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ABSTRACT

Erosion-corrosion is a significant concern especially in oilsand slurry transportation in
long pipelines from excavation mines to extraction plants and tailing lines. Extensive
research has been conducted on slurry flow erosion-corrosion and the influences of
various parameters and the mechanism. However difficulties have arisen concerning the
impact of flow, its control and mitigation in actual slurry pipelines. This study
investigates the impact of erosion, corrosion and its synergistic effect in a simulated pilot
scale two phase slurry flow-loop and with rotating cylinder electrode. Electrochemical,
weight loss, limiting current measurements and microscopic analysis were completed to
separate and identify the erosion-corrosion effect with temperature, flow rate and sand
concentration. This study also discusses flow assisted corrosion, synergistic effect
mechanism and proposes a unique technique to control the erosion-corrosion in slurry

transportation.

KEYWORDS

Erosion, corrosion, erosion corrosion, slurry flows, oilsand, model, mechanism, flow

loop, wear, cathodic protection.
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Atomic weight

Current density

density of the material in

Number of equivalent exchanged
Erosion penetration rate

Sand production rate

Fluid mixture velocity

Sand size in micron

Pipe diameter

Fluid mixture density

Diffusion coefficient

Mass fraction of dissolved oxygen
Density

Molar mass of Fe

Density of Fe

Bulk concentration of oxygen
Wall mass transfer coefficient
Average penetration rate in mils per year
Weight loss in grams

Initial exposed surface area of the test piece in square inch
Exposure time in hours

A geometry dependent constant specified by Salama
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Density of water
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1. Introduction

Alberta is rich in oil, oilsand and natural gas reserves and these industries constitute a
major portion of the provincial economy. Intensive research has been carried out on
excavation, transportation and extraction of oilsand for the last four decades.
Transportation and distribution of slurry through pipelines called hydrotransport has
become widely accepted practice since the first significant North American slurry
pipeline built in 1957 (Hale, 1976). The oilsand industry has used hydrotransport
technology to transport tailing materials for many years while oilsand hydrotransport is a

more recent development.

Transportation of oilsand by hydrotransport has two main benefits. They are the ease of
transportation from any excavation mine site to an extraction plant and oilsand
conditioning. This means while the mixtures of oilsand and water flows through the
pipeline, large lumps of oilsand are broken down and bitumen is separated from the
oilsand. This is an environmentally friendly method and Kyoto protocol-proof way of
transporting oilsand. However erosion-corrosion becomes a significant concern in oilsand
transportation where oilsand is transported through long pipe lines with slurry

concentration up to 50%.

Different terms were used in slurry flow related corrosion in pipelines. Erosion
cavitations, flow induced corrosion, abrasion, scouring wear, erosion wear etc. latter the
trend was to add the word corrosion and hence erosion-corrosion, cavitations corrosion
etc. This reflects the realization that corrosion could play a decisive part in damage

mechanism, a fact that long went unrecognized by many.

1.1 The problem

In single phase pipe flow, substantial internal erosion and corrosion, called flow-induced-
corrosion, occur most frequently in disturbed flow conditions such as near inlet, exit,

bends or weld joints of the pipeline. It results in clusters of deep pits usually up to few
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inches on the downstream side from the disturbance. This is accelerated by the presence

of even a small amount of sand and has been noticed in several pipelines in Alberta.

NACE qualitative guidelines for oil field operation recommended that average general
corrosion rate of 10 mpy (0.254 mm/y) or pitting rate of 15 mpy should be treated at
severe. However our results and the actual oilsand plant studies show a minimum
erosion-corrosion rate of 250 mpy (6mm/y) or more. This is a potential problem because
of increased pressure drops, unplanned shut down and catastrophic failure following

severe attack.

Figure 1.1 : Schematic erosion-corrosion pattern

Small amount of sand rolling on the bottom of the pipeline cause severe damage at the 6
o’ clock position in oil exploration and transportation lines as shown in Figure 1.1a. In
oilsand slurry transportation, severe erosion-corrosion pattern was noticed in the bottom
half of the pipeline as in Figure 1.1b. Sometimes froth flow on top of the slurry causes
severe attack at 2 o’ clock and 10 o’ clock position similar to the tidal zone corrosion

observed in the steel piles in jetties and off-shore platforms.

1.2 Definitions

For this study and future references, Corrosion is defined as the material loss due to

corrosion attack in pipeline carrying aerated saline water without sand. This term consists
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of instantaneous corrosion or pure corrosion measured by electrochemical measurement

and corrosion due to flow effects.

Based on ASTM-G15-99b (2000), Erosion-corrosion is defined as a synergistic process
involving both erosion and corrosion in which each of these processes affected by the
simultaneous action of the other and thereby accelerated. This is caused by the effect of

corrosion, erosion and synergistic effect.

The rate of metal loss when the electrochemical corrosion is eliminated by cathodic

protection is defined as erosion.

Synergistic effect is the rate of material loss resulting from the interaction of erosion and
corrosion processes. This term consists of increased corrosion due to base metal erosion,
increased corrosion due to oxide layer erosion and micro-stress-corrosion as defined in

this study.

1.3 Objective

The objective of this research is to evaluate the effects of slurry-induced erosion-
corrosion and find out a cost-effective solution to mitigate or reduce the erosion-

corrosion in slurry pipeline.

The Strategy

To effectively achieve the above objective, the following strategies were adopted.

o A review of the literature including the characteristics of erosion-corrosion

along with possible impact on long pipeline slurry transportation
e Simulate appropriate lab scale and pilot plant scale slurry flow

e Investigate the potential impact of various flow parameters, material
properties on erosion-corrosion and separate the erosion, corrosion and

synergistic effect due to slurry flow.
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e Find out the cause and mechanisms of erosion-corrosion and developed a

model for erosion-corrosion

e Finally once the underlying problems have been identified, develop an

innovative approach to mitigate erosion-corrosion

Therefore this study will identify the new concepts, models, mechanisms and
technological approaches and make recommendation to mitigate slurry erosion-corrosion

and communicate the results to major oilsand industries.

1.4 Economy

A gradual improvement of oilsands economics has occurred over the past 90 years of
applied research and 36 years of commercial production. Syncrude started 3.4 million
barrels of crude oil in its first year production in 1979 and targeted 85 million barrels for
year 2003. Presently oilsand extraction cost $12 to $16 US a barrel whereas oil produced
using conventional methods costs roughly US$10 a barrel. Again this may vary until the

details and cost impacts of the Federal government’s Kyoto Protocol are known.

There are about 175 billion barrels of proven reserves in Alberta’s oilsand, the world’s
largest resource of oil outside Saudi Arabia. Another 150 billion barrels could be
extracted once new and more efficient extraction technologies are developed. Many
companies plan to transport oilsand from excavation mine to extraction plant by pipelines
in near future and there is a tremendous need and potential benefit to alleviate the effect

of erosion-corrosion.
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2. Literature Review

Although the transportation of solids in the form of slurries is basically older than
history- ‘the blood circulation system in mammal’ the research of erosion-corrosion in

slurry transportation was initially undertaken in the 1950s.

In order to provide a comprehensive background for research, the specific corrosion
problem or problems related to both erosion and corrosion are identified and reviewed in
this chapter. Once the underlying problems have been identified, it will subsequently be
possible to build a model to predict, a method to control and a program to monitor
erosion-corrosion in slurry transportation. There is no doubt that the pipelines carrying
slurry disrupts and deteriorates the pipe material much faster than single phase flow.
Appropriate construction methods, broader application of corrosion-resistant materials
and the application of improved erosion-corrosion related technical practices, along with
compatible flow control procedures, can only be implemented once the short-term and

long-term effects of slurry flow are known.

To-date many investigators have studied erosion-corrosion in simple pipeline geometries
such as elbows, tees and straight pipelines (Postlethwaite 1976, Nesic 2001, Wood 2001).
All of these studies indicate that erosion rate is proportional to velocity, sand
concentration and many other factors including fluid properties, flow regime, pipe
material, sand characteristics etc. The extent of corrosion and conditions that cause
erosion-corrosion depends on fluids moving at high velocity, solids in suspension, direct

impingement and the level of turbulence.

2.1 Measurement of Corrosion and Erosion

To understand the damage mechanism, it is important to evaluate the relative amount of
material loss due to erosion, corrosion and the synergetic effect. Corrosion and
synergistic effect can be regarded as the main reasons for the removal of material in
aggressive slurry flow conditions. The removal of material caused by erosion-corrosion

can be defined as:
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Vr=Vg+Vc+ AV 2.1
Where:
Vr= the total removal of material due to erosion-corrosion
Ve= component resulting from mechanical wear or erosion only.
Vc= the damage of material due to corrosion only
AV=the synergistic amount of corrosion and erosion. It can be calculated from

the above equation 2.1

AV could be further divided into two parts as corrosion-induced erosion and erosion
induced corrosion.
AV =(AVg+AV() 2.2
Where:
AVg= the accelerative component of erosion damage by corrosion and is called
erosion or wear increment
AV.= the accelerative component of corrosion loss by erosion and is called

corrosion increment

The synergistic effect between corrosion and erosion increases proportionally to load. In
aqueous conditions there is no significant effect of corrosion on erosion and therefore it

can be assumed that the term AVg is negligible (Postlethwaite 1986)

Erosion-corrosion rate can either be determined by direct thickness measurements or
inferred from weight loss measurements by laboratory and pilot plant simulation. The
weight loss technique was preferred by many studies as it is well proven, reduces the
overall duration of test, and yields accurate information on both the amount of material
removed and manner in which wear takes place (Ferrini, 1982). Some materials however,
absorb water and may affect the values obtained from the weight loss measurements. This

can be avoided by carefully drying the sample before and after the test.

Electrochemical techniques to measure and monitor corrosion is well-known and have

been widely used for many different applications. These measurements are used for a
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comparative purpose in laboratory tests and some cases for direct corrosion
measurements. These results often provide corrosion rates in terms of electrical current.
Although conversion of these current values to either mass loss rates or penetration rates
is based on Faraday’s law, these calculations can be complicated for alloys and metals

with multiple valence values.

Furthermore corrosion can be accelerated during liquid solid impingement test by the
application of potential (+600 mV SEC) positive to E. The proportion of mass loss that
could be attributed to the accelerated pure corrosion can be calculated from the current

measured during the test at +600 mV (Neville, 1999)

In light of these, it is important to understand these electrochemical techniques and their
applications. The techniques considered in this study are described below for easy

reference.

2.2.1 Linear polarization

Linear polarization is based on complex electrochemical theory. For industrial
applications it was simplified to a very basic concept. In fundamental terms, a small
voltage called polarization potential is applied to an electrode in the solution. The current
needed to maintain a specific voltage shift (typically 20 mV for linear polarization
resistance and 100 mV for Tafel plots) is directly related to the corrosion on the surface.
By measuring the current, corrosion rate can be derived. This is a more powerful tool

than either coupons or ER probes which measure metal loss.

The recent electrochemical instruments automatically convert the corrosion current into
corrosion rate. Current density (uA/cm?) can be converted into corrosion rate or

penetration rate in mm/year (Jones D.A, 1996).

_0.00327(a.i)
R= 2.3
(n.D)
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Where:

R = corrosion rate, mm/y
a = atomic weight, g
i = current density, yA/cm®

D = density of the material, g/cm’

n = number of equivalent exchanged
The proportionality constant 0.00327 becomes 0.129 for mpy and 3.27 for um/yr.

Anodic polarization and potentiodynamic tests are used to determine the kinetics of
electrochemical corrosion process under conditions of solid free liquid flow and solid
liquid impingement. Most observation shows that the corrosion current in static solution
is much lower than the corrosion current after the erosion in static solution. Most of the
oxide film was broken during erosion and the metal surface is much active after erosion.
These techniques appear to work well for clean systems and are difficult in gases or

water-oil emulsions where fouling of the electrodes may prevent the measurements.

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

EIS is an electrochemical method in which either AC signal or AC impedance is used.
This signal is applied to an electrode, here a corroding metal, and the response is
measured. Usually, a small voltage signal is applied and the resulting current is measured.
The measuring equipment, process the current-time and voltage-time measurements
separated by different resistance such as the solution resistance and the polarization
resistance. At lower frequencies different types of processes occur over different time
scales at different frequencies. Consequently it may be possible to identify the diffusion

effects or adsorption / desorption phenomena.

Bonnel (1983) used impedance measurements to study the electrochemical behavior and
corrosion of carbon steel in 3% NaCl solution using rotating disc electrode. Both steady
state and transient measurements were collected and showed that oxygen transport takes

place not only in the liquid phase but also through porous layer of the corrosion products.
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2.2.3 Electrochemical Noise Measurements (ENM)

Fluctuations of potential or current, typically of low frequency (<10Hz) and low
amplitude is called electrochemical noise, It originates in part from the natural variations
in electrochemical rate kinetics during corrosion process. They include partial Faradic
currents, adsorption/desorption processes, surface coverage, and particularly in the case
of localized corrosion, the initiation of pits and mechanical effects resulting from erosion
and cracking process. Measurements were typically acquired by monitoring the evolution
of a corrosion process on two or more coupled electrodes without the application of an

external signal.

Shirazi et al (Shirazi, 2000) used this acoustic monitoring technique in slurry erosion-
corrosion studies in one inch diameter stainless steel pipe elbows. They also showed a
direct correlation between the particle impact velocity and the noise measurement. Using

this correlation they predicted the erosion rate for an elbow.

2.2 Morphology

The microstructures of the surfaces of the erosion-corrosion specimens correlated with
metal loss rates. The use of SEM made it possible to observe what had physically
occurred on eroded surfaces. This also shows that the texture of the eroded surface of
metal exposed to a liquid-solid medium and gas-solid medium are quite different.
Correlating this information with measured material loss will establish the surface

degradation mechanisms, but is more complicated than analytical modeling (Levy, 1995).

2.3 Parameters that affect erosion-corrosion

2.3.1 Oxygen concentration

Oxygen influences erosion-corrosion in three ways; control corrosion rate, corrosion
potentials and be present as gas bubbles. The saturation concentration of dissolved

oxygen decreases with increasing temperature and increasing concentration of other
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dissolved species. It has been suggested that the corrosion of pipeline carrying aerated
slurries is under oxygen mass transfer control and that the rate of mass transfer is

enhanced under erosion conditions (Postlethwaite 1986, Shirazi 2000).
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Figure 2. 1 : Effect of sand on erosion-corrosion in aerated/ de aerated water

The Figure 2.1 extracted from Edward et al (Edward, 1975) shows the corrosion rate is
substantially increased by sand particle in the presence of oxygen. However the addition
of sand in the absence of oxygen does not change the corrosion rate. When the
environment is corrosive only, the solids erode the protective film and increase the

corrosion rate (Edward, 1975)

2.32 Velocity

In slurry transportation, flow velocity is of more importance than for single-phase flow
and when the velocity is too low, solids could settle out and start forming a bed at the
bottom of the pipe. On the other hand, when the velocity is too high the solids could

erode the inside surface of the pipe at an unacceptable rate and of course increase the

10
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friction losses and the pumping requirements. Therefore, establishing the critical velocity
and operating it at this velocity is very important in slurry pipelines (Husband, 1986). A
plot of corrosion rate versus flow velocity is typically of the form shown in Figure 2.2. At
a certain velocity, the so called critical or break away velocity (Chexal, 1996) a steep rise
in corrosion rate occurs and is corresponds to the conditions wherein the film has been

eroded through in certain areas.

Corrosion rate

Breakaway velocity

Velocity

Figure 2.2 : Corrosion rate and the breakaway velocity (extracted from Chexal, 1996)

2.3.3 Impingement angle

The erosion is governed by the angle of impact of the solids and the strength and ductility
of the pipe wall. In most slurry pipelines, the angle of impact is expected to be small, the
pipe wall is ductile. Weight loss measurements in the laboratory by Burstein (Burstein,
2000) demonstrate that the synergistic effect between erosion and corrosion is enhanced

by more oblique angle of impact than normal incidence

2.3.4 Slurry concentration and distribution

Concentration affects the flow regime and thus the erosion-corrosion distribution. Slurry
erosion rates increase with increasing particle concentration up to a limit and the effect

decreases with increasing particle concentration due to particle interaction. For slurries

11
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with fine particles, higher concentrations may produce a more uniform velocity
distribution in the flow of slurry and consequently less wear. The large particles are
carried in fine particle slurry, the fine tends to reduce or cushion impacts of the large
particles with pipe wall (King, 1991). Also for fully developed flows erosion rates varied
linearly with the particle concentration from 0 -5 % mass concentration (Postlethwaite,
1993).

2.3.5 Materials properties

In pipelines, the erosion of metal surface results from the dynamic action of moving
particles. Depending on the flow condition, the erosion can be either deformation wear
(impact wear) or cutting wear (sliding wear). Both these wear occur when the solid
particles are harder than the pipe surface. Thus making pipe wall harder than solid
particles can eliminate the abrasive wear. However the most common abrasive particle
silica, similar to oilsand, with a hardness of about 800kg/mm?® and much greater hardness
than most common pipeline materials of hardness varies between 200 to 800kg/mm’
(Edward, 1975). Neville et al (2001) shows that micro-hardness is not the overall
controlling factor in erosion-corrosion of various grade stainless steels. The resistance of
a metal against the flow induced localized corrosion totally depends on the property of its

protective layer of corrosion products.

Increase in Vickers hardness of steel by heat treatment has virtually no effect on erosion.
There is considerable evidence in the literature (Levy 1995) to support the idea that
higher strength and hardness do not result in a grater erosion resistance within families of

alloys and surface hardening do not improve the erosion-corrosion resistance.

2.4 Mechanism

Erosion-corrosion caused by flowing slurry is not totally understood, despite many
experimental and modeling studies to evaluate the interactions between mechanical and

electrochemical mechanisms and the damage.

12
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Slurry erosion-corrosion of passive materials is characterized by the mechanical
perturbation of the passive film. The localized impacts of small abrading particles in
suspension in a flowing corrosive fluid leading to transcendent corrosion phenomena

include passive film breakdown.

2.4.1 Corrosion mechanism

Three basic forms of rusts may appear with dissolved oxygen (DO) in water (Bruce,
2002).

Fe+ HO+1%0, =22 a,p ory-FeO(OH) 2.4

If the water is nearly saturated with DO, hematite (Fe,0,) is often present, but if there is
not much DO, other oxide form of magnetite (Fe;0,) will be present in the water. The
beta form is the most often associated with water containing high chloride. It
predominates over the other phases when the chloride content is high. When CO, is

present the reaction that most predominates at moderate temperature of up to ~80°C is
Fe + H,CO, = FeCO, +H, 2.5

And the corrosion product above this temperature is magnetite (Fe,0,).

The y-FeO(OH) is unstable and will quickly transform to magnetite by either of the
following reactions.
3 y-FeO(OH) +e =» Fe;0, + H,O+ OH 2.6
Fe2+ + 8 y-FeO(OH) + 2e = 3Fe;04 +4H,0 2.7
Pipeline internal corrosion caused by slurry flow is an electrochemical phenomenon and
requires an anode, a cathode, a conductor between anode and cathode and electrolyte

solution. The half cell electrochemical reaction at the pipe wall is:

Anodic reaction 2Fe =» 2Fe*" + 2¢” 2.8
Cathodic reaction O; +4e + 2H,0 = 40H 2.9
Precipitation at the pipe wall
2Fe** + 40H" = 2Fe¢(OH), 2.10
Chemical oxidation near the pipe wall
2Fe(OH); + Y2 O, =» 2Fe(OH); 2.11
13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The overall reaction at is
2Fe + 1120, +3H,0 =» 2Fe(OH); 2.12
The oxygen reduction is the main cathodic reaction in neutral slurries and the rate of
reaction is controlled by oxygen diffusion. The final corrosion products are in the form of

hydrated ferric oxide, magnetite or hematite.

Disturbed flows caused by sudden expansion, weld joint, erosion, etc. can induce
formation of electrochemical cells due to difference in shear stress, aeration, pH and

produced anodic and cathodic regions (Postlethwaite, 1991).

The electrochemical corrosion mechanism induced by liquid or slurry flow can be in the
following ways (Heitz 1991)
e Supply of reactants or removal of intermediates or products by mass transfer and
the rate-determining step is diffusion. It is generally more or less uniform.
¢ Erosive action on the metal surface by removal of surface layer, passive layers, or
base metal, thus producing a more reactive surface, which leads to the formation
of new layers.
e Stabilization of surface layers by increased mass transfer which cause the
solubility product of the layer to be surpassed closer to the surface, thus causing

better adherence.

Although these forms are present in the context of aqueous corrosion, proper
identification of the type of corrosion and analysis of corrosion products is very
important in identifying the corrosion mechanism. Spot test corrosion products using acid
and magnetism as indicators for certain compounds are useful but often mislead; energy
dispersive spectrometer EDS is used to identify the elements and the not compounds. X-
ray diffraction (XRD) analysis is used to positively identify and understand the corrosion
products and by application of the relevant equation, it is possible for one to establish a

complete understanding of the cause of corrosion in a system. (Bruce, 2002)

14
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From the x-ray analysis of corrosion products at 0 m/s and 0.5 m/s in a Jet impingement
rig test, Nanjo (1990) shows the corrosion products at 0 m/s mainly considered reddish
brown corrosion products Fe,O3 and FEOOH and were in the state of suspension during
the test. Dissolved oxygen easily reached a metal surface and generates products of large
oxidation number. In case of flow field, the main components of corrosion products were
Fe;04, which is blackish brown color and small amount of Fe,O3; and FeOOH. The
corrosion products sticking tightly inside and around pits suppressed dissolved oxygen
from diffusion. Therefore iron oxide of smaller oxidation number Fe;O4 could be formed.
On the other hand, dissolved oxygen was supplied to the upper layer of Fe;04 and iron
oxide and hydroxide or large oxidation number species such as Fe;O3; and FeOOH could

be formed.

242 Flow mechanism

“Many researchers in erosion are interested in the mechanism by which particles remove
the material rather than the fluid mechanics aspects. However, in some cases, the
calculation of particle trajectories in a fluid stream rather than material selection has

been the key to solving major erosion problems” (lain Finnie, 1995)

The transport of solid particles in slurry is either by sliding, rolling and jumping on the
bottom of the pipe or dispersed in suspension. The slurry can be in laminar or turbulent
flow, however the turbulent flow regime is encountered in most part of the industrial

applications handling water.

Critical deposition velocity is very important parameter in designing pipe flow of settling
slurries. It is defined as the velocity at which a stationary bed of particles appear at the
bottom of pipe. The detailed study by Shook (Shook, 2000-b) can be used to calculate

this.

The pipe material removed can be either by one or combination of the following particle

dynamics pattern wear mechanism (Roco, 1988, Walker 1998)

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FLow

Qo ms T
1 e WIERACTONS a) - Sliding bed
7 . .
SUBSTRATE ‘ SUBSTRATE b) - Random impact
‘ ¢) - Directional impact

2%

.

SUBSTRATE

Figure 2.3 : Three major modes of erosion (Walker & Roco)

Friction caused by Coulombic contacts, as shown in Figure 2.3 (a), is predominant when
the sliding bed flow pattern occurs as well as when suspension flows are close to the

critical sediment velocity.

By random impact we mean by collisions from random directions between solids and the
wall as shown in Figure 2.3 (b). The turbulent velocity fluctuations of solids caused by
fluid/solid and inter particle interactions play the major role in the straight pipe sections.
Directional impact, caused by the mean separation velocity between solid and liquid,
Figure 2.3 (c) develops in elbows, sections with contractions joints etc. The same
mechanism can be expanded to other slurries handling equipments and the flow pattern

determines which erosion wear mechanism is predominant.

The particulate wear mechanism is a stochastic process at particle scale and two steps
explain the wear pattern via stochastic analysis. The first step is to investigate the motion
of the particulate system in the vicinity of the bounding surface. The second step is the
modeling of impact events at particle scale. Particles of random size and shape impact
roll and slide on the wall with random velocities under various impingement angles,
while the in-homogeneities of the exposed material and surface have random
distributions. Therefore, the material removal is defined by a probability distribution
function. (Roco, 1988)
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By using the kinetic theory for large particles and at the boundary slip condition, one can
determine the interaction energy between particles and the wall as a function of the mean
solid velocity profile close to the wall. The supported load and dispersive stress were
recently introduced to differentially describe and numerically evaluate the particle —wall
interaction stresses by Coulombic friction and collusions respectively. Modeling the

impact event is the second step in the analysis at particle scale.

Depending on the energy or frequencies of the particle hitting the surface, Heitz (1991)

considered the chemo-mechanical effects and categorized them as follows:

L The particle energy is too small to damage even the passive layer of a passivated
metal or the impact events are too rare to have a measurable effect on the metal
weight loss rate. Flow effects can only be effective via mass transfer.

IL. The particle energy is sufficient to account for damage to the passive or other
surface layers and to deform the outer regions of the base metal mechanically.
The activated surface of the metal corrodes in the presents of aggressive agents.
Erosive wear and corrosive rates are of the same magnitude. Damage and healing
kinetics of passive or other layers are involved. Behavior of ferrous material is
strongly determined by alloy composition. In materials with two phase structures
(e.g. harden alloys with chromium carbide) local corrosion on a micro scale is
observed.

III.  The particle energy is so great that the base metal is preferentially eroded and the
attack is mainly erosive wear. It can be shown that in turbulent tube flow with
sand particles the mechanical energy of an impinging particle exceed the energy

necessary to the formation of micro furrow (trough) by a factor of 1000.

2.43 Erosion mechanism

Deformation wear occurs when the particles kinetic energy causes local stresses higher
than the yield strength of the pipe. Cutting wear occurs when the particles have sufficient

energy to shear the local surface.
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Tain Finnie (Finnie 1960) in an important contribution in this field compared the particle
to the cutting edge of a tool which moves into the specimen surface causing plastic
deformation of the material and removal of the formed debris. He evaluated his
theoretical results with experimental data in which the particle velocity and angle of
attack were strictly controlled. His correlation was good for ductile specimens at small
angles of attack and known as cutting wear and accompanied by plastic deformation of
the surface material. His theoretical relationship, however make no predictions for the

erosion which occurs under normal attack on such materials (Levy, 1995)

Bitter (Bitter, 1964) also made a theoretical analysis of the problem. In addition to cutting
wear he allowed for deformation wear which is associated with the repeated blows
suffered by the specimen and which eventually cause cracking and spalling of surface
material. It is this deformation wears which accounts for the erosion at normal attack in
ductile materials and which is not accounted in the Finnie’s analysis. (Levy, 1995)
Bitter’s theoretical work is exhaustive and extremely intricate, accounting for the elastic

as well as for the plastic properties of the particle and specimen materials.

Levy (Levy, 1995) proposed another mechanism called the platelet mechanism. This
approach was developed by physically observing the surface of an eroding ductile
material at the microscopic level. The mechanism consists of sequential plastic
deformation processes that account for all separate occurrences resulting in the overall

surface degradation.

Particles initially impact a stress-free surface and cause craters of three distinct types:
indentation, ploughing and smear craters. As the particles continue to impact, there is a
general microscopic roughening of the surface because of plastic deformation caused by
the large localized stress in the immediate areas of the particle impact. Eventually the
particle impact crater and their attendant platelets completely cover the surface. At this
time, particle no longer have a fresh surface to impact against, a gradual increase in
frequency of smear-type craters with platelet formation starts and measurable erosion or

the actual material loss starts.
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244 Erosion-corrosion

The combination of erosion and corrosion results in more severe attack than would be

realized with either mechanical or chemical corrosive action alone.

The material loss rate can be significantly accentuated when the passivity of the material
such as stainless steel and Ni based alloys is breached by a mechanical influence. The
material can make transition into a regime which consists of active and passive sites on
the surface which depend on the mechanical influence, frequency and the extent of

impacts by sand or other impacting species (Neville, 2001-b).

Post-experimental observations facilitated with light optical microscopy and scanning
electron microscopy show that erosion-corrosion generally can be marked by its
appearance in the form of shallow pits, horse-hoe-shaped groves, or other local
phenomena correlated with the direction of flow (Heitz 1991, Neville, 1999). Affected
areas are usually free of deposits and corrosion products, although they can sometimes be
found if erosion-corrosion occurs intermittently or if the liquid flow rate is relatively

slow.

Matsumura et al (Matsumura, 1995) suggested that corrosion is accelerated by erosion
through the destruction of passive film by the particle impact followed by dissolution of
the surface, leading to the elimination of the work-hardened layer as well as to an
increase in the surface roughness. Both of these effects then allow impacting particle to

penetrate more deeply into the material and cause greater corrosion damage.

Postlethwaite et al (Postlethwaite, 1986) compare two different erosion-corrosion
mechanisms. Based on the studies in slurry pipeline carrying sand and similar abrasive

slurries they proposed the following mechanism:
The erosive effect of solid particles prevents the formation of rust which normally

reduces the diffusion of oxygen to the corroding surface. Therefore the corrosion

proceeds at a high rate in the absence of such rust films. From his experimental studies
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he has found that there was no significant effect of corrosion on erosion in aqueous
conditions and assumed that this term can be negligibly small and concluded that erosion-
corrosion in slurry pipelines carrying aerated slurries of sand and similar materials is
under oxygen mass transfer corrosion control, with corrosion being the dominant mode of
material loss. Postlethwaite et al further argued that any measures to prevent such
corrosion of straight slurry pipeline should be concentrating on controlling the corrosion

component rather than on choosing erosion resistant piping,.

2.5 Slurry simulations in the past

Rotating electrode and slurry pot test are the well-developed laboratory scale tests used to
evaluate the erosion-corrosion. However to simulate the real industrial erosion-corrosion
problems, different pilot scale studies were carried out and some of the units relevant to

this study are discussed below.

Postlethwaite (1986), Edward (1975) and King (1991) used to simulate slurry flow by
making a flow-loop and with entry length of 60 diameters to allow fully developed flow
similar to this study. Different types and shapes of test specimens were used to measure
periodic weight losses. Postlethwaite et al used 50mm long and 10mm wide curved pipe
cuttings. Corrosion measurements were obtained from electrochemical anodic and
cathodic curves and polarization resistance measurements. The analyses included wear

rate, morphology, mass transfer rate, etc.

Cathodic protection was employed mainly as a tool to determine the pure erosion
contribution but it also illustrated large potential benefits in reducing the total material

loss in liquid impingement up to extremely high velocities.

The slurry conditions were met by maintaining around 1 to 3% NaCl solution using tab
water with up to 20% by volume, 30 — 50 mesh silica sand and run for the period of 100
hours and kept saturated with dissolved oxygen at various velocities from 2 to 6 mys.
They have obtained high wear rate in the range of 6 to 25 mm/y. The pH values of these

solutions were approximately 7.0.
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Shirazi et al (Shirazi, 2000) at Erosion-corrosion Research Center at the University of
Tulsa used a multi phase (gas-solid-liquid) flow-loop to evaluate the sand monitors and
the erosion-corrosion mechanisms. The major components of the flow-loop were two
compressors, diaphragm pump, large separator tank, several heat exchangers, a scrubber
and a cyclone separator. The flow-loop is capable of delivering a superficial liquid
velocity of up to 3.4m/s while using the sand injection nozzle and superficial gas velocity

up to 30m/s in a 25mm test section.

Another well known accelerated test called direct impingement jet loop to simulate the
wear rate in pumps, turbine blades, other rotating equipments, bends and pipelines were
done by Chiovelli et al at the Syncrude Research centre, SINTEF corrosion center,
Neville et al at Heriot-Watt university (Neville, 1997), Hutchings et al at University of
Cambridge, Matsumura et al, Meyer et al (Mayer, 1995) and many others.

Neville et al used cast iron and austenitic stainless steel (both are candidate material in
pump components), high alloy stainless steel, titanium and its alloys, drill bit materials
like Co-based X-40 alloy and austenitic cast iron. Weight loss measurement and standard
electrochemical techniques were used to determine the erosion-corrosion effect with
twelve impinging jets in the test rig. They also studied the behavior of high velocity oxy-
fuel process thermally sprayed cermet coating on stainless steel in saline solution in the
presence of solid up to 30% at 17m/s (Neville, 1999). Meyer et al used various
impingement angles from 40° to 90° and the flow velocity up to 30m/s for an average of

25 hours with caustic solution

A lab scale rotating cylinder system was used by several researchers including Luo et al
(Luo, 2001) and Edward et al (Edward, 1975). Luo et al used Teflon mounted on the
stainless steel shaft cylindrical specimen holder. The specimen or the working electrode
was 8mm long and 12 mm in outer diameter and was mounted on the middle section of
the cylinder and electrical contact was made via carbon contact brushes connected to the

rotating shaft at 50 - 10,000rpm. Electrochemical measurements and SEM analysis were
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used to analyze the eroded surface. In another study, Bonnel et al (Bonnel, 1983) used the
same rotating electrode with carbon steel API type N80 cylindrical working electrode and
the exposed cross section of 1 cm’. However Efird (Efird, 2000) showed that the
corrosion rates in rotating cylinder tests were significantly lower than in the pipe flow
and jet impingement test and explained the differences by the concept of steady state

mass transfer versus distributed mass transfer.

Atomic Energy of Canada Limited (AECL) designed and developed two types of wear
simulators called ERABLE and SYRACUSE and French Atomic Energy performed
numerous tests using AECL’s ERABLE wear simulator (Lina , 2001). This consists of
autoclave, a tube wear specimen, tube support specimen holder and high temperature
force transducers and high temperature displacement transducers. Several factors were
studied using this instrument including the impact of temperature, coatings, surface
treatments, experimental parameters such as type of motion, load, contact pressure, test

duration etc.

2.6 Erosion-corrosion model predictions

The modeling of erosion-corrosion in complex turbulent two phase flow requires the
ability to determine the flow field, erosion and local wall mass transfer rates of corrosion

reactants and products.

2.6.1 Flow models

Recent studies focus on the use of commercially available computational fluid dynamics
(CFD) code for the erosion-corrosion prediction. This is a three dimensional flow field
solver that also contains the Lagrangian particle tracking model used in several erosion-
corrosion studies. This prediction procedure gives better understanding the effects of
various parameters on erosion-corrosion, such as inlet conditions, fluid properties, flow
rate, particle size and concentration, and geometry. There are two widely adopted
numerical ways to handle dispersed two-phase flow.

e The Eulerian-Lagrangian approach and
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¢ Eulerian-Eulerian approach.
Wilson proposed a model for higher concentration slurry flow and is based on the sliding
bed theory (King 1991). It equates the driving force on the surface of the sliding bed of
material to the retarding forces caused by friction between the bed and the pipe wall.
Modified two layer model of Wilson (Shook 2000-a) sometimes called ‘Saskatchewan
Research Council’ (SRC) model is worth considering for settling oilsand slurries at high
concentration with particle diameter smaller than 500p. In the turbulent region the
effective viscosity of the slurry can be correlated to solid concentration and carrier fluid

viscosity as follows: (Shook, 2000-a)

K o 14+2.5C+10C? +0.0019Exp(20C) 5.19
1,

Where C is the solid volume fraction. Based on this wall shear stress and particle velocity

vp can be calculated.

2.6.2 Erosion models

Iain Finnie’s (Finnie, 1958) pioneering effort in erosion developed an analytical model to
predict erosion rates using the equation of motion of the particles based on the
assumption that the mechanism of erosion was micro machining. The model essentially
computes the volume of the crater generated in the eroding material when it is impacted
by a hard angular particle at a given velocity and angle of incidence, and further assumes
that this crater volume or a potion of it removed causing weight loss. The cutting model
is strictly valid for erosion at oblique impact angles and only in the case of annealed pure
metals and not in alloys. In addition, the use of scanning electron microscopy (SEM) to
observe eroded surfaces has established that erosion process in metal is primarily a
sequential extrusion, forging and fracture phenomena. This is not the primary mechanism

by which ductile structural materials erode at high impact angles.

Modifications were made to Finnie’s basic thesis on the cutting mechanism to account for
other observed type of plastic deformation and for aspects of micro-cutting model in
order to metals that were necessary to bring resulting calculation more in line with

measured erosion losses. In 1963 Bitter included deformation wear and modified Finnie’s
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model. While Bitter’s model of erosion is one of the most complete, the number of
material-dependent constants makes it nearly impossible to use in most practical

situations (Nesic, 2001).

As the results of poor performance in prediction of erosion, Nesic and Bergevin (Nesic,
2001) proposed a modification to Finnie’s model by including Bitter’s assumption of a
critical velocity for plastic deformation (V). This critical velocity is then used in place
of impact velocity and yields the following equations.

V, sina = V,, sinat — V, 2.13
And the volume removed by an impact Q for o <18.5° becomes
Q = my(V, sina — V) { V, cosa — 3/2(Vp sina — V) }/2p 2.14
And for a. >18.5°
Q =my(V, sina — Ver)? cos?a / sina 2.15

The parameters needed in the above equation such as impact angle, impact velocities,
impact frequencies etc can be directly obtained from particle trajectory calculation.
Critical velocities for number of metals have been empirically determined by Bitter and
for stainless steel, the critical velocity = 0.668m/s. This value was used by Nesic (Nesic,

2001) to accurately predict erosion of stainless steel by sand particles.

Sundararajan et al (Sundararajan, 1991) proposed a comprehensive analytical model
based on critical strain criterion for solid particle erosion. The model combined the
concept of localization of plastic deformation leading to lip formation and generalized the
energy absorption relations valid for all impact angles and all shapes of eroding particles.
Subsequently he modified his model and spilt it into two components. One for erosion at

normal impact angle and other for oblique impact angles

Salama’s (Shirazi, 2000) empirical model originally intended for sand in a single phase
carrier fluid was extended by Shirazi et al (Shirazi, 2000) to multiphase flow by adding

terms that account for mixture density and velocity. This revised model applies geometry
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dependent constant that are obtained empirically and used in elbows and bends as

follows.

_ 1 W,
S, D*2 Do 2.16
Where:

E.R= erosion penetration rate, mm/year

W = sand production rate, kg/day

V, = fluid mixture velocity, m/s

d, = sand size, micron

D = pipe diameter, mm

p, = fluid mixture density, kg/m3

S, = ageometry dependent constant specified by Salama.

2.6.3 Corrosion model

One model that assumes corrosion rate under two phase flow conditions is oxygen mass
transfer control and it is a reasonably good assumption for slurry pipe flow. Oxygen

concentration distribution across the laminar boundary layer can be obtained from LRN
K-g& model and then oxygen mass transfer flux to the solid wall can be determined by

using Fick’s first law and hence the local corrosion can be calculated based on the local

reactions.
__pnd(pm)
Jo, =—D—EZ2
d 2.17
Y
Where:

D = diffusion coefficient, m*/s
m = mass fraction of dissolved oxygen, kg/kg
p = density, kg/lrn3

The diffusion of oxygen is considered as molecular diffusion and turbulent diffusion by

Nesic (Postlethwaite, 1991-a). In simple flow geometries, mass transfer coefficient were
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correlated through Schmidt number, Reynolds number and Sherwood number by Berger
et al (Berger, 1977), Chilton-Colburn (Poulson, 1982), for fully developed pipe flow Luis
Efrain (Luis, 1984) in steam extraction lines of power stations. But none of these clearly
demonstrate velocity effect on the passive layer, which changes significantly at low
temperatures. Once mass transfer coefficient (ky,) is known, the corrosion rate can be

determined by the following formula (Nesic, 2001).

R = ZnCooMrFe 2.18
p Fe
Where:
Mre = molar mass of Fe
Ppre = density of Fe

Cbo2 = bulk concentration of oxygen

kn = wall mass transfer coefficient

Predicting the velocity sensitive corrosion in the field through laboratory simulation is an
ongoing interest and studied by Silverman et al (Silverman, 1999), Nesic et al (Nesic,
1997, 2001-b) and many others. Rotating cylinder was used to simulate the field
geometries due to simplicity, uniform current distribution and easy application of

hydrodynamic principals.

2.7 Past proposed solutions

2.7.1 Cathodic protection

Cathodic protection is the reduction of corrosion by shifting the corrosion potential of the
corroding material towards a less oxidizing potential by applying an external
electromotive force (current). Cathodic protection can be used to reduce corrosion and
synergistic attack in slurry erosion-corrosion. However it has not found widespread

application in internal pipeline protection.

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.7.2 Inhibition

Organic corrosion inhibitor is the most effective means of protecting the severe internal
corrosion of carbon steel pipelines in oil product transportation. Chromate inhibitors were
used for carbon steel slurry pipelines (Postlethwaite, 1986) and molybdate inhibitors for
coal water slurry lines (Sastri 1983, Corradetti, 1991) by Energy and Mines Resources
Canada and monoethylene glycol, diethylene glycol and methanol were used for gas pipe
lines. All these results show a good reduction on corrosion, wear rate and total metal loss.
Inhibitors work only when they can reach the steel surface. Sand deposits prevent such
contact and a minimum velocity is also important in corrosion inhibition. Postlethwaite
(1986) suggested inhibitor and/or de-aeration, resulting in a smooth rust and scale free

pipe, would control the erosion-corrosion.

2.8 Summary of literature review

The literature review shows the erosion-corrosion effect by various parameters including
temperature, sand concentration, velocity etc. Several models were developed to predict
the erosion-corrosion in oil, gas and mining transportation and exploration lines.
Synergistic effect was predicted as the percentage of erosion and laboratory scale studies
were completed to estimate and simulate the flow-induced-corrosion using rotating

cylinder electrode

However difficulties were faced in the past in measuring the flow-assisted-corrosion
using electrochemical measurement and rotating cylinders to simulate the field
conditions. Furthermore, measuring and separating the passive layer removed by erosion
and the increased corrosion due these effects are still not clear. Synergistic mechanism
and the different constituent causes the synergistic effect are not well defined in slurry
transportation. Limited literature was found in the oil-sand erosion-corrosion and it may

due to the local nature of oil-sand reserves mainly in Alberta.

Literature review also shows that the erosion-corrosion can be controlled either by

modifying the slurry or by modifying the pipeline. For short length pipes, the use of
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protective lining, inhibitors or external metal allowance could be feasible; however the
economic considerations influence the above control methods in many oilsand slurry

transportation lines.

Therefore the literature on oilsand erosion-corrosion and the problems faced in plant
studies shows the need for a good experimental setup to simulate the actual oilsand slurry
flow. This will distinguish the enormous erosion-corrosion effects, produce good
experimental data and will serve as the foundation to understand the problem; viz., to find
out the actual mechanism and build a mathematical model to predict the erosion-
corrosion. Finally in this work we propose an innovative approach to mitigate the

erosion-corrosion.
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3. Materials and Methods

This chapter discusses the main features of the design, test methods and procedures used
to simulate the slurry flow. Operation of the loop, sample calculations, accuracy of the
measurements, calibrations and the difficulties faced in these areas are also discussed in

this chapter.

3.1 Slurry flow-loop

— e

Cathodic protected Total weight loss

. O, - OxygenMeter

Data Acquisition T - Temperature Probe
F - Corimass Flow meter
W - window tube

Figure 3.1 : Slurry flow-loop to simulate the oil-sand transport line

The erosion-corrosion slurry flow-loop consists of a reciprocating cavity pump, heat
exchanger, a mass flow meter, specimen holder, sensors and data acquisition system as
shown in the Figure 3.1. Building hot water was used to control and achieve the slurry
temperature by passing through the stainless steel heat exchanger. Initially, the city of
Edmonton water was used to make the slurry with the total hardness of 162ppm of
CaCO; (Epcor, March 2003). Minute amount of deposits on the cathodically protected
test pieces were noticed due to the high hardness of the supply water especially during
the wintertime. This was verified by the XRD analysis of the deposited powder that

mainly consists of calcium components as shown in the Figure 3.2. This is somewhat
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similar to the steel piles in the jetties and offshore platform, where deposits like barnacle
and seashells were found after few years of cathodic protection. Therefore all the tests
were decided to be carried out with purified water by combined mechanical filtration and
reserve osmosis filtration as shown in Figure 3.3. The reverse osmosis system consists of
thin film composite membrane, sediment filter, activated pre-carbon filter and post-
carbon filter and its remove almost 93 -98% of calcium and 90 -95% of chloride. A
constant slurry concentration was maintained by incorporating a mixer in the circulation
tank and monitored by Krohne corimass G+ MFM 485 mass flow meter throughout the
test. Even though ASTM D888-66 recommends two different analytical methods to
accurately test dissolved oxygen in water, Extech instruments Model 407510 dissolved
oxygen meter was used to monitor the oxygen concentration in the flow-loop due to short

measurement time and easy handling.

CaCos

Figure 3.2 : XRD Analysis of C.P deposits Figure 3.3 : Reverse osmosis filter unit
(Petwa)

Three test pieces were used in all the tests to make sure the repetition of the test results.
Carbide papers were used to clean the internal surfaces of the test pieces. Electrical
isolation was made for all test pieces including cathodically protected test pieces by
placing non-conductive plastic bushes in between the samples. The weight loss rates of

the carbon steel pipe at a negative potential of 800 mV with respect to saturated calomel
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electrode (SCE) by cathodic protection is considered as pure erosion. The weight loss
rates at the test pieces without cathodic protection are considered as total erosion-
corrosion. All these tests were carried out for five to six hours and the parameters were
kept well with in the limits and acquired using a National Instrument’s Lab View® data
acquisition system. The average values from the acquired data were used in this

presentation and calculations.

The erosion-corrosion tests were performed for velocities of 1.5, 2.0, 2.5 and 3 m/s with
sand concentration ranging from 2 to 12 % in 850 ppm NaCl solution at 22°C, 32°C and
42°C. Two optimum velocities of 2 and 2.5 m/s were selected to run the tests at 42°C due
to difficulty in maintaining the temperature without proper heating and control
arrangements. After the test, corrosion products and foreign matter from the surface of
exposed coupons were removed by inhibited acid and washed and dried. Initial and final
weights of each sample were carefully measured using Scientec SA-510 analytical

balance with the readability of 0.1mg.

3.1.1 Test piece holder design

To arrive at the final flow-loop design, we considered many factures such as the cost,
space availability and actual plant situations. Simulating the fully developed slurry flow
and the design of the test piece holder was one of challenge faced in this research. To
simulate steady fully developed flow, upstream and down stream are allowed one meter
and 2 meter long pipe respectively. Test specimens were in the form of 76 mm long by
26 mm diameter standard A106 carbon steel pipe and the chemistry of the A106 carbon
steel is similar to the field oilsand slurry line. The length of the test specimens was
chosen from the maximum available analytical balance capacity and the duration of the

test was decided to reduce the measurement errors.
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Figure 3.4 : Test piece holder design for flow-loop weight loss measurements

Cathodic protection was maintained by using a one-inch long pipe identical to the test
piece on both ends of the test piece as anode without disturbing the flow as shown in the
Figure 3.5. The cathodic protection potential was maintained as per the standard (NACE,
BS7361) and very sharp attenuation or drop in voltage was observed in the short length

of the test piece.
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Figure 3.5 : Cathodic protection criteria for erosion measurements

3.1.2 Specimen cleaning and weighing

First the internal surface of the test specimen was abraded manually with wet 400 and

600 grid papers and washed with de-mineralized water and ethanol. Then it was blown
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with filtered dry air and kept in a nitrogen-blanketed desiccator’s vessel for

approximately 12 hours and its initial weight was recorded

After the test, the internal surface of the test pieces were chemically cleaned with
inhibited acid, washed with clean de-mineralized water and acetone and dried for 12
hours. Then the final weight of the sample was measured with an accuracy of 0.1mg. The
inhibited acid was made out of 500 ml hydrochloric acid (HCI, specific gravity of 1.19),
3.5 gram hexamethylene tetramine and the balance regent water to make 1000ml as
recommended by ASTM G1-90 (1999)

3.2 Test material

The material inspection certificate supplied by Benteller pipe manufacturer for standard
SMLT A/SA106 —B plain end pipe and corresponds to the flow-loop specimen heat
number is shown in the Table 3.1. The pipe was supplied by Comco Pipe and Supply
Company in Edmonton.

Table 3.1: Chemical composition of A/SA106-B grade line pipe steel Heat No: 110552

Components weight % Components weight %
C 0.140 Ni 0.05
Si 0.200 Cu 0.09
Mn 0.85 B 0.0001
P 0.005 Nb 0.002
0.003 Ti 0.002
Cr 0.09 \% 0.001
Mo 0.01

3.3 Slurry simulation

AFS 50/70 silica sand with the grain size of 212 — 300um and the specific gravity of 2.65
supplied by US Silica was used to make the slurry. The slurry density was adjusted by

adding sand to the mixing tank. The main problem encountered in the mixing tank was
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related to the accumulation of sand at the tank bottom. This caused unsteady slurry

density in the flow-loop and noticed from the mass flow meter. This problem was

overcome by raising the outlet of the tank (inlet to the pump) few inches away from the

tank bottom.

Weight %

404 - - - - - - - - - R B
ZOT --------- - - -pEEl- - - - - - - - - -
: a0 ]

Size distribution (micron)

Figure 3.6 : Micrograph of silica sand ~ Figure 3.7 : Sand distribution

Figure 3.6 shows the irregularity and distribution of the sand in an as received condition.
In order to avoid sand particle size and shape degradation during the tests, each slurry
batch was used only for a relatively short period of time (6hrs). Indeed several particle
size and microscopic analyses indicated that the effect of attrition on the size distribution

was not significant.

3.4 Corrosion and synergistic effect measurements

Corrosion current can be determined by extrapolating the anodic and cathodic line from
the Tafel plot as shown in the Figure 3.8. The theoretical current for anodic and cathodic
reactions is shown as straight lines and the value of either the anodic or cathodic line at

corrosion potential (Egor) is called the corrosion current (I.orr)

The curved line is the total current or the sum of the anodic and cathodic currents and is
measured by sweeping the potential of the test specimen, normally from -250 to +250mv

using a potentiostat. The sharp point (Ecor) in the curve is the point where the current
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changes sign as the reaction changes from anodic to cathodic. This disturbs the corrosion
current measurement directly at this point and usually extrapolation is used to estimate
the corrosion current. The recent electrochemical instruments automatically convert the
corrosion current into corrosion rate in mm/y or mpy. In real systems the corrosion
current depends on many variables including the metal, solution composition,

temperature, solution movement, metal history, and many others.

0.2

Anodic Line

¢
e
W

Observed polarization plot (measured current)

Potential (V vs. SCE)

<
'S
L

0.5 T T
1.0E-06 1.0E-05 1.0E-04 1.0E-03

Current (A)

Figure 3.8 : Tafel polarization diagram and the corrosion current extrapolation

Weight loss measurements were used to measure the corrosion rate. The flow-loop was
cleaned and run several hours to remove all sand before the corrosion measurement. All
the weight loss measurements were made with three test specimens for 6 hour test
duration. Corrosion measurements by online flow-loop electrochemical Tafel tests were

also carried out for comparison purpose with the weight loss as in Figure 3.9.

The flow-loop electrochemical analyses were performed with Gamry Electrochemical

measuring system. Platinum (Pt) wire was glued on to the pipe wall without disturbing

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the flow to serve as the reference electrode and other pipe pieces were used as working
and counter electrode as shown in the Figure 3.9. The measured potentials were re-scaled
to standard saturated calomel electrode (SCE) by comparing the open circuit potential of
the test piece with respect to platinum electrode and SCE in the same environment as
shown in Figure 3.10. Electrochemical measurements were made without sand and with
6% sand at a scan rate of 0.5 mv/sec. Measurements in other sand concentrations were
extracted from this for the calculations.
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Figure 3.9 : On-line corrosion measurements ~ Figure 3.10 : Open circuit potential
3.5 Mass transfer simulation
~N}7
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Slurry
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Figure 3.11 : The rotating cylinder electrode to measure the oxygen diffusion rate

The oxygen transfer rate through the mass transfer boundary layer in the pipeline is

simulated through the rotating cylinder electrode as shown on Figure 3.11. The electrode
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is in the form of 5.7mm long by 33 mm diameter standard ASTM A106 GrB carbon steel
taken from the same test piece material. Carbide papers of 400 and 600grid were used to
clean and polish the surfaces of the electrode. The limiting current tests were performed
with Gamry Electrochemical system for velocities ranging from ~0 to 4.8 m/s (rotating
speed from 0 — 4000 rpm) with 850 ppm NaCl at ambient temperature as of the flow-
loop. The limiting current is calculated based on the maximum current density that can be
used to obtain the desired electrode reaction without undue interference such as from
polarization and assumed at negative 950 volt with respect to SCE. The boundary layer
velocity at the surface of the test piece relative to the fluid was assumed to be zero (no

slip). The same was normally assumed in incompressible pipe flows.

3.6 Calibrations

Calibration provides confidence in measurement and assurance that an instrument has the

accuracy required to maintain a product or process with in the specification. In general,

flow measuring devices were calibrated by three methods as described elsewhere

(Spitzer, 1991):

(1) A wet calibration using actual fluid flow

(2) A dry calibration using flow simulation by electronic or mechanical means

(3) A measurement check of physical dimensions and use of empirical tables relating
flow rate to those dimensions

Flow meter was calibrated for flow rate and density as per the manufacturer’s instruction.

Initially the flow rate was compared with the volumetric measurement using 200 liter

collection tank. Even though the measurements were carefully taken, the calibration is

only accurate as the standard to which the meter is being compared. Therefore batch

calibration were completed using city water, collection tank and a weighing machine to

check, compare and confirm the flow meter readings. The calibration curve in Figure

3.12 shows that the meter readings were very much close to the calibrated values. As we

used the stop watch, manually transfer the water and used scale (250 lbs) with the

smallest measurement of loz, the small variation between the meter reading and the
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measured value is considered from this measurement error. Therefore factory calibrated

flow meter readings were assumed to be correct and used in all calculations.

1500

g

y = 0.9415x + 67.969

Meter reading (cm®/s)
g

0% - - - - -

700 T T T T T T "
700 800 900 1000 1100 1200 1300 1400 1500

Calibrated value (cm’/s)

Figure 3.12 : Corimass meter calibration for flow rate

Slurry concentration was calculated from the density measurements and compared with
the volumetric density measurements using measuring cylinder and the electronic
balance. The density was calculated by dividing the measured weight by measured
volume. Whenever much deviation were noticed from the volumetric calibration, the
mass flow meter was re-calibrated for density measurements. Oxygen meter was

calibrated from time to time as per the manufacturer’s instructions

3.7 Assumptions and validations
» The weight loss rates of a cleaned test specimen at a negative potential of 800 mV
with respect to saturated calomel electrode (SCE) by cathodic protection is

considered as erosion. However if this represents the actual erosion in the plant

situation is still not clear, due to the sand impinging directly on oxide layer rather
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than the cleaned bare metal surface. Oxide layer cannot be ignored and pure erosion

reported here may be over estimated than actual plant conditions.

> Bushes and end connections were machined to the same internal diameter as of the
test piece and the flow is assumed to be fully developed near the test piece (no

disturbance)

> Sand particle shape and size remain same with in the test period and this was

confirmed with the stereo microscope.

» One meter upstream and % meter down stream will provide fully developed flow at

the test piece.

» Erosion-corrosion rate, determined with typical test piece is an average value over the
entire test period of five to six hours. Changes in the test conditions were kept as

minimum as possible by design, flow control and surface preparation.

» Oxygen diffusion controls the corrosion process in oilsand slurry flow.

3.8 Flow-loop operating procedure

Startup, shutdown and emergency shutdown procedures are attached in Appendix-I for

easy reference and for future use.

3.9 Calculations

Generally corrosion rates are interpreted in imperial units like mils per year (mpy) in
North America and all the test results in this study were converted to this unit. However
these can easily converted to SI units (mm/a) by multiplying a conversion factor
(0.0254).

3.9.1 Corrosion rate

The formula used to convert the weight loss measurement to estimated erosion-corrosion
rate is given below and is based on NACE standard RP0775-87.
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* *
p_ W7*365%1000

= 3.1
A*T*D*24
Where:
P = average penetration rate in mils per year, mpy
W = weight loss in grams, g
A = initial exposed surface area of the test piece, square inch
T = exposure time, hrs
D = density of the test piece material in grams per cubic meter, g/cm3
3.9.2 Density
Slurry concentration by weight percentage can be derived from the slurry density as
Slurry density by weight = Di(X/100)+Dw(1-X/100) 32
Where:
X = slurry concentration, wt %
D, = drybulk density of Sand, 2650 kg/m’
D, = density of water, kg/m’

Weight percent conversions from slurry density at different temperatures were shown in

Figure 3.13.
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Figure 3.13 : Slurry density to weight percentage conversion diagram

3.9.3 Measurement errors

The following errors were determined by tests and adjusted from the test results.

Source of Error Variation Error
1 | Analytical balance Manufacturers allowance + 1 mg
2 | Test piece outside corrosion As per tests +4+1mg
3 | Cleaning loss As per ASTM +2 + 0 mg
Total error +6 £ 2 mg
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4. Results and discussion

The results obtained from the flow-loop and the electrochemical measurements are
presented in this chapter. Some of the results were compared with other techniques and
similar studies published in the past. All the results presented here are for the carbon steel
pipe material, ASTM-SA106GrB. The latter part of this section deals with the statistical

and error analyses.

4.1 Oxygen diffusion

Limiting current is one of the standard methods to measure the mass transfer coefficient
and is used in this study to calculate the oxygen transfer rate through the boundary layer.
There are several references which provide such correlations in the previous corrosion

studies (Efrid 2000, Postlethwaite 1986, Nesic, 1997).
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Figure 4.1 : Limiting current test with rotating cylinder electrode
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The Figure 4.1 shows the limiting current test with a rotating cylinder at different
rotational speeds at room temperature. The limiting current is increases with the
rotational speed and shows that the diffusion current which is proportional to the oxygen
diffusion rate is significantly increase initially up to 500 rpm and then slightly increase up
to 2500rpm. This is because the flow regime is in turbulent region from 500 rpm to 2500
rpm and the velocity effect on the turbulent diffusion layer thickness is small compare to

velocity effect on the laminar diffusion layer.

4.2 Oxygen concentration

The saturated amount of dissolved oxygen in the flow-loop and its variations within the
test duration was one of the concerns in this study. Filtering the water using reverse
osmosis unit for about 18 hours was part of the standard start-up procedure to fill the
tank; and thus there is reason to believe that the initial oxygen conditions were saturated
for all tests at the test temperature. Oxygen measurement using Extech dissolved oxygen
meter and the data from the literature confirm this. Figure 4.2 shows the oxygen
concentration based on NACE RP-02-78 (1978) and the measured value using Extech

dissolved oxygen meter with an accuracy of £0.4 ppm.
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Figure 4.2 : Saturated oxygen concentration in the flow-loop
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Figure 4.3 shows the initial, final and average oxygen concentration at three different
temperatures. The initial and final points in this figure were the average over several test
result. The final oxygen concentration was taken after the six hour test and slight
deviations were noticed when the sand concentration was high. This may due to the
stirrer’s mixing efficiency reduced with the sand load and thereby reduce the oxygen
level. Oxygen was removed during the test due to corrosion of the loop at all there
temperatures and after 6 hrs test the final oxygen concentration was around 2 ppm lower

than the initial concentration.
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Figure 4.3 : Slurry oxygen concentration change with in a test in the flow-loop

4.3 Corrosion and Synergistic effect

Corrosion measurements by weight loss and on line electrochemical measurements as in
Figure 4.4 show that the weight loss measurements were matched to electrochemical
measurements at stagnant (non-flow) conditions however significant deviations occur at

flowing conditions. Electrochemical measurements are instantaneous measurements,
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measuring the iron dissolution or general corrosion rate. On the other hand weight loss
measurements are the average measurements over the test duration and good for both
reaction and diffusion control process. Amarnath (Amaranth, 2002) and Lu (Lu, 2004)
reported that electrochemical measurements deviate much from weight loss measurement
in flowing condition. Amarnath used weight loss measurements to calculate the corrosion
rate. Efird (Efird, 2000) argues that the results from both tests are right, but they are just
measuring different aspects. Weight loss measurements include flow effect such as
increased oxygen diffusion rate; oxide diffusion rate from passive layer to bulk of the
solution; sand impingement on passive layer etc; but electrochemical measurements do
not. The difference may be considered as flow assisted corrosion. This can be seen from
the Figure 4.4 and the difference in electrochemical measurement and weight loss
measurements can be considered due to flow effects and mainly depend on velocity.
Therefore weight loss measurements were used in this study to calculate corrosion rate at

no sand in the flow-loop.
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Figure 4.4 : Corrosion measurement at 22°C ( Weight loss vs. Electrochemical)
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It was also noticed that an equilibrium corrosion thickness was maintained at a particular
velocity as shown in the micrograph Figure 4.5. This thickness depends on flow velocity.
The thickness was measured using the optical micrbscope and an average of 50p
corrosion thickness was measured at 2.5m/s without sand after 22 hours test. When the
sand was introduced (6% by weight) at the same flow conditions the corrosion products
were removed substantially and the thickness was measured below 10u range. This may
be the reason why the electrochemical measurement in Figure 4.6 shows that the
corrosion potential (OCP) decrease and corrosion rate increases with introduction of

sand.

Figure 4.5 : Corrosion thickness at 2.5 m/s and 32°C after 22 hrs without sand
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Figure 4.6 : Electrochemical measurement at 32°C and 1.5 m/s (With and without sand)

This Tafel plot difference with and without sand can be considered as the corrosion
increase due to passive layer erosion and base metal erosion and considered as the
fraction of the synergistic effect (defined in Chapter 1.2). It is also known that
electrochemical Tafel plots are used to measure the general corrosion rate and not the
pitting corrosion. Therefore the third component of synergistic effect called micro-stress-
corrosion is a form of micro pit, a time dependent process and does not affect the Tafel
measurements. Thus the synergistic effect due to passive layer erosion and base metal

erosion can be calculated as follows.

[ *S.R Tafel] v s, x% sand — [CR] v m/s, x% sand ~ [CR] v m/s, 0% sand 4.1

Where:

C.R is corrosion rate measured from the Tafel extrapolations.
[ *S.R Ta51] is the difference between the electrochemical measurements at 0% and x%

sand at same flow condition. This considered as synergistic effect came from the

increased corrosion due to oxide layer erosion and base metal erosion.
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However this hypothesis needs to be verified and checked with other condition and

therefore included in the future studies.

4.4 Erosion-Corrosion

The temperature, flow rate and the mean velocity presented here were averages over the
test duration calculated from the acquired data. Mean velocities were calculated from the

flow rate, accounted for the area available for the flow.

4.1.1 Effect of sand concentration

The erosion and erosion-corrosion with sand concentration at different velocities for six
hours of exposure time are shown in Figure 4.7. Sand concentration increases erosion,
corrosion and erosion-corrosion; however its influence is much higher on corrosion and
synergistic effect than on erosion. Within small variations, the erosion rate increase

linearly with sand concentration.
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Figure 4.7 : Effect of sand concentration at different velocities at 22°C
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Comparable trends were observed when the matching tests were conducted at higher
temperatures of 32°C and 42°C as shown in Figure 4.8 and Figure 4.9. Only two
optimum velocities were selected to run the tests at 42°C as mention in the previous
chapter. These three figures also show that the erosion-corrosion, corrosion and erosion

are enhanced by sand concentration, flow rate and temperature.

5004 - - - - - - e e o e oo oo a e o e —-—-!.—:".‘_.".’:—."_ ......
- %
—
I I
Y w®= Ero-Cor 2.5 m/s
~~
é === FEro-Cor 2.0 m/s
g’ 300 4 - - - o ——————— 3§ " =#=Ero-Cor 1.5 m/s
2] 3 i
2 L o CP@1.5m/s
%n =C=CP @ 2.0 m/s
'g b T S T ~Cw CP @ 2.5 m/s
—-
& S =
1 R I T T T T Tttt e T
r - 4
—
W-W
0 ‘ r T - ; ‘
1.5 2.5 3.5 4.5 55 6.5 715 8.5

Slurry Concentration (wt%)

Figure 4.8 : Effect of sand concentration at different velocities at 32°C
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Figure 4.9 : Effect of sand concentration at different velocities at 42°C
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It is also useful to note from Figures 4.7, 4.8 and 4.9 that, when the temperature is low,

erosion becomes more independent of sand concentration. However it increases with sand

at higher temperature. This may due to particles impact velocity changes owing to

viscosity change in a power law fashion with temperature (0.98¢cP to 0.62¢cP from 22°C to
42 °C, McCabe, 1993).

At a base flow rate of 2 m/s as in Figure 4.10, the change in sand concentration does not

have much effect on erosion however it increases the oxygen mass transfer rate and

increases synergistic effect. Corrosion is defined as the weight loss due to flow without

sand in aerated saline water (Chapter 1.2) and therefore the introduction of sand, does not

affect the corrosion.
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Figure 4.10 : Effect of slurry concentration on erosion, corrosion, synergistic effect at a
base flow rate of 2 m/s and 32°C

This figure also shows that the total material loss is almost double compared to corrosion
even for sand concentration low as 2%. As the corrosion is defined as the material loss
without sand, this figure support and demonstrate the completely different problem (not
related to this study) faced in oil extraction and transportation lines in Alberta, where
severe damage occurs near the 6 o’ clock position as in Figure 1.1a (Chapter 1). The oil
extraction process from the oil wells brings a minute amount of sand with the oil water
emulsion. When the flow rate is low, as the case in oil exploration, the minute amount of
sand were carried along the bottom of the pipe and is enough to increase the local sand
concentration to a substantial level near the 6 o’ clock position in horizontal pipeline.
This in turn causes pronounced damage at 6 o’clock position (almost double compared to
rest of the pipe peripheral area) in oil exploration and transportation lines. In other words
the whole peripheral area of the pipe damage by corrosion(1) if there is no sand and if
there is a small amount of sand, 6 o’clock position damage at total erosion-corrosion rate

(2) compared to rest of the peripheral area at corrosion rate (1).
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Figure 4.11 : Ave. erosion-corrosion change with temperature @ 5% sand increment
base 2 m/s and 3% sand

When the percentage change of erosion-corrosion is calculated based on the equation 4.2,
every 5% increase in sand decrease the percentage change in erosion-corrosion
considerably as shown in Figure 4.11. This shows that controlling the amount of sand at

higher temperature above 40°C will have less effect on controlling erosion-corrosion.

Percentage change in E-C = [———4& 100 4.2
E-C, . )
Where:
A c = change in erosion-corrosion from 3% sand to 8% sand at 2m/s
E-Comis = Erosion-corrosion at 2 m/s and 3 % sand

There is a pronounced variation of metal loss around the periphery of the pipe in slurry
transportation noticed in this study as well as documented by many others (Roco, 1988).
The maximum damage occurs at 6 o’clock positions and the minimum at 12 o’clock

positions respectively. The sand flow observed through the inspection glass in the flow-
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loop and the visual inspection of the test specimen further confirms this. However it
appears to be longer duration (more than 250 hrs at 6% sand) of test needed to get a

measurable thickness difference from the flow-loop of this study.

4.1.2  Effect of slurry velocity

The erosion, corrosion, synergistic effect and the total erosion-corrosion at 32°C with
three different velocities are shown on Figure 4.12. This shows the weight loss due to
corrosion and synergism is substantial compared to erosion and increase with the
velocity. This was observed at all three temperatures. Increase in slurry velocity increases
all three components due to increase in inertia, impacts, turbulence and smaller oxide
layer and mass transfer boundary layer etc. This figure also shows that the velocity effect
on synergy is much higher than corrosion or erosion. Electrochemical tests with rotating
cylinder at different velocities, shown in Figure 4.1, confirm the increase in mass transfer
rate with velocity and this in turn increase the corrosion and synergistic effect. This
supports the idea that corrosion is mass a transfer controlled process. In other words
corrosion and synergistic effect will remain the same with increase in velocity if it is
reaction controlled. The same was supported by many researchers in slurry erosion-
corrosion (Luo 2000, Postlethwaite 1986, Melchers, 2003)
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Figure 4.12 : Effect of slurry velocity on erosion, corrosion and synergy at 32°C with 8%
sand concentration

Even though the total erosion-corrosion increases with temperature, the increment of
0.5m/s in velocity decreases the change in erosion-corrosion at 42°C as shown in Figure
4.13. The percentage change of erosion-corrosion with change in velocity is calculated
based on the following formula. This figure also shows that controlling the flow velocity

at higher temperature above 40°C will have less effect on controlling erosion-corrosion.

Percentage change in E-C = l: Arc ] 100 4.3
'C3 %sand (1)
Where:
Agc = change in erosion-corrosion from 2m/s to 2.5 m/s at 3% sand
E-Comis = Erosion-corrosion at 2 m/s and 3 % sand
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Figure 4.13 : Erosion-corrosion change with temperature @ 0.5 m/s velocity increment

413 Effect of temperature

The components of the erosion-corrosion at 2 m/s with 8% sand concentration for three
different temperatures are shown on Figure 4.14. This shows that the weight loss due to
corrosion and synergism is higher than erosion and increases with temperature. The same
was observed at other velocities too. This figure also shows that the temperature effect on

synergy is much higher than corrosion or erosion.
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Within these test conditions corrosion and synergistic effect contributes almost 75% of
the total erosion-corrosion as shown in the pie chart, Figure 4.15. This pie chart is at 2

m/s flow rate and 32°C temperature with 8% slurry concentration.

The shaded area in Figure 4.16 shows that the corrosion and synergistic effect (C+S) is
more dependent on temperature than sand concentration. The same pattern was observed
with other velocities too. Increased diffusion rate due to increase in temperature is the
main reason for this effect. This confirms the hypothesis documented in the past where
diffusion coefficient D has a pre-exponential function of temperature. This correlation
and the results in Figure 4.16 confirm that the temperature plays a big role in erosion-
corrosion. From room temperature to 42°C, within a temperature increment of 20°C, the
total erosion-corrosion change more than three times from it original value. It is also

observed from this figure that the rate of change of erosion increase with temperature.
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Figure 4.16 : Temperature on erosion-corrosion at 2 m/s.
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In summary, these figures demonstrate that temperature has a much stringer influence
than velocity or sand concentration on erosion-corrosion. The velocity, temperature and
sand concentration affect more on synergy than corrosion or erosion. Also the
temperature effect on synergy is much higher than corrosion or erosion and is high at
42°C. This is believed to be the following: Increase in velocity or sand concentration
increase the mass transfer and decreases oxide layer due to high turbulence, whereas
increase in temperature decrease the saturated oxygen concentration in the bulk of the
slurry but increases exponentially the oxygen diffusion rate and the latter leads the whole

erosion-corrosion process at high temperatures (30 - 42°C).

4.5 Comparison with previous studies

The table 5.1 lists the results of several studies in slurry erosion-corrosion. Though the
slurry chemistry, test specimen material and configurations were different, the results of
this study are close agreement with other researchers’ results.

Table 4.1: Results from the previous studies

Research Conditions Erosion-corrosion
This Study 850ppm NaCl 22 — 42°C, 0 — 3 m/s, 50-70 | 5 — 18 mm/y
2003 mesh sand up to 12% by weight (200 -700 mpy
Amarnath et al, | 3.5% NaCl 25°C, API X52 material using | 3.6 — 6.4 mm/y
2002 rotating cylinder, disk, flat plate, parallel | (146 256 mpy)

disk, 0 — 5 m/s
Goosen et al, | 50 -90mm mild steel pipe 2 - 5Sm/s bottom | 1 — 7 mm/y
1999 ash slurry flow
Shadly J.R, 1995 | ELBOW, CO2 environment, carbon steel 1 — | 1- 37 mm/y
5 m/s sand 90 — 125 um
Efird et al, 1993 | % and 1” pipe and Jet, wall shear stress from | 5 — 17mm/y

1 - 1000N/m?

(200 — 700 mpy)

Nesic and | 2% slurry, disturbed flow conditions 20 — 40 { 18 — 30mm/y
Postlethwaite mm pipe expansion (720 — 1200 mpy)
1991-a

Postlethwaite et | 83 mm pipe in 3%NaCl at 20% silica sand | 6 — 25 mm/y

al, 1986 30- 50 mesh 2 — 6 m/s (240 — 1000 mpy)
Luis Efrain, MIT | Low carbon steel, 120 - 180 °C 3m/s pH 5.6 | 1-9 ug/cm*/h
PhD Thesis 1984 | Steam extraction line very low oxygen (ppb) | —low O,
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4.6 Morphology

Due to the curved nature of the specimen and varying focus, the optical microscope
images were not clear and therefore some specimen were analyzed by stereo microscope
and some by SEM. The porous corrosion product formed along the flow direction at 2.5
m/s is shown in Figure 4.17. The dried product on the top of the surface is reddish brown

in color and believed to be Fe,05.

In case of flow without sand, the visual observation of the corrosion products were all
reddish brown Fe,03, however with sand, both blackish brown Fe;04 and reddish brown
Fe,0; were noticed as shown in Figure 4.17 and Figure 4.18 respectively. Figure 4.18
shows that more active surfaces were formed during slurry erosion and diffused oxygen
at the metal surface was not enough to convert all active iron (Fe?*) into higher oxidation
products (Fe**) like Fe,0; and some of the Fe?* converted to lower oxidation (Fe**®*) and
formed blackish brown Fe;04.This is another visible evidence for mass transfer

controlled corrosion process.

Figure 4.17 : Micrograph of the Figure4.18: Erosin—cion after 30 hrs
corrosion at 2.5 m/s and 32°C after 22 hrs (color photo attached in Appendix II)

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.19 : Flow path and micro-pits at Figure 4.20 : Erosion-corrosion surface
the clean surface (after 30 hrs) profile along the circumference.

The Figure 4.19 shows the erosion-corrosion surface after 70 hrs with 6% sand at 2m/s. It
is not clear why the micrograph Figures 4.19 and 4.20 show alternative layers of
undamaged ridges and damage grooves in the direction of flow. Most of the groves were
more in the range of 350p, higher than the average diameter of sand; this shows that
some of the sand was carried along the groves. The same was observed with smaller size
ridges and more uniform in the flow direction even after 70 hours of operation at high
velocity of 3.5 m/s with ~6%. This may be due to flow, particle interaction, pipe material

effect such as ‘roll banding’ or combination of all.

Further more erosion-corrosion often develops in the form of pits in micro level and
increased surface roughness as noticed in the Figure 4.19. The same was reported by Luo
& Lu in carbon steel, He (2002) and Burstein (2000) in stainless steel and this supports

the proposed synergistic mechanism, ‘micro-stress-corrosion " in the next section

The micrographs Figures 4.19 and 4.20 also show that the increased surface roughness by
forming groves and ridges along the flow direction increases the exposed surface area for
corrosion attack, even though the apparent diameter of the pipe remains same. In other
words the apparent exposed surface area used in corrosion calculations are much smaller

than actual exposed surface area. This means the apparent corrosion rates used in this
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study are higher than the actual corrosion rates calculated from the apparent surface area.
This is somewhat analogous to the engineering stress vs. true stress in tensile test
measurement. This increased surface area increases the quantity (total flux) of oxygen
transferred to the surface even though the mass transfer rate remains constant. As the
corrosion is mass transfer controlled, increasing the amount of oxygen transferred to the
surface increases the corrosion. Hence the previously reported hypothesis: “the role of
erosion is to prevent the formation of rust film, not to erode the corrosion roughened
surface’ (Postlethwaite 1986) requires a revision. This hypothesis is modified and
integrated with the above findings as follows; within the standard pipe flow velocity of 0
— 3m/s, the role of erosion is to reduce the formation of rust film and increase the

exposed surface area for corrosion attack by the forming groves along the flow direction.

Figure 4.21 : Erosion-corrosion surface roughness along the flow direction

It is also noticed from the above Figures 4.20 and 4.21 that the surface roughness along
the flow direction is much smaller compared to the roughness along the circumference
(peripheral). In other words the peaks along the circumferential direction are 5 — 7 times
higher than the peaks along the flow direction. Therefore the influence of surface
roughness is more on increasing the total drag force on the fluid (wall shear stress *
circumference) and thereby reducing the flow than directly disrupting the slurry flow.

This intern increases the pumping requirements.
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Figure 4.22 : (a,b) SEM images of erosion at along the circumference

The SEM analysis of the erosion in Figure 4.22 (a,b) shows the erosion groves along the

flow direction.

i

1gure 4.23 : SEM ie of erosion loughin scars on the ow-loop specimn

There was no-distinctive scar pattern due to sand impact as expected and observed in the
rotating cylinder tests (Lu 2003), with Jet impingement test (Neville, 2003) and single
particle impact on Aluminum (Levy, 1995). Few ploughing scars along the flow direction
as in Figure 4.23 were observed in several SEM analyses, however these scars were
isolated cases and do not represent the whole examined surface. This casts the doubt on

these ploughing scars. Are these isolated marks damage due to the chemical cleaning or
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corroded immediately after being removed from the flow-loop or caused by few heavy

sand in the slurry, is not clear at this stage and needs further investigation.

The most awful effect of the erosion-corrosion was noticed at the flow-loop slurry pump
rotor (impellor). The Figure 4.24 shows the new rotor and used rotor after six months of
operation at 2-12 % slurry concentration. The hard phase chromium coating was removed
and the entire surface contact with the stator, almost 50 % of the total surface was

removed. The pumping efficiency was reduced almost by 60%.

Figure 4.24 : Flow-loop reciprocating pump rotor (color photo attached in Appendix II)

4.7 Accuracy of the measurements

Figure 4.25 shows the temperature variations within a test completed on 5 and 6 May

2003 and Figure 4.26 shows the mean temperature and the deviation from the mean.
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Figure 4.27 sows the flow rate variations with in a test completed on 23 and 24 April
2003 and Figure 4.28 shows the mean temperature and the deviation from the mean for
all the tests. Both the temperature and velocity variations were kept well within the limits

as compared to similar experiments published in the past (Amarnath, 2002))
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Figure 4.25 : Temperature variation in the erosion-corrosion test at the flow-loop

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

37 1

(]
[

Temperature

N
~

22 A

______ {_ %F_&_%_S_@QQ_VAM

==42C: +/-0.8
=32 C: +/- 0.7
--22 C: +/-0.7

Tests number

Figure 4.26 : Temperature deviations in the erosion-corrosion test at the flow-loop
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Figure 4.27: Velocity variation in the erosion-corrosion test at the flow-loop
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Figure 4.28 : Velocity deviations in the erosion-corrosion test at the flow-loop
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5. Mechanism and modeling

This chapter largely explains the synergistic effect mechanism, along with flow assisted
corrosion mechanism, a simulation method to predict the flow assisted corrosion and a

modification to single particle erosion model to fulfill the pipe slurry flow conditions.

5.1 Corrosion

5.1.1 Mechanism

Corrosion reactions are oxidation-reduction reactions and reduction portion of the
reaction depend on oxygen transfer rate, drives the whole corrosion process. As described
in the literature survey the overall reaction is

2Fe + 3H,0 + 1% O, € => 2Fe(OH); 5.1

In neutral or alkaline solution the individual reactions are:

Fe €= Fe'+2¢ Step one (Oxidation reaction) Rapid reaction 5.2
Fe’* €= Fe" +¢ Step two (Oxidation reaction) 53
Fe €= Fe’ + 3¢ Oxidation reaction 5.4

0O, + 2H,0 + 4e- €=>» 40H Reduction reaction — O; transfer control 5.5
The oxygen attacks the metal surface, releasing ferrous and hydroxyl ions into the
surrounding boundary layer. A secondary reaction then takes place; further oxidizing the
ferrous ion to the ferric ion and forms an insoluble precipitate of iron hydroxide and tends
to stick onto the pipe wall. The initial stages of the reaction occur fairly rapidly. As
ferrous and hydroxide ions build up near the surface, the reactions begin to slow down
and eventually to an equilibrium rate governed by the rate at which oxygen diffuses

through the rust and the diffusion boundary layer.

In flow or slurry flow condition some of this oxide layers were removed and carried away
with the bulk of the flow due to turbulence and sand impingement. It can be assumed that
at a particular flow condition, temperature and slurry concentration, the oxide production
rate (oxygen transfer rate) and the oxide removal rate is in equilibrium and the
equilibrium thickness of oxide layer remains same. This happens in the flow-loop and the

equilibrium thickness can be measured as explained in the previous chapter Figure 4.5.
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The equilibrium process can be represented as in the following schematic diagram Figure
5.1 (modified from Melchers 2003 and Heitz 1991).

Corrosion prd
sy ay with the flow

0, diffused through
porous oXxide layer

Pipe wall

Current pipe wall-
Corrosion product
interfacq

Initial pipesurface

Figure 5.1 : Schematic representation of the equilibrium corrosion process

5.1.2 Diffusion rate (kq)

Corrosion rate is equal to the limiting current if all the oxygen diffused through the mass
transfer boundary layer and reacted with the ferrous ions at the metal surface and
converted into Fe(OH),, providing that there is no other resistance to oxygen diffusion
like oxide or passive layer etc. If there is an oxide layer and some of the oxygen
consumed during the diffusion process to convert Fe(OH), into other stable products,
then the corrosion rate would be less than the limiting rate. In fact it has been well
documented that the latter occurs in actual corrosion process and the disagreement
between many researchers in the past was the ratio between corrosion current and the

limiting current.
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Figure 5.2 : Limiting current test with rotating cylinder electrode

The straight-line relationship between the limiting current and the square root of angular
velocity in Figure 5.2 confirms the hydrodynamics of the rotating cylinder and thus the
hydrodynamic equations developed in the past for this can be used without further

arguments.

Figure 5.3 : Schematic O, diffusion and flow profile in rotating cylinder
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The oxygen diffusion through the mass transfer boundary layer and the velocity profile in
a rotating cylinder can be illustrated as in Figure 5.3. The electrode surface was polished
prior to each test and therefore it was assumed that there was no buildup of oxide layer
during the short cathodic polarization test. All the oxygen that diffused to cathode surface

is assumed to be consumed and converted to (OH)".

ey

\

Passivelayel

Figure 5.4 : Schematic O, diffusion, flow profile and oxide layer near pipe wall (color
photo attached in Appendix II)

The oxygen diffusion in the actual pipeline carrying aerated slurry can be schematically
illustrated as in Figure 5.4. It shows the mass transfer boundary layer, oxide layer and the
velocity profile. Compared to the rotating cylinder, the oxygen diffusion is further

reduced by porous oxide layer in pipe lines.

Postlethwaite (Postlethwaite, 1987) assumed that all the chemical oxidation reaction
occurs at the surface within the mass transfer boundary layer and from the chemical
equilibrium, he proposed that the corrosion current equal to %of the limiting current. In
real circumstances in pipe flows however not all the reactions take place at the surface
and there is a substantial thickness of oxide layer as described in the previous chapter

(Figure 4.5) and does not follow this prediction.

In another study Efird (Efird, 1998) correlates the mass transfer coefficient with limiting

current through wall shear stress. He assumed that wall shear stress T, is proportional to
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the square of limiting current (ilimitz). Melchers (Melchers, 2003) defined two coefficient
and used mathematical model to simulate the sea water corrosion of mild steel and

correlated through the field data.
To investigate further the relation between the corrosion current, the limiting current
results and weight loss measurements from the flow-loop were plotted against the mean

flow velocity as in Figure 5.5.
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Figure 5.5 : Limiting current and corrosion current with velocity

The top line represents the limiting current measured with the rotating cylinder electrode
and the second line is based on the assumption (Postlethwaite, 1986) that corrosion

current equal to %of the limiting current.

The third line is the Amarnath et al published results (Amarnath, 2002). They used
weight loss measurement to calculate the corrosion rate and confirmed their results with
rotating disk, parallel disk, flat plate and rotating cylinder at 25°C in 3.5% NaCl solution
for API X52 grade steel. The error bar shows the range for diverse rotor arrangements.
The bottom line in Figure 5.5 shows the corrosion current calculated back from the flow-

loop weight loss measurements of this study using Faraday’s formula (Chapter 2.2). The
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flow-loop measurements were very much agreement with the published corrosion

measurements from Amarnath et al.

Once the correct hydrodynamics is established in the rotating cylinder as in Figure 5.2,
the actual limiting current (ijim) can be empirically correlated through limiting current at

room temperature as follows.

ilim = ilim_o + AVUZ 5.6
Where:
A = empirical constant
ilim 0 = limiting current at zero rotational speed
v = flow velocity

The same was reported as ijm = a + B.v"* by Poulson (Poulson, 1982) where he describes

a as a constant representing the natural convection and by Efrid (Efrid 1998). He

proposes Ty, proportional to (ilimz).

This will be continued in the future and the works that are completed during this period is

presented in the future works.

5.2 Erosion

Three different mechanisms proposed by Finnie’s cutting wear, Bitter (1964)’s
deformation wear and Levy’s platelets wear were studied in the context of slurry
pipelines. The test results at 8% sand show that the erosion represents a relatively small
portion around 25% of the total material loss in the flow-loop. CFD simulation shows
that the angle of impact of sand particle relative to pipe wall is small and in the range of
4° - 11° as shown in Figure 5.6 (Wang, 2003). Cutting wear is due to shear force acting
parallel to the surface and energy required is much lower compared to deformation wear.

Therefore the erosion mechanism in pipelines carrying high concentration slurry within
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the standard pipe flow range can be assumed to follow the Finnie’s cutting mechanism

closely, than others.

12
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7~
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i 61 =

(0]
o >
(5] -
b é
24- _g

-l Average sand impact angle
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4
Velocity (m/s)

Figure 5.6 : Sand impact velocity (v,) and angle with the mean velocity (Wang, 2003)

Erosion modeling revolves around the sequence of events, than a single event that occurs
when the surface is struck by successive small solid particles. Single particle erosion rate
can be model through modified Finnie’s equation (Nesic, 2001). This model has two
parts, one for the impact angle less than 18.5 ° and other for more than 18.5°. Within the

impact angle of 18.5° it can be further reduced to pipe flow conditions as follows

_ P pipe- M, (V, SINOC—V )

3 :
|:Vp COS(X—E(VP SmOt—Vcr) 5.16

single particle 2P
Where:
V, = particle velocity can be couple to flow velocity
o = impact angle and can be assumed from the MCS
Vo = critical velocity assumed to be 0.668 m/s for pipeline s/s (Nesic, 2001).
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P = the flow stress
M, = average particle weight.
A new procedure is proposed in the Future works to convert the single particle model into

multi particle through Monte Carlo Simulation (MCS).

5.3 Synergistic effect

Erosion occurs when the shear stress exceeds the critical shear stress. Nesic et al (Nesic,
2001) modified Finnie’s erosion model and include critical shear stress by subtracting
critical velocity (v from the particle velocity v, as in the above formula 5.16. There
won’t be any erosion if the particle velocity is less than the critical velocity. However
most of the previous studies, to my knowledge, ignore the stress caused by the particle

impact with a velocity less than critical velocity. The author believes this disregards

stress causes the synergistic effect.

Tcritical velocity
|for pipe materials

Shear force

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Sand impact velocity (vp, m/s)

Figure 5.7 : Shear fore with flow velocity for a single particle impact

For instance consider an average particle of 300um and the impact area of 50um
diameter, within the slurry flow range, assume no particle interaction, no rotation, angle

of impact of 10°. The particle velocity can be calculated from Figure 5.6 (Wong, 2003).
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The shear force acting on the surface due to single impact can be calculated and
schematically represented as in Figure 5.6. (This equations used in this calculation is

annexed in Appendix II and is based on the expressions adapted from Shirazi et al, 2001)

This shows that there is a substantial internal force even below the critical velocity. The
particle impact with a velocity less than critical velocity causes difference in stress levels
between the two adjacent impact and non impact surfaces. Therefore the same acted in a
micro scale in every single sand impact below the critical velocity. The impact area
becomes anode, increase iron dissolution rate and cause synergistic effect. Lets call this
as “micro stress corrosion’ and the process (iron dissolution rate) can be compared with
pitting corrosion. Further more corrosion due to difference in stresses was well
documented in textbooks and observed in barbed wires, bend steels, nail heads etc. Again
iron dissolution rate corresponding to a particular stress level or single impact is a
material property and is the reason why different materials do not show the same

synergistic effect.

The severity and the distribution of stress beneath the single particle impact were studied
by Levy (Levy, 1995). The Figure 5.8 extracted from this study shows the stress beneath

the single particle impact and is around five times higher than the surrounding surface.

Figure 5.8 : Stress distribution of a single particle impact (Extracted from Levy, 1995)
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The results of this study (previous section Figure 4.19) and reported works by Lu (2004),
Heitz, (1991) in pipeline materials and He (2002), Burstein (2000) in stainless steel
confirm that the synergistic effect is a form of pits and support this mechanism. Burstein
further demonstrate that the synergistic effect enhanced by more oblique angle of impact
than normal incidence.

A single particle impact was simulated by micro indentation as shown in Figure 5.9 (a) to
further investigate the proposed mechanism. The indented specimen was kept in a similar
environment for five minutes and the surface was analyzed. The micrograph in Figure
5.9(b) and (c) shows that more corrosion occurs in and around the stressed area. The
surrounding is relatively clean and is a considerable evidence to support the proposed

synergistic mechanism.

©

Figure 5.9 : Single particle impact simulation
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In addition to these findings, the results in Figure 4.15 in the previous chapter show that
the contribution of synergistic effect on total erosion-corrosion is higher than pure
erosion and almost 30%. The mechanism shows that any material or property that resists
micro-stress-corrosion will reduce synergistic effect. To respond this however the
literature survey shows, there were not many studies on synergistic effect resistance
properties of pipeline materials. Therefore comparison of stress corrosion resistant of

pipeline materials is another study proposed in the future.
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6. Mitigation of Erosion-Corrosion

This chapter discusses the possible techniques in detail that can be effectively and

economically used to control erosion-corrosion in slurry transportation.

6.1 Control of temperature

Temperature plays a big role in erosion-corrosion and a 20°C increment from the room
temperature, increases three times the erosion-corrosion rate. Syncrude is now processing
the North Mine ore at 50°C and planned to process Aurora mine extraction facility at
25°C. If the process requirements permit to feed oilsand at low temperature and if the
flow parameters, pumping requirements were not much affect at lower temperatures,

transporting oilsand at lower temperatures would significantly reduce erosion-corrosion.

6.2 Reduction of oxygen

Corrosion and corrosion due to erosion are the main controllable mechanisms for the
accelerated damage of pipe wall in slurry transportation. Corrosion depends primarily on
the presence of oxygen in the slurry and the temperature. Control of these parameters or
transfer of the corrosion to a known place is one of the best options to mitigate erosion-

corrosion.

Postlethwaite (Postlethwaite, 1986) suggested that measures to prevent corrosion of
straight slurry pipeline should concentrate on controlling the corrosion component than
on choosing erosion resistant piping. He further proposed that the erosion-corrosion could
be controlled by inhibitors and/or de-aeration resulting in a smooth rust and scale free
pipe. However economic considerations influence the above control methods in many
slurry lines. De-aeration and inhibition are effective in closed circulating systems like
boiler feed water lines, cooling water lines etc but how this techniques can be effectively

applied in a long slurry transport line is still not clear.
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This study proposes a new innovative approach to control the erosion-corrosion based on
the observation in slurry lines and from the principals of cathodic protection. The
concept behind this proposed method is by accelerating the corrosion in the first few
lengths (km) of the pipe to remove the oxygen from the flow regime and thereby protect
the rest of the pipeline. The same concept was successfully used in the past in other areas

in the forest fire control, noise control in the airports, immunization!, etc.
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0 10 20 30 40 50

Along the length of slurry pipe (km)
Figure 6.1 : Schematic erosion-corrosion distribution along the slurry line
Observations in the slurry line shows that more erosion-corrosion occurs at the entrance
and decrease through the length as shown in line I, Figure 6.1. The line II show the
expected corrosion rate as proposed by the above proposed control technique.
Further more the Pourbaix diagram support that the oxygen can be removed by applying

a potential within the shaded region as in Figure 6.2. This accelerates the corrosion and

promotes the oxygen reduction reaction.
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Pourbaix Diagram

1.5
Oxygen

1.0 - {b}
=
o 0.5 N
E Oxygen rerp
> 02 +2H20Q 40H
0.0 -
|
)5
£-0.5 -
A~

-1.0 -

Hydrogen
'1-5 i T T i T 1 T ]
2 0 2 4 6 8 10 12 14 16

pH

Figure 6.2 : Schematic potential / pH diagrams

Below line {a}, in the lower region, hydrogen is evolved and water is thermodynamically

unstable and decomposes to hydrogen. The reaction in acidic solution becomes

2H" +2e & H, 6.2
And in neutral or alkaline solution
2H,0+2e = H, +20H" 6.2

As potential becomes more noble (positive), in the intermediate region in between line

{a} and line {b}, in neutral or alkaline solution and the equivalent reaction is
0,+2H,0+4e = 40H" 6.3

In this region water is stable and becomes thermodynamically feasible and dissolved

oxygen is reduced to water if present.

This proposed control method can be easily put in to effect as in Figure 6.3. The initial
few lengths of the slurry pipe can be sacrificed and replaced time to time to protect the
rest of the pipe from erosion-corrosion. (comparable to the economist Pareto’s 80/20

theory). Or pipe-sleeves can be used for this purpose. Accelerating the corrosion can be
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made by using a cathodic protection transformer rectifier with reversing the connections

as of cathodic protection, positive to the pipe and negative to the anode.

Few lengths (~20% ) Rest of the pipe(~80% of the line)

t— Electrical Isolation

TR

Figure 6.3 : Schematic representation of oxygen removal by accelerating the corrosion

6.3 Preferential protection

Cathodic protection reduces or almost stops corrosion if properly introduced and
maintained inside the pipeline. Few smaller diameter pipelines have been protected from
internal corrosion with ribbon type sacrificial anodes (Morgan, 1987). However internal
cathodic protection for larger diameter pipe with low conductivity slurry is the biggest

challenge presently faced by cathodic protection engineers.

Sacrificial anodes were designed and installed in very harsh environment like near the
propeller in the ships. In internal pipeline protection, positioning the anode in the centre
of the pipe as in Figure 6.4b is the best place in terms of current distribution, however it

reduce the flow rate almost half and not practical.

(a) Flow rate = Q, (b) Flow rate =2 Q, (anode in the centre)
Figure 6.4 : Flow profile
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Erosion-corrosion pattern from this study and literature review shows that the most of the
damage in slurry lines take place in the bottom half of the pipe. This is due to the
gravitational effect of sand in horizontal pipes. Therefore protecting this bottom half by
considering the bottom half in cathodic protection design and introducing sacrificial
anodes will definitely improve the lifetime of the pipe. Let us called this as ‘preferential

protection .

Preferential protection design concentrate only on the bottom half surface area, current
distribution, anode distribution, protection level etc. The proposed schematic distribution
of current and anode are shown on Figure 6.5 and Figure 6.6 respectively. This study
proposes two anode distribution options. One is based on the available ribbon type anode
as in Figure 6.6, option I and the other is based on custom design as in option II,

considering flow and slurry erosion effects on anodes.

Current distribution

Figure 6.5 : Preferential protection anode position and current distribution
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Option |
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¢

Figure 6.6 : Preliminary preferential protection design
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7. Conclusions and recommendations

The first two chapters of this study present the overview of the significance of erosion-
corrosion in slurry transportation and mitigation techniques proposed in the past. The
relevant methods to simulate the slurry erosion-corrosion were reviewed in the third
chapter and the forth chapter described the results in detail. The mechanism and the

mitigation techniques were discussed in the next two chapters.

With ever increasing level of oilsand extraction, the need to transport oilsand
economically, efficiently and effectively will become of greater importance. The use of
pipelines with their many advantages can only increase and therefore the main objectives
of this study — ‘modeling and controlling erosion-corrosion’, becomes more important
than ever before. These objectives were achieved by understanding the erosion-corrosion

in slurry transportation and the following conclusions were made from this study.

e The flow-loop, designed and fabricated for this study, decimates between erosion,
corrosion and synergism and simulates the service conditions. The flow-loop could be

easily expanded to permit simultaneous study on different materials.

e Temperature plays a big role in erosion-corrosion and a 20°C increment from the
room temperature increases three time the erosion-corrosion rate. This study proposes
to transport oilsand at lower temperatures, if the process and flow requirements

permit to feed oilsand at lower temperature.

o The results in this study show that corrosion and synergistic effect are the dominant
mode of erosion-corrosion in aerated slurry transportation and contribute almost 75%
of the total material damage. The erosion contributes only around 25% of the total

material damage within this test range.

¢ A mechanism has been proposed to explain the synergistic effect of erosion-corrosion

in slurry transportation and is called as ‘micro-stress-corrosion’. This was
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substantiates with the simulation and correlates with similar stress-corrosion

situations.

e Two unique techniques to control erosion-corrosion are proposed. One is called
‘oxygen removal’ and is reducing the oxygen by accelerating the corrosion in the first
few length of the pipeline and thereby protects the rest of the line. The other method
is called ‘preferential protection’ and is by applying the cathodic protection only for
the bottom half of the pipeline and there by protects the severely damaged bottom
half of the slurry pipe. |

e The results in this study shows that controlling the flow parameters like sand
concentration, flow velocity will have less effect on controlling erosion-corrosion at
higher temperature above 40°C, which is close to the actual oil-sand transporting

temperature (50°C).

e The results also show the introduction of 5% or more sand to the pipeline carrying
aerated saline water above 32°C almost doubles the total metal loss compare to the
same pipe without sand. This lead to another conclusion and the reason why small
amount of sand cause sever damage at 6 o’clock position in oil exploration and

transportation lines in Alberta

e Additional evidence is shown in this study to support the previous findings that the
corrosion of carbon steel pipe in aerated saline water flow is a mass transfer

controlled process.
e A modified hypothesis from the pervious findings on the role of erosion is proposed
in this study as follows: within the standard pipe flow velocity of 0 — 3m/s, the role of

erosion is to reduce the formation of rust film and increase the exposed surface area

for corrosion attack by the forming groves along the flow direction.
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Control of erosion-corrosion in Alberta’s oilsand transportation offers huge potential for
wealth generation and enduring environmental and social benefits. Significant inroads
were made in this study towards the control of erosion-corrosion. Putting in action, the
plan developed on this research will help to unlock this potential and realize the benefit,
while technical hurdles remain to be overcome; innovative approaches are expected to

revolutionize the control of erosion-corrosion in oilsand transportation.
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8. Future works

Mechanism: The proposed mechanism can be substantiated further with surface
scanning using Scanning Reference Electrode Technique (SRET) available at Syncrude

and video clipping of a single particle impact in the simulated environment.

Oxygen removal: Set-up and develop a prototype model and demonstrate the proposed

oxygen removal technique to control erosion-corrosion.

Preferential protection and erosion resistance anode materials: Anode material
erosion is the one of the concern in preferential protection even though the design based
on current calculations. A study is proposed to reduce the erosion effect on the standard
anodes by adding erosion resistance materials without loosing the electrochemical
capacity of the anode. Yttrium is proposed for this and used in various metallurgical
applications in magnesium and aluminum alloys. In addition to this, proposed preferential
protection system should be tested on larger scale slurry flow-loop, or with spool piece in

the actual plant slurry line.

Pipeline Material: The synergistic effect has higher influence than erosion in slurry
transportation. Improving the synergistic resistance properties of material will definitely
remove some of the erosion-corrosion effect. As the synergistic mechanism is known,
this study proposes to focus and compare the synergistic effect (or micro-stress-

corrosion) resistant properties of pipeline materials including stainless steel.

Flow-Loop modifications: A modification as shown Figure 8.1 is proposed by adding
two by pass lines to overcome the difficulties faced during this study. The bypass Line 1
is for oxygen measurements. The bypass line II allows control and monitor the
temperature and flow rate. Once the required parameters were met, it can be open to the
test piece section. Also improved methods should be developed to mechanically polish

the internal surface of the test piece.
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Modification|

1 1/4" Pipe
1 1/4" Pipe E @ @
1 1/4" Pipe . .
R-O Filter D jModlﬁcatlon I
<
Cathodic protected Total Weight loss

O, - OxygenMeter
T - Temperature Probe

Ia_. F - Corimass Flow meter
Data Acquisition W - window tube

Figure 8.1 : Proposed slurry flow-loop modification

Corrosion model:

Continued from section 5.1.2

The difference between the rotating cylinder limiting current and the flow-loop corrosion
current was calculated and plotted against the square root of the velocity as in Figure 8.2
This shows that the difference (ijy — icor) also follows the linear relationship. Therefore

(i1im — icor) can be further correlated empirically as follows

: _— 1/2
llim _lcor - B + CV 8.1
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Figure 8.2 : The difference between limiting and corrosion current (ijim - icor)With velocity
Therefore I.,r becomes

. 1/2

Lor = (llim_o - B) +Dv 8.2

Where:

D = A-C, again an empirical constant

In diffusion controlled corrosion process the diffusion coefficient K4 can be expressed as

k — lCOI‘
d = 8.3
neFC02 _b_rot
Where:
icor = corrosion current density
e = reacted electrons
F = Faraday constant
Co2 bt = bulk concentration of oxygen in the rotating cylinder

Therefore the oxygen diffusion coefficient K4 becomes

_ 1/2
k,=ci, ,+cV '  +c 8.4

Lim o
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Where:
1
C=—-—
1 neFCb_ 8.5

rot

C, can be calculated by measuring the oxygen concentration or assuming saturated
concentration at room temperature. C, and C; are constants and Cs; is assumed to be
depending only on temperature. K4 can be calculated back from weight loss
measurements in the simulated environment using the above equation 5.9, C; and C3 can
be extracted from the plot of Ky vs. v~ The diffusion coefficients can be further

expanded to include temperature variations and considered for the future works.

Corrosion rate (C.R)

Once the mass transfer rate is known, the actual corrosion rate can be easily predicted

based the following model assuming two moles of Fe reacts with one mol of oxygen.

CRptont = 2o, g ki ptant 8.6
Pre
Where:
Ky plant = Cillim_» TGV ;/ljnt TG 8.7
\Y [ = average molecular weight of the pipe material
Cozppane = bulk oxygen concentration in the pipeline
PFe = density of the pipe material
Vplant = actual plant fluid flow velocity
Tptant = actual plant temperature

The corrosion rate expression at room temperature (22°C) for the flow-loop becomes
. 1/2
CRpoy =[ (457E . 05)iy,, , +15.5"> =164]C, o 8.8

Where Corrosion rate is in mpy, v is in m/s, Coy in ppm, ijim_oin AJem? and equals to

3.64E-04A/cm? for flow-loop slurry, Fe = 7865, kg/m3, n =2, Mge= 55.8)
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This model depends on the limiting current, which represents the oxygen diffusion rate,
the bulk oxygen concentration corresponding to corrosion potential of the flow regime

and velocity correlate flow and oxide layer thickness variations.

This shows that any pipeline flow-assisted-corrosion in aerated or partially aerated

environment can be easily modeled through the following equation:
2M
Fe CO
2
p Fe

Where A is a material property calculated from equation 5.11. iy, can be calculated from

CRpgy =| Ay, , + BV +C]

_b_plant 8.9

the simulated laboratory limiting current test. B and C can be extracted from the plot of
K vs. v*. Weight loss measurements can be either from the rotating cylinder, rotating
plate or from the flow-loop. To predict the corrosion rates over a long period of time, this

model should be compared against the data from the plant operations.
Also the proposed corrosion model can be expanded to temperature variations

Erosion model: The author strongly believes and proposed by Chiovelli (Chiovelli,
2003) of Syncrude research, the number of sand impact, the angle of impact and distance
between two successive impact called mean free path can be calculated through Monte
Carlo simulations (MCS), a technique for simulating real-world situations involving
elements of uncertainty and been used extensively in science, engineering, manufacturing

and risk analysis for many years.

Electron trajectory simulation by Monte Carlo analysis in Scanning Electron Microscope
(SEM) is much similar to the sand particle trajectory in slurry flows and the same can be
followed to simulate the erosion. Beam energy or the supply voltage and the current or
electron volume in SEM can be compared with the flow velocity and slurry
concentration. The interaction volume in SEM can be related to the volume removed by

erosion and can be compared with the erosion results. Also Monte Carlo simulation
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software packages were used in risk analyses (Crystal ball 2000) can be easily introduced

in this. The modified single particle erosion model can be written as

B pp,.pe.mp(vp sina—v,,) 3 .
Rsin eparticle Vp COS“——(VP Slna--vcr) 8.10
gep 2P 2

MCS allows converting the single particle erosion model into multi particle. The number

of impact per unit cross section area per unit time can be coupled to standard flow
parameters like sand concentration and flow velocity. Therefore the erosion rate can be

represented in mean velocity and material parameters of the pipe as follows:

E.R

_ pFe‘m
Loop— 2P - f(vm,X) 8.11

Where:
m, = average mass of a single particle
x = slurry concentration
vm = mean slurry velocity

When the velocity and concentration remain same, Faddick proposed the wear rate is

inversely proportional to the cross section area of the pipe (Faddick, 1975) and the above

equation becomes
2
. p Fe 'mp dloop f (V Z )
“Mplant 2 m? 8.12
” 2 P d plant

Finally, the future work will also should concentrate on the economic feasibility of the

two control techniques proposed in this study and the commercial implementation.
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Appendix I

Slurry flow-loop operating Procedure
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STARTUP PROCEDURE

1. Set up the test pieces

i

Connect the cathodic protection by positive red cable to 1 long pipe (anode) and
negative white cable to all test pieces

Close the drain valve of the mixing tank

Filled the water to the mixing tank up to the mark

Put the calculated amount of NaCl in to the mixing tank

Put the calculated amount of sand in to the mixing tank

Open the bypass valve

Open the loop valve

¥ X N AW

Start the pump

10. Set the cathodic protection potential to 2.5 volt

11. Start the DAQ

12. Start the Oxygen monitoring if necessary

13. Start the mixer

14. Increase the pump speed to the required flow rate

15. Close the bypass valve

16. Adjust the cathodic protection potential

17. Monitor the temperature and if is low adjust the temperature by adding hot water

18. Monitor every 30minutes

The pH values of these should me measured and maintained at 7
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SHUTDOWN PROCEDURE

After the test period, reduce the pump speed its lowest frequency (5Hz)
Stop the pump by pressing the button Q on the control panel

Open the by pass valve on the flow-loop

Close the loop valve on the flow-loop

Drain the water in the loop by open the drain valve from the circulation tank

A O S e e

Clean the circulation tank

EMERGENCY SHUTDOWN PROCEDURE

1. Stop the pump by pressing the button Q on the pump control panel or off the three
phase circuit breaker
2. Close all the loop valves

3. Drain the water in the loop by open the drain valve from the circulation tank
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Appendix 11

Force excreted by single particle impact

This calculation is based on the following expressions adapted from Shirazi et al (2001)

published presentation.

The major component of the force acting on a particle is the drag that is excreted on the

particle by the fluid. Assume same transferred on the metal surface during impact.

2 —
F, = ndpppcg |vp Vfl (vp _vf)

The drag coefficient Cq is given by

24
Cp==—(1+0.15Re}*)
Re,
The Reynolds number based on the relative (slip) velocity between the particle and the
fluid and Re is defined by
v —v,)d
( p ' f )
Re, = .
v
Where:
v = Kkinematic viscosity
vi = local fluid velocity and assumed to be zero
vy, = local sand particle velocity (assumed Wong CFD simulations, 2003)
d, = average particle diameter
pp = particle density

However force due to particle mass is not included in this calculations and the trend is

shown in Figure 5.7 without actual force excreted on the surface.
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Figure 4.17 : Micrograph of the corrosion
at 2.5 m/s and 32°C after 22 hrs

Figure 4.24 : Flow-loop

reciprocating pump rotor

Rotor after 6 months —
almost 50% of the hard
chrome coating was
removed

Passivelayer
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