((Tw — Tour))/qt)e — (T — Touar)) /@t )o (3.60)

Where ¢ is the heat flux, ¢, and 0 denote time and initial time respectively. T,
and Tp,, denote the wall temperature at analyzed pipe section.Where T}, and T,

are the inlet and outlet temperatures. Tz, is:
Tsur = (Trn + Tour)/2 (3.61)

The heat transfer rate g from higher temperature to lower temperature comes by
Fourier law: T

= —kA— 3.62

q = (3.62)

k is heat conductivity of pipe material(W/mk), A is surface area(m?), T temperature

in Kelvin and r radius in m. Where A is:

A=2nrL (3.63)
Replacing 3.29 in 3.28 gives:
1 —k2nL
Sdr = g (3.64)
r q

(T, - 1) (3.65)

Rearranging gives:

(T; = T,) (3.66)

For flow assurance problems its more suitable to use the internal heat transfer area|?

|, the steady-state heat flow equation can be written as:
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q k2w L

4 = T, —T, 3.67
The general heat transfer equation is:
q=UA(T, - T) (3.68)

Where U is the overall heat transfer coefficient(W/m?K), the value of U in a circular
pipe comes as:

% - hi + Ry + %ln::— + (hio + Rfo):—: (3.69)
The overall heat transfer equation used the inner pipe radius. The individual heat
transfer coefficients, h; and h, are referred to the inside and outside heat transfer
areas, respectively. Hence the term r;/7,. The terms Ry; and Ry, are the inside and
outside fouling resistances, respectively. The terms ; and h, comes in function of

Nusselt number:

kN
hiy = 0 (3.70)
di,o
Where Nusselt is in the function of Reynolds and Prandtl number;
Nu = 0.023Re"® Pr®3 (3.71)
with Prandtl number:
Cpp

For a heating pipe, the Prandtl number changes to 0.4.

3.7.1 Fouling curves

The fouling process is indicated by fouling factor Ry described by heat transfer; this
representation is the fouling curve (R; —t).Typical fouling curves are in figure 2.3.
The delaying time, t4, indicates an initial time without fouling formation. t,4
is not easily predicted, however, for some surfaces or heat exchangers systems, the
fouling can be random, and a pattern can appear. After a cleaning process on

affected surfaces, t; tends to decrease. Most common fouling curves are:

e Linear curve, indicates a constant deposition rate (¢,) associated to a remotion
rate (¢,) negligible in this case (¢, ~ 0) or a difference between ¢, or a constant
¢,. In this way the fouling deposition increases on-time generating a straight

line (Ry= a;) where“a” is inclination.
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Figure 3.6: Fouling curves [5]

e Decay curve; Results in a decreasing deposition rate ¢4 and constant removal

rate ¢,. The deposition rate increases over time but not in a linear form.

e Asymptotic curve ¢4 and ¢, are directly proportional until ¢pg=¢,.In this way,
the deposition rate decays with time, then exist the chance of operating the

equipment without an increase in the deposition.

On industrial operations, the asymptotic (R}) curve can be reached in a matter
of minutes, or otherwise can take as long as weeks or months, depending on operation
conditions.

For this models the materials deposited for unit area (my) are related to
fouling resistance(Ry), scale density(ps), thermal conductivity(K;) and deposit
thickness(X ;) by the next formula:

mf:pf*Xf:pf*Kf*Rf (373)

where

Ry = AR;/K; (3.74)

Some values for K are in table

The curves on fig. 3.1 are assumed as ideals in as much as industrial situations
these curves can’t be observed explicitly. An approximated representation can is on
fig3.7

The sinusoidal form may be due to fouling removal during short periods followed
by a fast fouling increase. The segmented curve represents an ideal asymptotic

characteristic.
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Table 3.3: Thermal conductivity in some typical fouling composites[0]
| Fouling Material | Thermal conductivity(W/m  K) |

Alumina 0.42
Biofilm 0.6
Carbon 1.6
Calcium Sulphate 0.74

Calcium Carbonate 0.97[19]
Magnesium Carbonate 0.43

Titanium Oxide 8

Wax 0.24

Fouline resistance. { R

aal Time, (t)

Figure 3.7: Simplified fouling curve and periodical fouling curve indicating the delay time

[6].
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Chapter 4
Experimental loop

The main factors to consider in a scale build-up experiments related to CaC'Os are:

e Scale concentration: Higher concentrations should increase the amount of scale
formed on pipe walls.The experimental systems works in a first moment with
CaCO3 and deionized water, to generate the scale, two solution of CaCl and
NaHCOs were combined in the tank:

Ca** + CO3~ — CaCO;5 (4.1)

Once the solution is combined CaC' O3 particles are formed and travel in the
loop system, Shirdel[3] states that scale particles travel in the buffer zone of
the pipeline system until reached a stopping distance depending on particle
diameter and fluid conditions. Between the fluid conditions, the viscosity of
the mixture can have an essential role because it could affect the flow regime,
concerning this, a rheometer is used to test the different mixture viscosity used
in the experimental system at different temperatures.Also, the concentration
of particles(ppm) travelling in the loop system was monitored in three sections;
tank, entrance and outlet of the loop system during all the experiments using
a particle concentration turbidity equipment (DIGIMED DM-TU-EBC).

e Flow velocity: Flow velocity has a complicated role in fouling. The increase
in velocity enhances mass transfer and promotes deposition, which is due to
the increased turbulence and further ions transport. Increased shear at the
interphase reduces the probability of the adhesion of the depositing material
reaching the solution fouling layer inter-phase. Therefore, the increase in the
flow velocity may either increase the fouling rate (mass transfer controls) or
decrease it if the interfacial shear has a more significant effect (surface integra-
tion controls)[38]. Greater flow velocities lead to higher turbulence intensities,

which increase transport rates in the hydrodynamic core by eddy diffusion. As
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a consequence, large particles reach the boundary layer with higher velocities,
and their deposition in free- flight due to particle inertia is enhanced. Sub-
micron particles also tend to reach the boundary layer with higher velocities.
However, they are so small that their momentum is still limited, and they keep
following the turbulent vortex till reaching the tubing surface. The slight in-
crease in deposition velocities observed for those particles is caused exclusively

by the increase of eddy diffusion [4].

Bulk Temperature: Chemical reactions in the fluid are affected by the tem-
peratures since it determines the activation energy of certain chemical reac-
tions.Also it determines the concentration of C'aC' O3 particles, which varies in

function of bulk temperatue as stated by [79].

Thermal exchange surface: this parameter is used to control the rate of scale
formation on the inner pipeline surface, the thermal exchange surface is en-
hanced at the loop system by the 4400 Watts resistances before the main
studied section. The studied section consists of a bypass system performed to
create the experimental condiction transduced in thermal equilibrium of the
loop system, once the thermal equilibrium is reached the bypass position is
changed and opens to the test section which is monitored in real-time by the

IR camera at a distance of 0.4 m.

pH: This factor determines the alkalinity or acidity suitable for certain minerals
to form. During all the experiments with the turbidimeter measurements, pH

measurements were performed.

Surface Roughness: some surfaces are more likely to encourage the formation
of biological fouling, and some improve mineral deposition. A rough surface
provides a broader area that serves as a bond site that favours inorganic salts
attachment. The wall roughness of the loop system was measured (stain-
less steel 304L) by a profilometer model DEKTAK II-A, fifteen measurements
were performed on sample surface without treatment. The prove extracted for
measurements and Profilometer are in figd.1]

Table 4.1: Specification of pipe wall roughness

Roughness Units

Mean Value

22606 Armstrong
2,2603 micrometers
Relative rough- | 0.000827949
ness e/ D;
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Figure 4.1: Profilometer and sections to roughness measurements

e Geometric Surface Configuration: is one of the major issues that could affect
the fouling rate.Complex geometries can generate fluid phenomena which can
encourage or diminish surface deposition, those effects can be expected in

valves, manifolds, pumps, among others.

4.1 Loop configuration

The experimental loop, consists of a stainless steel mixing tank which concentrates
CaCO3 at fixed temperature, controlled by a C-704 process actuator, commanded
from a main control system. From the tank, the fluid is conducted by a stainless
steel gear pump, along the loop are several sensors ,described later, each sensor is
connected to a real-time data acquisition system NIcompactDAQ(cDAQ-9174) and
processed in a software developed in Labview.

After the pump comes an electrical resistance ,with maximum heating rate of
2200 Watts, it induces temperatures of 80 © C on wall surface, temperature induction
is controlled by a process controller C-704, connected to a temperature sensor in the
loop, a especific section is monitored by the IR camera and three RTDs distributed
on the wall. The test section is separated by flanges and a three way valve from the
rest of the circuit, so it can be extracted and inspected during the experiment execu-
tion without stop the experimental process, a detailed description can be observed
in figure .At one section are inserted two cylindrical coupons which are measured
after and before the experiment in order to have an quantitative measurement of

the scale build up.Main components are described ahead.
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. Tank and cooling system |

Figure 4.2: Experimental Facility constructed at Subsea Technology laboratory

Figure 4.3: Experimental Facility constructed at Subsea Technology laboratory
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Figure 4.4: A)Tank System details, B) Tank system details
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List of Symbols

Rotary three way valve, (manual type)

Electrical resistances(one of 6500 watts, and two
of 1100 Watts)

X PT-100, temperature sensor, Zurich, error 0.1 SECTION A-A
1G] Celcius

Pressure sensor/ to 15 bar, pressure error 0.1
W bar.

Stainless steel impeller, reduction 1:10.
Connected to an eléctrical motor type Squirrel
cage 2HP/1740 rpm.

RTD

Electromagnitic flowmeter MA Optifiux IFC-050,
. Krohner

Gear Pump, RZR, Maximum work pressure 15
P~ bsar, Vanable flow from 1 [tmin to 8 fmin max.
b Electric motor type squirrel cage 1.5 HP/1715 rpm|

Cooling system, Alimented by an extemnal Chiller
System, copper maternial.

Internal Diameter: @27, 3mm
" External Diameter:@33.3

Figure 4.6: Symbols and pipeline test section details

De-ionization system

This sub-system consist on a filter for heavy particles and a pressurized chamber
composed of a reverse osmosis(RO) membrane, this membranes are capable of gener-
ate 5000 liters during the service life, allowing to generate around twelve consecutive

tests without changing the RO system.

Mixture tank

The mixture tank consists of a 170 It stainless steel tank where its embedded an
electrical resistance heater to mixture deionized water and salts at the specified
temperature to generate the required fluid composition. It has a stirrer system
composed of an 1870 RPMs electrical motor connected to a 1:10 gearbox, which is
connected to the impeller to dilute salts and a temperature sensor, to control the
heat resistance. As the mixture recirculates to the tank, the heat in the system
increase as heated fluid returns from the loop system, to counteract this effect, a

cooling system was projected which was also in the tank.
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Pumping system

Consist of a frequency-controlled gear pump, maximum pressure of 15 bar, which
can vary the capacity from 1 to 8 lt/min, can operate from -40 to 240 oC. The
internal components in direct contact to the fluid can be exchanged as the particles,

and C! ion content can modify the material properties of the gears.

Heating system

The heating system consists of three resistances distributed in three points, one
at the mixing tank to heat 170 liters, the resistance has a capacity of 6500 watts.
Then there are two resistances before scale induction section, to induce the scale
precipitation, these have a capacity of 2200 watts each one. Also, to avoid heat

losses, the loop system is coated by mineral wool.

Cooling system

It consists of a section of copper tube inserted in the tank to prevent the fluid from
reaching a temperature higher than that controlled by the electrical resistance, this
problem was found in the first calibrations due to the fluid transporting the heat
due to the presence of the electrical resistors placed in the experimental circuit. The
system is powered by an existing cooling system in the laboratory which feeds other
experiments through a manifold, the cooling fluid is composed of a mixture of water
and glycol. Particular emphasis was placed on taking care of possible leaks of this

mixture in the experimental system.

Mass Deposition Rate - Test Section

It was created a removable section to measure the mass deposition rate during
each experiment. It was used as a by-pass to avoid stop the pump between mass
deposition measurements. The bypass is shown in Figurd4d.§ and figure [4.9]

Data acquisition system

The required time to achieve the scale phenomena varies depending on scale con-
centration, induced heat and flow velocity. To detect when the process reaches
an asymptotic curve. Measurements were made using three RTD(resistance tem-
perature detector) in addition to the RTDs; an infrared camera was used to infer
when the test section presented deposition, based on the theory that scale decreases
the effective thermal conductivity of the pipe[84]. The acquired data is essential

and gives information about scale stabilization depending on temperature, to know
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Figure 4.7: A)Tank resistance, B) Resistance on the loop system
which control parameter influences the scale build-up or to know when to stop the
experiment and avoid major energy and waste disposal.
The data acquisition systems are composed of a NI-DAQ, and by an Infrared

camera, the DAQ system logs the most of data, and the infrared camera determines

the heat flow over the test section, principal acquired main parameters are:
e Bulk and wall temperatures are a critical parameter; these determine the accu-
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Figure 4.8: Scale build up measurement section with the Three-way valves in order to
not stop the experiment.

Figure 4.9: Scale build up measurement section

racy of Fouling resistance R.In the loop, three RTDs are on the test section,
and one is used to measure room temperature. The mixing tank has another

sensor connected to a PLC controller to control the heat resistance in the tank.

e Pressure: the relation of scale deposition and the pressure drop were studied,
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Figure 4.10: DAQ system employed in the experiment

four pressure sensors distributed along with the loop system.

e The loop flow rate system has an external converter which permits a fluid flow
visualization in the experiment zone and a transmission system to send fluid
flow data to the DAQ system.

4.2 Scale detection techniques

Rostron [9]presents a comparison of different techniques to detect scale build-up
in pipelines with different scope, table 2.3 compares the techniques concerning the
studied in this work.

X-ray is a reliable way to detect deposition, but its use gets complicated and
expensive for the amount of time and data which it is expected to generate the scale
build-up through the pipe cant be determined in a short time also the image its on
2D which difficult the scale location. Da Silva[85] researched hammer impact (HI), it
quantified the amount of scale depending on the pipe response, before any expected
response an initial pipe response without fouling or failures must be generated,
however the hammer impact over the pipe can modify scale deposition, finally noise
produced by pumps and flow can affect the HI reliability.

Acoustic reflectometry [86] can be used to detect scale, but because of the size
of the experimental loop, a rearrangement of the system would be necessary.

Tomography is getting attention lately because this technique can generate a
3D image of the pipe section, but has limitations related to its point to point mea-
surement technique. To form an image, the equipment has to rotate over the pipe,
consuming time and processing to generate one single image. Equipment cost is also
one drawback.

One of the significant ways pipeline operators detect corrosion is with a
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Table 4.2: Specification of main components and measurement instruments.

\ Component \ Manufacturer \ Description \
NI ¢DAQ-9171 National Instru- | analog Imput module,
ments four slots

PT-100 Temper- | Zurich Temperature sensors,

ature Sensors ranges between -20
and 100 degC

RTD Tempera- | TCdirect

ture Sensors

Pressure Sensors | Zurich pressure 0 to 15 bar

Flow meter Optiflux  IFC- | Flow sensor current

050 CONVersor

Gear Pump RZR pump Gear pump, maxi-
mum pressure 15 bar,
variable flow from 1
lt/min to 8 It/min,
internal parts in direct
contact with fluid can |
be changed,/electric
motor type Squirrel
cage 1.5 HP/1715 rpm

Mixer Stainless steel mixer
/174 rpm/  electri
motor type squirrel
cage/2 HP/ 1740 rpm

IR camera FLIR systems FLIR A325sc with 25°
lens, 60 HZ, 320x240
pixels -20 to 350 deg
C

Socket Weld | one inch internal | Satinless steel ANSI

Flanges diameter B165/150 A182 F304

Stainless  steel | one inch internal | Satinless steel ANSI

pipeline diameter 304L

“pig” (pipe inspection gauge) a tool that travels down the inside of a pipeline looking
for corrosion and other anomalies. Pigs are not new - the industry has long relied
heavily on them—and the newest generation of pigs, known as “smart pigs,” is con-
sidered an improvement over the pigs of yesterday. Intelligent pigs give a read on
the state of the pipeline, such as cracks, corrosion, and metal loss. Operators receive
this information in a control room and can then dispatch crews to fix the problem.
As of 2012, 93 per cent of pipeline inspections were conducted using smart pigs.
Even though there is a high diversity of technologies for scale detection and
measurement, the most used in industry and academy are heat transfer and pressure

drop, the principal detection techniques used in these experiments were; IR camera,
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Table 4.3: Specification of main scale detection techniques[9].

Detection | Types can be | Identify Identify Identify In-situ or
Techniques | detected compo- location of | scale thick- | off line
sition  of | scale ness monitoring
scale
Ultrasound | Inorganic and | X Not ap- | Not, needs | in-situ
organic plies more stud-
ies
Infrared Inorganic and | Not Yes Need more | in-situ
Organic research
Radiation | Inorganic and | Yes Not ap- | Not In-situ
detector Organic plies
Acoustic Inorganic and | Not Yes Need more | Off line
emission Organic research and in-situ

Table 4.4: Specification of main components and measurement instruments.

Method Description Main factors affecting
sensor during the ex-
periments

Temperature Several sensors | analog Input module,

Sensors are  embedded | five internal gaugues

inside the pipe
and on the pipe

wall
Infrared camera | One section its | Temperature sensors,
monitored by | ranges between -20
the IR technique | and 100 deg C
Pressure sensors | Tc direct Ranges in PSI

Figure 4.11: IR camera installed to detect pipe scaling

temperature and pressure sensors, a more detailed description with their respective

results are below.
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Pressure drop

An operator of a pipeline suffering from deposition wants to know the amount and
location of the deposits that form with time. Pressure drop, tracer testing and
pressure pulse measurements, are among the tools that can be used to monitor
deposition in pipelines. Monitoring of single-phase (liquid) flow pipelines is less
complicated than the monitoring of two-phase (gas and liquid) pipelines. In the
present context, stabilized (steady-state) flow of a water solution is considered a
single-phase flow. The pressure drop between two points in the presence of deposits
is acquired, the entrance and the exit of the main test section are equipped with to

pressure gauges.

Heat transfer detection

As stated before, this methodology is based on fouling resistance, Ry calculation, a
concept based on the principle that scale build-up inside pipes decreases the thermal
conductivity of pipes, two main techniques are used; RTD sensors, Known as resis-
tance temperature detectors, are the most commonly used in industry, based on 100
ohms of resistance at 0° Celsius.Most of the problems related to these sensors are
the noise generated by electromagnetic systems, like electrical motors, converters

and transformers embedded in the loop.

4.3 Experimental loop development

4.3.1 Attempts

Several experiments were carried out, the evolution of the system varied from chang-
ing the mixing tank completely, also as the main pump, as well as various equipment
failures related to corrosion and scaling formation, the main experiments in beta
phase are summarized in this section, as well as its modifications.

Experimental analyses were performed according to several attempts, two of
them based on the work of Vazirian [39]the attempts describe two different processes

dominating the scale formation:

Attempt 1-deposition process dominates:

corresponds to an experiment where crystals were formed at the same time that the

fluid circulated inside the loop and gets an equilibrium state.
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Attempt 2-adhesion process dominates:

Crystal formed inside the tank; then, when reached an equilibrium state( using
ppm measurement as reference) mixture started to circulate through the loop, this
corresponds to experiment two. This test measures how the presence of pre-formed
crystals could change the scale deposition in the loop. It assumes that adhesion
dominates and deposition is minimal.

These two scenarios take into consideration a recirculating system, with an initial

mixture that reacts inside the system gets an equilibrium state represented by an
asymptotic behaviour in the fouling resistance and hypothesis the mass deposition.
Attempt 3- adhesion process without re-circulation:
Crystals formed in the tank when the mixtures get stabilized, the pump starts to
circulate the mixture in the pipeline system without returning to the mixture tank.
Attempt 4- adhesion process with re-irculation and maintaining mixture
ions

Crystals formed in the tank and when the system gets stabilized the pump recir-
culates the mixture.The by-pass valve opens once the system gets a stable condi-

tion(stabilized temperatures and flow).

4.3.2 Attempt 1

The first experiment in this work followed the next procedure:

e The pump starts to recirculate deionized water

e Heaters were set at a maximum temperature

e Tank temperature was set at 50°C

e (C'aCl was added to the mixture tank until diluted entirely in the loop system.
e NaHCQO3 was added to the tank

e As son as the second component was added, the reaction kinetics starts at the

loop system.

The main control variables were:
e Flow velocity

e Initial C'aC'O3 concentration
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e Tank temperature
e Experimental length

The first experiment was conducted during 464 hours, mean acquired values are
presented on the table [4.5]

Fouling Resistance

The fouling resistance curves detect the scale formation on time in three points using
RTDs sensors and the IR camera, as the figures to[4.15] these sensors presented
a good correlation with scale fouling, the bottom RTD indicated that exists lesser
scale formation in this zone.

The Rf curves on figures and fig. shows the phenomena described
previously by Wang [38] indicating four distinct regions, a region where the thermal
fouling resistance is positive (named the first region), a region where the thermal
fouling resistance is negative (named the second region), a region where the foul-
ing resistance increased steadily (named the third region) and a region where the
thermal fouling resistance remains constant (named the fourth region). Each of
these regions can be matched with different development phases in the crystalliza-
tion fouling process: nucleation phase, growth phase and asymptotic/falling phase.
Relatively small amounts of deposit can improve heat transfer, relative to clean sur-
face, and give an appearance of "negative” fouling rate and negative total fouling
amount. Negative fouling is often observed under nucleate-boiling heat-transfer con-
ditions (deposit improves bubble nucleation [8],[87], [88]) or forced-convection (if the
deposit increases the surface roughness and the surface is no longer ”hydraulically
smooth” [30]). After the initial period of ”surface roughness control”, the fouling

rate usually becomes strongly positive.

Table 4.5: Variables used in the first scenario

Initial concentration NaHCO3 + CaCl2 gr each 170 Its | mol/L
Length 464 hours

NaHCO3 2550 597 gr mol/L

CaCl 7870 7313 gr mol /L

Control variables Mean Value o Units

Flow velocity 1,63 +0,29 1t /min
Wall temperature RTD 1 71,91 +3,27 °C
Wall temperature RTD 2 62,58 +5,23 °C
Wall temperature RTD 3 73,27 +3,31 °C
Ambient Temperature 28,33 +0,68 °C
Bulk Temperature 66,51 +2,62 °C

Reynolds number 3200
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Figure 4.12: Fouling resistance using the three RTDs on the test section
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Figure 4.13: CaCOs3 growth on time based on Fouling resistance using RTD-1 on upper
side of the test section

Ry was calculated using equation 3.44, results are ploted in figures 4.12} [4.13}/4.14|
and [4.15]
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Figure 4.14: CaCOs3 growth on time based on Fouling resistance using RTD-4 on side of
test section
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Figure 4.15: Fouling resistance using RTD-3 on bottom of test section

Pressure drop and flow rate

The pressure was studied using pressure difference between inner, and outlet sensors
at the studied section, figure [4.16|shows pressure fluctuation during the experiment
in PSI.

As stated by several authors, Gudmundsson [89], [90], and other authors [30], [91]
studied pressure drop as a method to detect scale build-up during the experiment
using the plot of the specific pressure drop(SPD) Ap/ @ the evolution of SPD
because of scale growth in pipeline is represented in figure The gradient is
known as Flow index F'I.

Also figure shows the probes inserted before the heating induction zone, this
zone shows clearly a straight difference between the influence that presence of heat
could have in a surface in comparison with another one without a direct heat induc-
tion, these zones shows that deposition is generated because gravity influences(The
loop configuration is in a horizontal position), the main induction section presented

gravity precipitation but this deposition could have been swept because of eddies
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Pressure difference between inlet and outlet of Test section-Exp.1
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Figure 4.16: Pressure difference between inlet and outlet of studied section.

presented at the moment of change the flow direction at three-way valves to extract

the main prove section to be weighted, those could explain the differences between

the three fouling resistance curves at [4.13] 4.14] and [4.15] the last one on bottom

generated by data logged on RTD sensor has the most significant difference because

scale deposition generated the last week of the first experiment.

Mass measurement

Scale growth was achieved in less time than expected once the section test was
open at the first week of the experiment and was detected at a simple view, can be
observed at figure that scale on the test section diminished in every extraction
because the section was dried and then restored, when dried, crystals lose part of
the ligations, once restored the three-way valve aperture generates eddies that can
sweep away the weaker crystal bonds and deposited CaC' O3 particles at the bottom
part. To compare figure shows at different sections which remain inside the

pipe for all the experiment and only extracted at the end compared with test section.
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Specific pipeline performance-Exp. 1
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Figure 4.17: Specific pipeline performance during exp. 1.

Particle concentration and pH

A particle concentration turbidity equipment (DIGIMED DM-TU-EBC) was used to
measure particle concentration for all the experiment, C'aC' O3 concentration(PPM)
was plotted to study concentration along with the experiment. Range varies between
0 to 4000 NTU(0 to 6000 ppm).samples of hard water to detect C'aC'O3 concentration
were measured every 30 minutes at the first day and twice in a day during the rest
of the experiment; the concentration follows a decreasing curve. Also, pH and

temperature are measured, ppm, pH and tank temperature were in figure [4.21]
Turbidimeter and pH components are in figurd4.20.

Samples analyses

Several samples were acquired to detect the different properties of scale depending
on the loop section.
Using Chemical analysis by EDS (Energy dispersion X-ray spectroscopy) the

samples of the deposited solids were taken inside the Loop system and analyzed, the
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Figure 4.18: Scale growth on time-based section extraction; A)Pipe section without in-
fluence of induced heat on walls, with presence of deposition on the bottom of the pipe,
the rest of the section remains almost clean, B) the Same section indicating presence of
scale generated by deposition.C)Test section influenced by direct heating of pipe wall,
scale thickness changes depending on pipe section, been most severe on top of the pipeline
as shows figure D) Scale thickness on upper section of 2 mm.

EDS machine was a Thermos Phenon Prox. The EDS analysis can differentiate what
kind of crystals are in a particular sample. By the identification of the elements that
lie at different points in the system helps to identify the effects that temperature,
flow and position can have on the deposition or encapsulation process of calcium
carbonate. Some points analyzed were before and after the heating section, the test
section and the three-way valve. The results are as follows:

It is possible to observe a difference in the crystals formations in the different
points where the EDS analysis is done. The difference is influenced by the presence
of other elements such as iron (Fe) as in image D, and also the change in temperature
at samples A: before heating section and sample B: test section.

For sample D, EDS has the following results: Oxygen (35%), Iron (30%), Carbon
(17%) and Calcium (13%). The results are approximate and do not reflect with the

absolute certainty of the sample. Presence of iron is typical when a corrosion process
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Figure 4.19: Mass deposition rate at first experiment, using dried weighting

Figure 4.20: A)Turbidimeter B)Sample bekers for measurement of tank, entrance and
outlet of the loop system, C')pH gauge

is occurring besides the incrustation. It is possible to see that the calcium carbonate
crystals are surrounded by smaller crystals which are where the iron element is found

by the EDS analysis. In sample B of the test section, it is possible to see two types
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Figure 4.21: Particle concentration, pH, and tank temperature during experiment 1.

of crystals; the calcite crystals are the best formed. The EDS shows presence of
O (47%), C (30%), Cu (19%), Cl (7%), Ca (5%). It is possible to see crystals of
calcite of different size, influenced by the heating in the section. In sample A, the
crystals are more significant than the crystals of sample C in the test section after
heating. In sample C, it is also possible to see an accumulation of crystals where
the EDS shows that there is the presence of copper (Cu). The presence of iron may
be a consequence of small corrosion points inside the by-pass valves. The presence

of copper is expected due to the cooling system.

4.4 Attempt 2

The experimental procedure was:
e A CaCl brine is prepared in a tank at 50°C
e Another NaHCQs brine is prepared at 50°C

e The two solution was mixed until the PPM gets stabilized
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Figure 4.22: EDS: A)Before Heating section, B)Dried Test section

e The heaters were set at 2200 watts each one until reached an approximately
85°C at section test.
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Figure 4.23: EDS: C)Test section, D)By-pass valve

e The pump started to recirculate the mixture in the loop.

Main variables are on table The experiment length was 72 hours, the mass was

weighted during the experiment, but without drying the measurement section as
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Table 4.6: Variables used in the second scenario

Initial concentration NaHCO3 + CaCl2 gr each 170 Its | mol/L
Length 72 hours

NaHCO3 1170 gr mol /L

CaCl 7313 gr mol/L

Control variables Mean Value o Units

Flow velocity 2,89 +0,54 1t /min
Wall temperature RTD 1 61,39 +8,37 °C
Wall temperature RTD 2 52,54 +6,32 °C
Wall temperature RTD 3 61,85 +7,97 °C
Ambient Temperature 25,14 +0,79 °C
Bulk Temperature 57,42 +5,3 °C

Reynolds number 4130

the first case, this avoided the sweep of crystals and bonded scale on the section
allowing a proper measurement during the experiment. Results of mass deposition

are at figure [4.24

The scale weight against mass deposition of experiments two and three are at
figure [4.24]
Those scenarios have demonstrated a significant prompt to scale deposition in

lesser time; some images of scale build-up are present above.

As seen in figure [£.24] the scale build-up is in two forms, one as a deposition
of particles, most of them because of the gravity effect and crystallization, at the
upper walls. To determinate if heating the test section affects the scale build-up
crystallization, another image from a section without the significant influence of
heat is at figurd4.20}

pH and PPM during the experiment are at figure [£.24, Respect to pressure,
scenario two shows the same behaviour at the beginning of the experiment as figure
427!
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Figure 4.24: Particle concentration and weight on time for attempt two- exp. 2 and 3.
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Figure 4.25: A)The entrance of studied section and B)Outlet of the studied section, Can
be observed two kinds of deposition and high presence of corrosion particles because of Fe
presence.
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Figure 4.26: Section without the extensive presence of crystallization
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Specific pressure drop Exp. 2 and 3
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Figure 4.27: Specific pipeline performance during scale build-up the experiment at exp.
2 and 3.
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Particle concentration at top and bottom, exp. 4.
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Figure 4.28: CaCO3 concentration at the top and bottom of the tank during experiment
4.

4.4.1 Attempt 3

The main idea of simulate scale deposits in a pipeline wall based on a simulation of
fluid flowing through the well-bore, as the particles of CaCO3 during the field life
are almost constant[92][93] the ppm during experiments should be constant, so the

scenario 2 modification was modified based in this assumption:

e Solution of C'aCO3 was generated at 50°C
e Once the solution is stabilized with constant ppm the pump was turned on

e The solution travels along the loop and not returned to the tank

As the tank only has 170 liters the experiment was shorter than the predecessors,
constant ppm are in figd.28}

The concentration at the bottom tank gives a clue related to the salts consumption
in every experiment, an extensive mass of CaCOsgenerated in the last experiments
were lost at the bottom of the tank because even with a stirrer system the particles
tend to decant in the bottom, losing mass, and diminishing the performance of

the experiment set-up. Also, this issue carried out another problem related to the
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particles contact with the mixer shaft, which carried a failure of the stirrer system,

as seen in figure [4.41]
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4.4.2 Attempt 4

The scenario four its the final experimental procedure achieved to control the scale
build-up, Table[d.95hows that solution used at the first experiments a supersaturated
mixture, which generated a problem related to particle concentration because the
most of CaCO3 particles were deposited on the bottom tank, with this was decided
to diminish the concentration at the experiments. This problem carried an issue
related to control of concentration on the tank and in consequence, in the loop
system. The above caused a wrong lecture of the concentration of the particles on
the tank, as a consequence during the most extended experiments to control the
tank concentration, deionized water was excessively added causing a general swept

of the scale deposits in the loop system.
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Figure 4.29: Cursor indicating RTDs position on main studied section

4.5 IR analyses

The work of Dulce [84], Saifi [94], and Endo [05] used IR Thermography to inves-
tigate pipeline temperature emission to detect the presence of corrosion and scale
formation, this technology enabled the detection of different thermal conductivities
on external pipe walls depending on the amount of scale deposited or corrosion inside
them. Although neither of these works could estimate with accuracy the thickness
of fouling, IR Thermography can indicate if the studied section of the loop presents
more or less scale build-up, delivering qualitative information regard to scale de-
position and severity during the experiment. Special consideration must be made
regarding the surface of the studied body, a better-finished surface, can guarantees
acceptable emissivity € to the camera. For large € values, reflection contributions of
opaque objects are small. However, objects like metals with very low emissivities
pose problems since emitted radiance is low and reflected radiance is high. Because
of this, an opaque paint was used at the prove surface, this kind of paint generate
low light reflexivity and with this, the IR image acquires less external noise, and
the studied object (¢) tends to 1, near the ideal black body radiation. Also, was
performed a calibration between the RTDs and IR, the three RTDs were calibrated
using three cursors over sensors position as figurd4.29 on the main studied section,
the plotted results on [4.5] and [4.32] showing a good correlation between sen-
sors and IR camera. Therefore, in IR Thermography noise can be understood as
the emissivity of adjacent bodies such as people, electrical sources such as cables,
resistances and luminaries.

IR image can be beneficial to detect several images in real-time; the attempt to
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Figure 4.31: Calibration curve between cursor and RTD-2
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Figure 4.32: Calibration curve between cursor and RTD-3
detect scale formation was very iterative by the use of different filters.

Filters

The use of spectral bandpass (BP) or narrow bandpass (NBP) filters is the easiest
way to perform spectrally resolved IR thermal imaging. A large variety of these BP
and NBP filters covering the whole spectral region of IR are available.

One of the filters was APE(Advanced Plateau Equalization) as shows Figl4.34]

Another methodology was using Matlab algorithm to enhance scale formation
as 4.36

Another filter mechanism was the Gaussian filter, filters evaluation to get the
optimal scale build-up image can be found at

Some filters do not comply the primary purpose of detecting scale build-up, as
the case of B, C, D and F(in this case an extra noise was observed) A suitable case
was E by using Gauss filter and APE, a detailed image can be observed at figurd4.35

Figures and shows that IR camera was able to detect the scale growth

qualitatively on time. IR images were compared with the inner test section once
the test was stopped. Figure shows another phenomenon detected at the end
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Figure 4.33: Scale growth based on A.-Test section visible spectrum.B.-IR linear spec-
trum using 2 ROIs.C.-Gauss filter and linear mapping.D.-Gauss filter plus Plateau
equalization.E.-Gaussian filter plus APE(Advanced plateau algorithm).F.- Enhancement
using Gauss plus DDE(Digital Detail Enhancement )algorithm.

of the first experimental test; scale growth is more intense at the top of the test
section than on the bottom, where is almost a null presence of scale. This was
because two possible facts; Particles swept away at the moment when valve changes
of position or the effect that gases formed by the air bubbles trapped inside the
loop have, these affect the removal of scale because they can remain on the walls
affecting the flow and transport of particles, were observed several cases during the
first experiments, this problem can lead to errors of embedding measurement in the

experiments, because they can generate a sweep once the air bubble moves violently
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Figure 4.34: Scale growth on time observed at IR images using APE filtering during
different periods of the experiment.

5/23/2019 02:12:05.824000

Figure 4.35: Scale growth on time observed on IR images using APE filtering, compared
with the inside section of the test can be observed a correlation between the IR images
and scale growth inside the pipe.

or compresses the particles trapped in the loop by accumulating them in individual
sections and sweeping them in others, several examples can be observed on images
presented at and [£.38/In response to this phenomena, two vents were installed
at the entrance and exit of the loop so that the bubbles can exit and reduce the risk

of generating essential changes in the control parameters of the loop.
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Figure 4.36: Scale growth at experiment 1 observed on IR images using Matlab enhance-
ment at the final stage of the experiment this allows detecting scale formation irregularities.

As seen in figuredd.37] and the scale deposition is most prominent at the

bottom section:

4.5.1 Other issues related to experiment optimization

During the experimental calibration, several problems are registered, most part be-
cause of the erosive and corrosive nature of the mixture as can be seen on fig{4.40]

affecting several sections and main spare parts as the equipment employed in the
loop configuration some are in figs
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Figure 4.37: Scale evolution on time using Gaussian filter, exp. 2.

85



8/29/2019 15:01:31.728000 8/29/2019 15:02:31.728000 8/29/2019 15:03:31.711000

WP | g

39.7 431
8/29/2019 15:04:31.711000 8/29/2019 15:05:31.711000 8/29/2019 15:06:31.712000
70.2
692
683

67.8

e ol TN N | TR e et

526 o

50.8
8/29/2019 15:07:31.712000 8/29/2019 15:08:31.7295000 8/29/2019 16:53:31.711000

(4s il INT b | e

59.9 59.8
8/29/2019 16:57:31.728000 8/29/2019 16:58:31.711000 8/29/2019 17:18:31.728000

Figure 4.38: Scale evolution on time using Gaussian filter, exp. 3.
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Figure 4.39: Scale deposits at pipeline bottom, indicated by lower temperature, the
brown color indicated presence of Fe corrosion
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Figure 4.40: Scale encountered on several sections; A) In-line temperature sensor,
B)in-line pressure sensor, C')By-pass valve inner section

Figure 4.41: [A]Particles accumulated at the bottom of the tank system, causing
erosion and damaging the bearing system [B] of the impeller in the tank, causing
mixture leakage and in consequence damage over the reduction box system|[C]
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Figure 4.42: Erosion and misalignment presented in the first pump
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Chapter 5
Case study-Experimental results

The main problem encountered during the calibration of the experimental system
in chapter three was related to withdrawing the sample for weight measurement.
Due to the vortex generation, once the valve was open/close, the flow swept part
of the deposited particles. The method proved to be inadequate to generate an
incrustation growth curve over time, especially for short periods.Because of this, a
case study was performed in another approach, by controlling temperature, flow,
ppm and pH. After each experiment, the body is extracted, dried in an oven and
weighed, then cleaned. Once it is clean, the body is re-inserted into the system,
and a new experiment started. The length of the experiment were 1, 2, 4, and 8
hours; this approach was used to have a scale build-up curve to be compared to the

developed models.

5.1 Methodology

e The deionized water was heated at the 60°C.
e Then,828 grs. of C'aC'l was added in the tank.

e Once the water dissolved all the CaCl , 800 grs. of NaHCOs5 is aggregated,

in this reaction, C'Os is liberated.

e Once the reaction is completed and stops to release CO,, ppm in the fluid
was measured in the tank. Once the PPM gets a stable NTU measurement to
control the tank concentration, the pump started, and the mixture recirculates
into the system through the by-pass system.Once the loop temperatures are
reached the by-pass changes the position to the main test section, this section

was weighted previously.

e During the experiment, ppm measurements were carried out at the tank, en-

trance and outlet in the loop approximately every 15 minutes.Special care was
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taken to measure at the middle section of the entrance and outlet of the loop
system as can be seen in fig. [5.I]Before and after each measurement, the

pipette was cleaned to ensure correct measurements.

e Before the experiment ends, the pump is stopped and the valve before and after
the test section are open to the by-pass. The test section is then removed and

weighted wet, then dried in an oven and weighed again.

Figure 5.1: Measurement position to take fluid samples at the inlet and outlet of the loop
system.

Cleaning procedure

After every test, the hard water tank was cleaned thoroughly. After the previously
used artificial hard water was completely drained, a tap water jet using a hose was
then flushed onto the inside wall of the tank together with a cleaning brush to
remove any scales formed inside the tank. Traces of CaC'O3 agglomerated deposits
were drained out of the tank. Then, tap water is introduced into the tank and
circulated in the loop system for at least four hours. When most visible traces of
the hard water previously used were gone, the tap water was completely drained
out, and new distilled water up to 0.170 m3 (170 1) was supplied to the tank. Later
de-ionized water was recirculated with 1 1t of Acetic acid to remove and dissolve the
rest of C'aC O3 in the loop.

5.2 Experimental results

The main parameters are enlisted for the experiments 13,14,15 and 16.Concentration

was measured along all the experiments, in three main parts; tank, entrance, and
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outlet.Concentration in all the experiments are in tables [5.1][5.2[5.3|[5.4] :

Table 5.1: Exp. 13, 60 minutes

Test-13, 60 min. Parameter
TBuk 60,56+ 1,9
Twan 71,6 1,1
Trank 60,69+ 3.8
Flow 2,7+ 0,9
ppm Tank 1892 + 111
ppm In 2044 + 157
ppm OUT 1286 + 152
A (ppm(ppmin- ppmow) | 769 £ 193
pH 6.1
Wet mass 16,26
Dry mass 4,556

Table 5.2: Exp. 14, 70 minutes

Test-14, 70 min. Parameter
Tuk 60,3+ 2,34
Twan 73,7t 1,2
Trank 60,05+ 1,45
Flow 2,44+ 0,29
ppm Tank 1615 £ 273
ppm In 2337+ 84
ppm OUT 1286 £ 152
A (ppm(ppmin- ppmow) | 713 £ 214
pH 6.08
Wet mass 20,47
Dry mass 5,7354

The concentration measurements during experiments can give a piece of useful
information about the particle concentration at the loop entrance, assumed as
the Cr value. Finally, another parameter is the average trapped particles in the
loop system which can indicate a particle deposition rate No, useful to determine
the deposition regime of the experiment. Those values were added to the models
to compare with mass measurements. However, the concentration measurements
during the experiment still present difficulties related to the bubble formation
during experiments, as explained at the end of chapter two. The main parameters

and mass deposition results of the case-study are presented at case study tables.
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Table 5.3: Exp. 15, 120 minutes

Test-15, 120 min. Parameter
TBuk 59,3+ 1,5
Twan 69,2+ 1,2
TrantC ° 60,26+ 2,67
Flow(It/min) 2,54+ 0,23
ppm Tank 2546 + 207
ppm In 2913+ 221
ppm Out 21964317
A (ppm(ppmin- ppmou) | 755 £ 490
pH 6.4
Wet mass (gr) 28,12
Dry mass(gr) 7.88

Table 5.4: Exp. 16, 240 minutes

Test-16, 240 min. Parameter
TBuk 57,4+ 1,7
Twan 66+ 1
TrankC ° 60,39+ 0,97
Flow(It /min) 2,34+ 0,26
ppm Tank 2682 £+ 118
ppm In 27584+ 403
ppm Out 2056+218
A (ppm(ppmin- ppmow) | 702+ 576
pH 6,9
Wet mass (gr) 49
Dry mass(gr) 13,88

Table 5.5: Exp. 17, 480 minutes

Test 17-480 min Parameter
TBuik 59,58+1,31
Twan 68,2427
Trank 60,63+1,62
Flow 2,3240,08
ppm Tank 21994205
ppm In 25914427
ppm OUT 1894+239
A (ppm(ppmin- ppmow) | 696£561
pH 6.3
Wet mass 49 grs.
Dry mass 16,14 grs.
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5.2.1 pH

Average pH at tabledb.1] to [5.5] indicates that exists a direct correlation between the
pH, mass gain, and the time that mixture requires to reach an equilibrium state.
pH indicates that as the experiment progresses over time, the mixture releases CO2
and leaves the fluid less acidic; consequently, in some moment, it reaches a chemical

equilibrium in the solution.

5.2.2 Approach using heat analogy

As stated in chapter one and two, a useful parameter to analyze the scale forma-
tion inside the pipeline is the heat analogy, using the fouling resistance Ry, this
parameter can give relevant information related to the heat transfer comportment
during the experiments.The works of [59][17][38], [78],[76] and models [96], [18],[97]
cited different fouling density values depending on experimental control variables,
a good estimation of CaCOj3 fouling density was proposed by Pakkonen [19], this

data was used to calculate the mass deposition rate as:

R
- tf f

Here As is the Calcium carbonate thermal conductivity (W/ m K),R; which
corresponds to the fouling resistance calculated as equation in chapter 3, t is

(5.1)

the time step in each iteration as stated in chapter 3. For the sake of simplicity, the
fouling density and thermal conductivity are based on the work of Pakkonen [19],

1100[kg/m?] and 0,97 W/mK respectively.
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Fouling Resistance at top position, Case-Study

Figure 5.3: Fouling resistance at bottom section.
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As can be observed the heat analogy in this study didn’t give conclusive results
as an indicator of scale build-up in the line, because of the mass rate changes in
the function of fouling resistance which shows even negative values. Several authors
justify the negative value of R, [98],[30], [38], the principal reason is that at the
beginning of the experiment there is a nucleation period when crystal formed on the
wall, this leads to an increase of the pipeline roughness, augmenting the heat transfer
surface, in consequence, the wall temperature diminished and generates a negative
fouling resistance. These parameters are corroborated by the average temperature
from the IR cameras. As the scale deposits formed the increase of Crystals and

deposits in the pipeline diminished the average wall temperature.

XRD analyses

One of the major indicators of the improvement of the loop system during the differ-
ent phases of experimentation at chapter four was de composition of the deposited
crystals at the test section, those crystals were analyzed to observe the deposits com-
position, the images from the experiments shows that the loop systems generates

two main C'aCOj crystals, Calcite and aragonite as the figure [5.4]
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Figure 5.4: A)Crystal deposits at case-study, B)A close up, Aragonite and Calcite
can be observed.
IR analyses

The IR images acquired during the case study were able to detect the scale deposits
on time as described in chapter two, some remarkable scale deposits were founded

at the 2,4 and 8 hours experiments, IR can show the scale build-up on time:

96



W——
A —
614

- g

586

550
10/04/2019 18:14:27 476000 10/04/20185 18:34:53 476000 10/04/2019 19:31:18.433000

10/04/2019 19:43:11 432000 10/04/2019 20:07:46 455000 10/04/2019 21:26:16 460000

Figure 5.5: Scale evolution on time using Gaussian filter, exp. 16.

B]

Figure 5.6: A)Deposited scale at bottom and some crystals forming at the upper
section of the pipeline, B)Dried deposits after the oven at 70 o C' for 4 hours
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Figure 5.7: C)Measurements of deposited scale, D)Measurement of the deposited
scale

10/04/2019 21:26:16 460000

Figure 5.8: E)Deposited scale at the bottom of the test section, F)IR image from
the same section showing the scale deposits represented by the lower temperature

at pipeline bottom
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Pressure drop analyses

In practice Gudmundson [89], [90], and other authors [30], [91] proposed that pres-
sure drop is a method to detect scale build-up, the method could use a formula
which comes as the specific pressure drop:

AP

This value gives information about the pump performance changes depending
on scale formation inside the pipeline.

The specific pressure drop could indicate a scale build-up in the pipeline experi-
ment using the equation proposed by Gudmunson[7]; SPD value is in figure ,
for each experiment in the case-study, as can be observed as scale build-up increases,
the SPD value should increases slightly as the deposited scale starts to change the
fluid flow and friction in the line. The chaotic value indicates that the pressure in
the experiment is not a sensitive value to describe the experimental system in this
case, in comparison with other parameters as temperatures. Also, the SPD value
is generated by a post-processing data which does not give an inline indication as

the experiment is in course.
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Figure 5.9: Scale evolution on time using Specific pipeline performance(SPD) at

case study experiments.

5.3 Models approach using weight measurement

Several works weight probes at experimental tests [16], [39], [78], [99] the works
measured weight at the end of each experiment, this generates a straight line of
the final weight generated by scale, in this case, using control parameters, the scale
measurement at the end of each experiment allowed to generate a curve of the scale
deposition evolution in time, by the by-pass, described at chapter 3 . Scale curve
was compared against the five mass deposition models described in chapter 4. In
the first comparison, the models used the mean values which of all the experiments

in the case-study:

Mg = my % 21r; L (5.3)

were L corresponds to the section length(0,24 m) and r; is the inner ra-
dius(0,01365 m).
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5.3.1 Model comparison and Sensitivity analyses

The mass deposition models are compared against the deposition curve generated in
the case study experiments; the weight is compared using dry weight (Test section
was weighted after dried in an oven during 2 hours at 70°C).

The results in [5.10] used the parameter from mean values of the experiments of
case-study, indicated that Yang[I8] model can be more suitable to describe the scale

build-up in comparison with the other models, [3],[63].

Case-Study vs models
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Figure 5.10: Models compared with Case-study.

As can be observed the Yang model shows a better prediction in comparison with
the others, respect to this a sensitivity analyze was performed using Yang model,
based on test 16, where the four-parameter values were analyzed giving the results
at figure;

The Yang model presents sensitivity in all the four variables, respect to Bulk and
wall temperature; those parameters can influence the bulk concentration parame-
ter directly because the calcium carbonate nature to been inversely soluble with

temperature.
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Sensitivity analyses based on Yang model [18]
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Figure 5.11: Sensitivity analyses using Tk, Twai, Cr, Q-

As respect to the flow velocity, the curve shows that the parameter is one of the
most complex of the four studied, this effect can be corroborated by the work of
[38], which shows that the scale build-up can perform in this way depending on the
flow regime, as the flow is closer with laminar regime the scale build-up can grow

faster in comparison with a turbulent one.
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Chapter 6
Conclusions and future work

An experimental mesoscale loop was made to study inlaying scale phenomena in
lines; several attempts were studied to perform a controllable experiment, those
attempts are registered at chapter four, with the main results and drawbacks to
improve the experimental loop performance. In the case study in chapter five, four
experiments were performed at a different time to get a rising curve which can
describe the scale build-up comportment in time. The fourth attempt was the most
controllable and gives good results in lesser time in comparison with the predecessors.

The importance of the loop system radicates in the dimensions used to generate
scale build-up, the developed system was able to generate scale in a higher dimension
in comparison with the literature predecessors.

Most of the predecessor scale investigation experiments focus on heat exchanger
systems; here, the focus was in generate the scale in a pipeline with the use of
electrical resistances.

Two types of adhesion formed inside the tube during the experiments;

Deposition; influenced by gravity effects, and Crystallization; influenced by dif-
fusion effect.

Predominant adhesion was by deposition of particles and not due to the forma-
tion of crystals on the walls.

Heat transfer effects as fouling resistance R; was not conclusive to predict mass
deposition in the experimental system.

On the other hand Ry was helpful to correlate that the fouling phenomena related
to scale growth inside pipelines happens in the experimental system and can be
detected by using these parameter.

Also two types of crystals were detected by XRD, Calcite and Aragonite as
observed in figure [5.4]

In respect to the Case-study :

e A simple bypass system permitted to generate several experiments with con-
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trollable parameters.

e The controlled experiments permitted to generate a curve to compare the mass

deposition with several models.

e The best correlation was the Yang model, the model was able to describe scale
build-up with a minimum difference at the first three experiments(1,2 and 4

hours long).

e All the proposed models, until now, never had been compared with experi-

mental controlled variables and results.

e The experiments permites determinate which parameter can influence the

models and could been correlated using the sensitivity analyses.

e Until now the models are only compared with particles transported in fluids,
like Iron and even particles in air droplets, but never with particles of CaCO3
interacting in a pipeline system subjected to heat transfer phenomena in a

pipeline, which is a realistic set-up to compare these models.

Also, there was no data in other bibliographical references that provide the evolution
of the formation of scale build-up using non-destructive testing as the IR system used

in this work.IR images were able to detect several phenomena in the pipeline:

e scale crystallization detected as the decrease of the wall temperature
e Scale deposition by gravity
e Bubbles generated by heat transfer

e Flow effects related to multi-phase flow

The pressure during the experiments was not able to describe the behaviour of
the friction factor and in consequence, scale deposition evolution.

pH varies during case study experiments, but are not conclusive.

The experimental loop presented may become quite useful in future research
projects related to test new coating materials , it is hoped to improve the system as

new industry challenges are presented.

Recommendations for the optimization of the experimental system

Several mishaps demonstrated the need for constant system improvement, such as

the following items:
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e Extensive use of 316L stainless steel in the circuit and valves is recommended

to prevent the formation of scale.

e Replace the flanked 150L system with a CLAMP type to facilitate the insertion
of test bodies.

e Insert a transparent section to visualize the fluid in real time.

Recommendations for future work

The experimental system allows to:

Test different internal spare parts and materials found in real underwater systems
(from Jumpers, wet X-mas trees, manifolds, valves, etc.)

Test new materials or coatings that can inhibit the formation of scale.

Experiment with new solutions composed of MEG (Mono ethylene Glycol) that
has proven to generate problems in well injection systems by increasing the formation
of calcium carbonate scale [100], [I01], [102].

Increase the experiment pressures to evaluate the influence of this variable on
the effects of scale formation.

The models could be improved by adding parameters such as pressure varia-
tion and diversifying the viscous characteristics of the fluids to be used in future
experiments (MEG solutions, water and salts).

Regarding the infrared camera, possible analyzes using inverse problems [103]
could be performed to evaluate the formation of scale inside the tube quantita-
tively.Also, the experimental apparatus presents a high potential to test chemical

and physical scale inhibitors in kinetics deposition.
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$MODELC YANG

%clc: % Clear the command window.

% close all:; % Close all figures (except those of imtool.)

clear; % Erase all existing wvariables. Or clearvars if vou want.

e Constantes
Eb=1.3B* (10"-23);%Constante de boltzman J/Eelvin
E=37143;%Energia activacion, J/mol

Ero=7.07;%Constante de la reaccion

kcaco =22;%W/mK———>Conductividade térmica aco inox 316
CpAco=502;%Calor especifico J/Hg K
AcHo=-13.1;%-1206.9;%Entalpia de la sclucién
E=E.314472:%Constante de los gasss J/mol*E
dp=0.0000173205;%0.000036;%%diametro particula
roCaC03=2710;%Densidade CaCl3 kg/m™3 Fakkonnesn
delta=10"-6;%Coeficiente de expansion lineal E~-1 10.1 ~ 17.3
g=9.Bl:%Aceleracion de gravedad

a=0.035;%K/m gradiente geothermico
KCaC03=0.97;%5.09:%Conductividade termica CaC03 W/m*K
el=2.2603* (10"-6) ;%inpuc('Ripple height Rugesidad ducto en micromectros')
(E=147700;%J/mol

DeltaP=4218; kgf/m"Z

$rof=105;%5egun Pakkonen

e e i e Variables de entrada-—————-
F-----—-—-—-—-——-——————————————————————————————— Variables de entrada-————----
f=======Modelo 13
% Toulk=273+60.56;
% Twall=(71.64+273):%input ('Temperatura pared externa durante test en
Eelwvin');
% Cp=l.665;
% CF=1.8B92;
e h=4:%input("hours??"};
% Caudal=2.5;%input("'Caudal")
iModelo 14
% Thulk=273+60.3;
% Twall=(73.7+273) :%input ('Temperatura pared externa durante test en
Eelwvin');
% Cp=2.337;
% CF=1.615;

h=input {"hours??"):

Toulk=273+60.56;

Twall=(71.64273):%input ("Temperatura pared externa durante test en
Eelwvin');

Sb=106.4;%106.4

CF=2_3506;
Caudal=input ('Caudal"):;
% (Modelo 16
% Teulk=273+57.4;
% Twall=(86+273):%input ("Temperatura pared externa durante test en
Kelvin'):
£ Cp=2.407:;
£ CEF=2.407:;
e h=4:%input("hours??"};

Figure 1:1Y8ng model.
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Tambiente=273425.16;%Tenp ambiente
£38.5;%370;%7.5;%input ("Caudal estimado del loop
lts/min") ;%316.6;%370; %input ("'Caudal estimado del loop lts/min'"});
D tro');%0.177E8,%0.14;%0.0273:%0.1778%0.0273;
.

tinput ('Concentracion
e=2.2603% (10~—-6) ; sinput
fto=s=s=s===========_ a1 +NaHCO3

VolCaCl=120:%1ts
CCaCl=1870;%grs CalCl
VolWNaHCO3I=50,;%1ts
CNaHCC3=B00; %grs NaHCC3
pmCa=40.078;:%gr/mol
pmCl1=35.453;%gr/mal
pmNa=22.9897;

pmH=1;

pmCO3=60.0077;
pmCaCl=pmCl+pmCa;

¥Calc ions Ca
PCaCl=CCaCl. /pmCaCl;%CaCl =m mol
PVCaCl=FCaCl./VelCaCl:;smcl/1lc
Ca=pmCa.*PVCaCl;%¥icns de Ca em

o -~

.4l 10nN3 LOoJ

vol

pmNaHCO3=pmNa+pmCO3+pmH;
PNaHCO3=CNaHCO3. /pmNaHCD3;
BVNaHCO3I=PNaHCO3. /VolNaHCO3;
CO3=PVNaHCO3.*pmCO3;

Kf=Diamecro/lZ;
Efo=0;

myang=0;

loop=0;

mo=0;

XfEP=0: %espessur
ddf=0;

Rfd=0;

Rfk=0;

Xfk=0;

dmp=0;

dme=0;

dmr=0;

Rf=0:

ri=0:

dm=0;
rof=1100;%Mean density of scaling laver stated by Pakkonen

ts=0: (3600*h) ;%902700, tiempo duracion experimento en segundos 1584000
for t=ts

A1)
I
8]
i
H
il
i
s
i
1
1
K]
A1)
I
i
1
il
Il
[

11611

do=Diametro- (2*Xfo) s %5Y¥ang
ed=(2.2603e-6) fdo;
ri=do.f2;%Yang 120
At=pi*(ri.”2):%



Ai=Z2*pi*ri.*0.27:

£Tbhulk=(TEnt+T5al) f2;%Temperatura interna fluideo loop
f————————————————————— Calculeo wvelocidad del fluido
%Caudal =n m"3fseg

Cml=({Caudal) . 1000;

Qm=0ml. f60;

f——————————————— Velocidad del fluideo interno en mfs
Vel=0Qm./AtT;EYang

EFm————————————— e ———— Calculeo propiedades de densidad ¥ viscosidad
roh2o=((39* (380-Toulk) fB0)+1000) ;3Incerpolande densidad
agua (corregide para Tb 20 hasta 90 agua
kh2o=(1.1B53* (Tbulk-273)+571.98) /1000;%(0.0%" (Toulk-
293)fB80)+0.65804;%Interpolando Coef transf calor HZOD agua
Cph2o=(0.005* (Tbulk-273) f363)+4216;%¥Interpolando Calor especifico
J/kg®E agua
ENu=0.

0.001lo*exp (—0.021* (Toulk-273)):%(0.01l68*rohZe.* (Toulk. " -
0.88)) /100

001
0:%Viscocidad dinamica

Figure 3: Yang model.
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h45=(kh2o.*Nul) . /do;%¥Cosficiente transf calor HIO +

Tf=Twall-g.*({l.4e-4);

ACS—ACHG F(2*3"R*Tf) ;
DeltalCpl=-368B200* (Toulk.™ (-3}):
DeltaCp2=-18B4.79+(0.32322*Tbulk);
DeltalCp3=(-1.2974* (10" {(-4)) ) *(Toulk."2}):
DeltaCpd4=3BB3.5" (Thbulk." (-0.5}):
DeltaCp=DeltalCpl+DeltalCpZ4+leltaCp3+Delcalpd;
Csl=-AcHo./(2.3%R.*Tf);

CsZ2=DeltalCp./E;

Cs3=log(TL):

Ced4=C52*Cs3;

Cs5=Csl+Cs4;

lammers=—g4;

Cze=lammers+Cs5;

Cs=e"Cs6;

DeltaC=CF-Cs;

(Diffusion coefficient

Docoef=(Ko.*Tbhulk) ./ (I*pi*knuw.*dp) ;:5tokes einstein
Sc=knuw./ (Dcoef) ; $5chmidt number

Fmm———— Numeroc de Sherwood

Shl=0.034* (Re.™ (0.B73)):
Sh2=5c."0.333;

Sh=Shl.*S5h2;Numero de Sherwood
Beta—:Eh *Dooef) . fdo;
tralecule Er

Er=Ero.~* (exp (Ex2)):

fFmm————————— CALCULD dmc/dt(deposition mass rate of
dmcl1=0.25*( (Beta. /Kr)."2):
dmc2=(Beta./Kr).*DeltaC;
dmc3=sgrt (dmcl+dmc2) ;
dmc5=(0.5* (Beta.fKr))+DeltacC;
dmc=(Beta. ¥ (dmc>-dmc3) )
Fo—mm———————— Calcule dmp/dt
Fm———————— Calculeo tiempo relaxation (tp)

Figure 4: Yang model.
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Sp=(Vp.*roCaC03.* (dp."2)) ./ (NHu.*18);

f============0topplng distance adimensiocnal

Spa=(5p.*"Vel.*(sgrc(£./2))) . Nu;

f===========Caglcule wveloccidad particula

Vp=0.9*Vel.*sgrt(f./2);%Particle wvelocityv(Evaluation and comparison
of different models for asphaltene particle deposition in fleo Tream

Fem———————— tiempo relaxation (cp)

tp=5p./Vp:

Fmm——————— Tiempo relajacion adimensional

tDarclicle deposSolTlon rate va mfs

Vd=uf.* (0.07* (Sc.™(-2/3))):

elseif (0.02<tpa)&s (tpa<=20)
Vda=({uf.*[(3.5%exp-4));
Vd=Vda.* (tpa."2);

else
Vd=0.1l8*uf;
end
f=======Cglculec S5k usandeo E1fil

kspblC=-171.5%-0.0779%3*Tbulk:
kspb2C=2839. /Thulk:
kspb3C=71.585%1log (Tbulk) ;
kspb4C=kspblC+kspbZC+kspb3C;
kspbC=log (kspb4C) ;

iAradgonite proportion

Al olgillll Lo LD L L]l

kspblA=-171.9773-(0.077993*Tbulk) ;
kspb2A=2903.973. /Thulk:
kspb3A=71.585%1log (Toulk) ;
kspbdA=kspblA+kspbZA+kspb3A;
kspblA=log (kspb4l) ;

fVaretite proportion
kspblV=-172.1295-(0.077993*Thulk) ;
kspb2V=3074. /Tbhulk:
kspbdV=T71.585%1log (Tbulk) ;
kspbdV=kspblV+kspbZV+kspb3V;
kspbV=log (kspb4V) ;

KspCalcitel=-1228.732 - (0.299444*Tbulk):
KspCalcite2=(35512.75./Tbulk)+485.818*1log (Toulk) ;

Figure 5: Yang model.
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Cp=—16.647+(1l.667*5b):%

dmp=(Vd.*Cp) ;3Taxa de deposicéio
- -
e —————————— DETERMINACAC TACA DE REMOCAC dmr/d

PeusE=B3.2% (Vel." (0.54));
EP=1./PsuskK;
DeltaT=Rf.*qg:;
f=============[]g5ing Quan
Crl={0.00212*Vel.™(1.5}});
Cr2=(KP.*sgrt (KCaC03)):
Cr=Crl./CrZ;
dmr=Cr.*rof.* (Xfo."™1.5);

Aol LIlh.1 id FLr R

¥fo=¥fo+ (dm. frof);
rof=myvang./ (Diamecro.*¥fo.*pi*0.27);

loop=loop+l;

Xy (loop)=Xfo;%Modelo Yang
dmrl (loop)=dmr.;

dmpl (loop) =dmp.

dmcl (loop)=dmc;

dmd (loop) =dmc+dmp:

dml {loop) =dm;

massdep (loop)=myvang: % Modelo ¥
velocity (loop)=Vel:

REeynolds (loop)=Re:

vdep (loop) =Vd:

Friction(loop)=£f:
Efouling(loop)=Rf:

Schmidt (loop)=Sc:

rough (loop)=ed:
Efouling(locop)=REL:

A1)
ikl

- - -
Dar] &t ArT =Dae] -
rFeclec (1Lo0op EeCl;

tr{loop)=tpa;
Tfouling (loop)=TL:;
heatflux(loop)=qg;

$sys=ss (dmc, dmp, dmr,Vely) ;$plot (Xv, "g', "1linewidth

Figure 6: Yang model.



massmodel=massdep(l:3600:end);
format long
disp (max (massmodel));
mass_exp=[0 0.004556 0.057354 0.00788 0.01388 0.0l1lel4]:
hald an
plot (massdep, "'}
t fplot(t,massmodel, "xr"):

¥ plot(t,massmodel, 'b",t,mass_exp, '-rs')

% err=[0 0.000234 0.000273 0.000487 0.000934]:

55 hold on

£ % fploti(t, massmodel,'r'):

5 % plet(t, massmedel, 'b',t,mass exp, '-rs')%t,mass_exp, '-rs’,
5 % grid

5 ferrorbar (t,massmodel)

¥ %

Figure 7: Yang model.
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