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ABSTRACT 

In the oil and gas industry, the integrity of pipelines is paramount, owing to the consequences 
which arise from the failure of these assets. Reduced production, loss of assets, increased 
maintenance cost, fatalities and loss of product through spillage, coupled with the far reaching 
environmental effects, are all by-products of the failure of pipelines. One of the major 
contributing factors impacting the integrity of these assets is that of the localised degradation 
of the pipeline material due to solid particle impingement. As a result, it is crucial to understand 
and quantify the manner in which a material responds to a myriad of erosive conditions. The 
occurrence of erosion on a material surface is influenced by a considerable number of factors. 
Research has found that the impact of each contributing parameter varies based on the 
conditions. As such the field of erosion studies has been heavily reliant on establishing 
empirical relationships. 

The work presented in this thesis is backed by an established experimental approach to solid 
particle erosion, replicating practical engineering problems found in oil conveying pipelines 
with entrained solid particles. The first aspect of the work conducted focuses on the evaluation 
of erosion through experimentation, using a slurry erosion test pot. For this study, olivine, 
which is a naturally occurring mineral has been used as the erodent, with mild carbon steel 
representing the target material. A qualitative assessment was conducted on the friability of 
olivine under the operating conditions, giving an insight into how the recirculating nature of 
the test pot affects the initial particle parameters, principally the size and angularity. Both 
qualitative and quantitative analysis have been carried out on the impact of flow velocity, time 
and three distinct size ranges of multi-sized particle slurries on the material loss of the target 
material. The relationship of velocity has been found to be consistent with that found in 
literature, while the effect of increasing the diameter of the multi-sized particles produces a 
different response from that found in literature for equi-sized particles. Time has been found to 
have no noticeable effect on the erosion rate under the conditions evaluated in this study. 
Moreover, a novel erosion rate prediction model has been developed based on the Zhang/Tulsa 
model, which now encompasses the influence of the weighted mass particle size for multi-sized 
slurries.  

The second aspect of this study assesses the nature in which the surface texture of the material 
changes as the erosive conditions change. Using a non-contact surface measurement method, 
the change in the material surface roughness is assessed as a function of exposure time, impact 
angle, velocity and weighted mass particle size. This work presents the first in-depth 
assessment of the change in developed interfacial area ratio as a result of slurry erosion. A 
qualitative and quantitative investigation was carried out on the results obtained, from which 
the impact of each parameter evaluated has been presented, showing that each parameter has 
an impact on the change in developed interfacial area ratio. Additionally, a comparison is 
presented between the developed interfacial area ratio and the arithmetical mean height. This 
highlighted the influence of the measurement parameter on the results being processed. 
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1.2 Sand Production 

Sand production is the introduction and entrainment of solid particulates into the fluid flow 
during oil extraction. It is caused when the strength of rock formations is exceeded by the 
pressures and forces exerted on them by the drilling and extraction operations. In order to 
prevent these particles from entering the bore, several methods are employed, one of which is 
standalone screens, these act as filters allowing the hydrocarbons to pass through while 
effectively sieving out the solid particles. Sand control describes all measures employed to 
minimize sand production [9]. 

When sand is produced, but fails to travel to the surface, it remains down-hole leading to a 
decline or stoppage in production. Down-hole build-up, is caused by flow velocities which are 
insufficient to transport the particles to the surface. Contrastingly, when the velocity is high 
enough, the sand fines travel up the bore, where the sand accumulates in surface equipment. 
This can be costly, as additional maintenance time has to be allotted, additionally the conveying 
of solid particles to the surface, could also lead to the erosion of both down-hole tubing and 
surface equipment [10]. 

1.3 Erosion 

The oil industry has always grappled with the issue of solid particulates in the transport of 
fluids through pipelines. A great deal of work has been done in the industry to control the 
incursion of sand/fines into the flow, however despite best efforts, it has not proven entirely 
possible to completely eliminate sand production, consequently leading to the occurrence of 
solid particle erosion.  

The term Solid Particle Erosion is used to describe the process by which small particulates 
breach the surface of a material, thus resulting in a loss of mass, as seen in Figure 1-2. Many 
studies have been conducted examining the parameters that govern the occurrence of metal 
erosion, both [11] and [12] provide comprehensive reviews of these parameters. The particle 
shape, size, density and hardness, the fluid velocity, temperature and flux, as well as the target 
wall properties, angle of impact and the velocity of particle at the point of impact are some of 
the factors affecting erosion rates.  

 

Figure 1-2 Pipe bend with visible erosive wear due to solid particle impingement [17] 
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The process by which erosion occurs, and by extension the mechanisms of erosion have been 
the subject of many of the early studies. Finnie [13] outlines a model of erosion in which 
particles, when impacting the surface at low angles, cause micro-cutting. This continues until 
the material which has been cut away is dislodged from the surface of the target wall. Figure 
1-3 displays an illustration of the proposed mechanism. In a follow-up study, Finnie [14] 
focused on developing the micro-cutting models further by analysing the behaviour of both 
ductile and brittle materials, when subjected to solid particle impacts.  

Further works established that the mechanism described by Finnie was limited as it did not 
account for how erosion acts on a surface when the angle of impact of the particle is increased 
tending towards 90o. In his 1963 study of erosion phenomena released in two parts, Bitter [15, 
16] describes the principle mechanisms for erosion wear as being from the repeated 
impingement of particles resulting in both deformation and cutting of the target surface. 

These understandings of the mechanisms of erosion have been developed and refined to 
facilitate the development of mathematical models for the prediction of erosion as will be 
discussed further in Chapter 2. [17] 

 

1.3.1 Parameters in Solid Particle Erosion 
The onset and propagation of erosion on a surface is influenced by a large number of factors, 
which fall broadly into three categories, fluid and flow properties, target wall material and 
particle properties. Understanding how these factors affect the erosion of a material are key in 
establishing the erosion rate under given conditions. The number of factors are so exhaustive 
that no one mathematical model has yet to account for all of the factors. Appendix I shows a 
table compiled by Mazdak et al [12], containing thirty-five physical characteristics utilized 
across twenty-three different erosion models. Though the list in Appendix I is extensive, it is 
not exhaustive. What can be deduced from the table however, is the lack of consideration given 
to flow variables in the models which have been developed.  

Figure 1-3 Micro-cutting of a target material by an abrasive solid particle [14] 
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1.3.2 Particle Size 
Many studies have assessed the influence of the particle size on the mechanism of erosion, [11] 
and [18, 19, 20], are some of the works that focus on the effect of particle size. To a large 
extent, all agree on the concept of the erosion rate being proportional to a function of particle 
size. It has been found that erosion rate decreases as the particle size decreases, due to the 
particles susceptibility to being diverted around the target wall by the streamline of the flow, 
while larger particles are able to follow a more direct path to the target wall as illustrated in 
Figure 1-4 [21].  

Further work determined that erosion increases with the increase in particle size to a limiting 
size, from which the erosion rate then decreases as the particle size increases, graphically 
represented in Figure 1-5. This location of maximum erosion as a function of particle size has 
not been fully explored in literature, particularly for conditions of multi-sized particle diameters 
[22]. 

Figure 1-4 Effect of flow on particles based on the size of the particle [21] 

Figure 1-5 Variations in erosion and erosion-corrosion synergy with a varying particle size [22] 
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1.3.3 Impact Angle and Shape 
Early work done on the mechanism of erosion as referenced in Chapter 2 indicate that the 
process of erosion is highly dependent on the angle at which the particle impacts the surface of 
the wall. This gives rise to the two predominant mechanisms seen in the wear pattern of eroded 
material, namely direct impact which occurs at impact angles that tend towards normal, and 
abrasive wear which occurs at shallow impact angles.  

In his book on tribology Hutchings describes the dependence which erosion by solid particles 
has on the angle of impact. The importance of the impact angle as a principle contributing 
factor in the erosion rate of metals can be deduced from Figure 1-8. The figure displays the 
typical behaviour of ductile materials by which the erosion rate increases to a maximum at 
angles between 20o and 30o, with the wear rate falling significantly at angles tending towards 
zero (0o), and falling to less than half of the maximum erosion rate as the angle increases 
towards normal [23].  

In experimental studies using particles in an aqueous environment, it is not entirely possible to 
govern the specific impact angle of the particles when interfacing with the target wall. This is 
a direct consequence of the flow field near the target wall, however, when employing the use 
of a test pot, this effect can be minimised through the use of flat bar as opposed to a cylindrical 
bar [24].  

In practice a bulk slurry would contain irregularly shaped particles which may be clustered 
under all shape classifications. For any given impact angle, the degree and type of surface 
damage also differs as a result of the particle shape, and by consequence the manner in which 
the particle rotates about its own axis [25]. An angled particle rotating forward at impact results 
in a different quantity of material being displaced than is caused by a spherical (blunt) particle 
as seen in Figure 1-9.  

Figure 1-8 Variations in erosion rate as a function of impact angle for both ductile and brittle materials 
[23] 

Figure 1-9 Mechanisms of erosion based on particle shape [25] 
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1.3.5 Time Dependence 
Of the key factors that contribute to solid particle erosion, most fall under two categories; they 
are either spatial in nature which includes the velocity and impact angle or they are material 
specific, including the hardness, particle size, particle shape, target wall ductility among a host 
of other factors. However, the temporal nature of this phenomenon also has a fundamental role 
to play in the rate at which the material degrades. Fry et al [28] states that the erosion rate 
increases with exposure time, however, this statement does not hold true for all conditions. A 
study by Rao and Buckley [29] provided a review of findings assessing the time dependent 
nature of erosion, and presented details of the distinct phases in the onset of erosion, as well as 
the three basic responses which are exhibited by materials.  

The periods are classified as; the incubation period, this describes the stage where negligible 
mass loss occurs, the periods of acceleration and deceleration, and finally the attainment of a 
steady state as can be seen in the curves schematically shown in Figure 1-11(a). Steady state is 
at times described as maximum rate, however this can at times be less than the peak erosion 
rate as seen in Figure 1-11(b).  

A considerable number of literature describe both the exposure time and abrasive charge as 
interchangeable parameters as is seen in Figure 1-11. Tilly [30] states that steels have no 
discernible incubation period and as such arrive at a steady state condition from the onset. The 
studies reviewed in this work were largely conducted at relatively high velocities some in 
excess of 250 m s-1. Young and Ruff [31] provided data that conflicts with the assertions of 
[30], and found the erosion rate of 304 steel to have a curve comparable to Figure 1-11(b) when 
plotted against the abrasive charge. 

Figure 1-11 Variation in (a) Weight/volume loss as a function of time (b) erosion rate as a function of 
time [29] 
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1.3.6 Particle Concentration 
Solid particle concentration, also referred to as solid particle loading or flux, is a description of 
the quantity of particles in a given control volume, this can be described in terms of percentage 
weight or volume of the solid particles in the bulk fluid. The realm of this research will focus 
on dilute solutions that are classified as having mass loading of up to 10% by weight. Intuitively 
one may consider that as more particles are introduced to the system the erosion rate should 
increase, however this is not always the case as the relationship between concentrations is not 
a linear relationship. Turenne et al [32] outlines how the erosion efficiency (W/C), which is a 
ratio of mass loss to concentration of solid particle, changes as the concentration (C) changes. 
As the concentration increases, the erosion efficiency decreases to a steady state as seen in 
Figure 1-12. The study also offered that for a constant mass of erodent, the mass loss would be 
more for a concentration of 1% compared to that of 20%.  

These findings are supported by a number of studies including that of Deng et al [33] that found 
the erosion rate at pipe bends to decrease with an increase in the particle flux as seen in Figure 
1-13. 

Figure 1-12 Erosion efficiency plotted against the solid particle mass concentration [32] 

Figure 1-13 Thickness loss as a function of Solid particle concentration, for pipe bend radius of 
six (radius of bend over pipe diameter) [33] 
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Due to limited studies into the effect of fluid temperature on the erosion rate, a consolidated 
concept has not yet been developed. A comprehensive study by Smeltzer, Gulden and Compton 
[38] found that the erosion rate decreased as a result of significant increases in temperature in 
a gaseous fluid. However, temperature was found to have a different effect which varied based 
on the target material, from this study, Sundararajan and Roy [39] describes three distinct 
categories of responses which a material exhibits in its erosion rate as a function of temperature, 
with a gas as the carrier fluid. Some metals follow a trend of decreasing erosion rate to a 
minimum, followed by an increase in the rate as the temperature increase. Another group of 
metals have a negligible response to an increase in temperature up to a critical value from which 
point the erosion rate increase and the final set display an increasing erosion rate as the 
temperature increase, with no critical value. Figure 1-15, provides a comparison plot of a wide 
range of materials and their respective curves. 

 

 

 

 

Figure 1-15 Variations in erosion rate against temperature for a range of different metals [39] 
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1.7 Thesis Structure 

This thesis is the written evidence of the body of work which has been carried out based on the 
research aims, and is divided into 6 chapters:  

Chapter 1 sets the scene for the work being conducted, providing a general background of the 
petrochemical industry in relation to the use of pipelines as a means for conveyance. There is 
also an outline of the principle parameters identified in the propagation of solid particle erosion. 
Additionally, the research motivation and the success matrix, in the form of the primary aims, 
have also been outlined. 

Chapter 2 comprises a detailed literature review covering a plethora of published works focused 
on the assessment of particle erosion. The literature review provides details of experimentation 
conducted, as well as the development of erosion models covering a period of over five 
decades. Moreover, the specific research objectives of this work have also been stated in this 
chapter.  

Chapter 3 provides a detailed description of the approach taken in carrying out the current 
study. It outlines the experimental methodology and offers justification for the experimental 
process. This chapter describes the experimental setup and the equipment used along with an 
outline of the materials which have been selected for the erosion testing. It also provides details 
of the post experimental methods used to capture the results.  

The details of some of the principle erosion parameters and their effect on the erosion rate have 
been presented in Chapter 4. This chapter investigates the influence of velocity, particle size 
and exposure time on the erosion rate of the target material. This chapter also offers a modified 
erosion model which includes the influence of particle size as an influencing prediction 
parameter.  

Chapter 5 details the approach taken in investigating the morphology of the target material 
surface texture. It provides a description of the manner in which the material surface responds 
to being eroded in an aqueous environment. It outlines the manner in which surface texture 
changes based on changes on particle size, flow velocity, time and impact angle. 

A full description of the realisation of the research aims, as well as a summary of the 
achievement of the research objectives, has been presented in Chapter 6. This chapter also gives 
a summary of the limitations of this work and a set of recommendations for future work. 

 

The following chapter details the literature review which has been conducted in the field of 
solid particle erosion. 
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A study carried out by Salik and Buckley [61] on the effect of mechanical surface and heat 
treatments on the erosion rate, revealed two essential findings. The study used two distinct type 
of erosion particles; round particles in the form of glass beads and crushed glass with sharp 
edges. These particles, bombarded the surface of aluminium 6061 samples with the graphical 
results shown in Figure 2-3. The study determined that the mechanical surface treatment and 
the surface roughness had minimal impact on the erosion rate. The discussion offered that this 
finding, could be as a result of the initial erosion that wears down the first layer of material. 
The study further established that the wear rate resulting from the impingement of the crushed 
glass was far greater than that of the glass beads, highlighting the fact that the particle shape is 
a major variable in the propagation of metal erosion. There was no measurement of the flow 
rate or speed of the particles in this evaluation. 

Andrew and Horsfield [62] carried out an experimental study to assess the particle-particle 
interaction during the erosion process. This was theorised as a possible reason for the apparent 
decrease in the erosion rate seen in earlier works. The study found that in the low flux range 
(this range was not defined), the reduction in the erosion rate cannot be attributed to collisions 
between particles, as insufficient collisions occur when particles are projected at a target in a 
free stream of air. The study did not assess the effect of inter-particle collisions at high flux, 
the study also did not extend to include other mediums of particle transport. 

The experimental work conducted by Rickerby and Burnett [63] focused on the erosion of 
titanium nitrite coated metals. The study assessed the effect of glass beads (blunt) and alumina 
grit (angular) on both a thin layer (1 µm) and a thicker layer (10 µm) of TiN on samples of 
stainless steel and mild steel. The results outlined the effect of the erodent shape on the surface 
coating and determined, that the thicker coating of TiN was more readily damaged by the blunt 
erodent than the angular alumina grit. When compared to the study by Salik and Buckley [61], 
this finding shows that the coating responds in the contrasting manner to the uncoated surface 
when evaluating the erosion rate as a function of particle shape. 

Figure 2-3 Graphical representation of the erosion resistance against the hardness of the target wall when 
eroded by crushed glass and the glass beads 
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Time dependent analysis of particle erosion, have predominantly been assessed in high velocity 
applications through the use of jet impingement rig. In these tests, surfaces are generally only 
exposed for a relatively short duration of time. Rao and Buckley [29] suggest that significantly 
lower flows and particle velocities may require longer erosion test time in order to achieve a 
steady state of erosion rate. A study by Randall, Clark and Wing [21] graphically mapped out 
the response of P110 Steel, which is an API high grade steel, in a viscous environment being 
eroded by Silicon Carbide (SiC) particles. The resultant graph when plotted against the 
exposure time, clearly shows a changing gradient within the time intervals evaluated. As such 
the assertion made by Tilly [30], that steels attain a steady state of erosion rate immediately, 
depends largely on the exposure conditions.  

2.2 Predictive Models for Erosion 

Gupta et al [49] carried out a two-part slurry erosion study, in which an erosion test pot was 
used to examine the erosion rate, while a flow loop was employed to predict the location of 
wear for both steel and brass. The test pot evaluation, was carried out using three parameters, 
flow velocity from 3.92 m s-1 to 8.06 m s-1, solid particle concentration of 15% and 25%, as 
well as particle sizes of 112.5 µm and 223.5 µm. A thorough discussion was outlined for the 
prediction of wear based on velocity, particle size and concentration. A plot of the results 
obtained for the wear of brass is shown in Figure 2-5. Using equation (2-6), which describes 
the functional relationship of these three parameters to the erosion rate, a regression analysis 
was used. The method of least squares was applied to the experimental results in order to 
determine the values of the empirical constants k, m, n and p. This was completed for the 
prediction of erosion wear in both brass and mild steel under the given conditions. These 
equations are shown below (2-7) and (2-8). This study did not assess the effect of multi-sized 
slurry on the erosion rate, nor did it discuss the potential impact of exposure time. Moreover 
particle attrition, in the recirculating rigs was also not evaluated  

Figure 2-4 Time based progression of mass loss per unit area for P110 steel in diesel oil eroded by 1.2 
wt.% SiC at 18.7 m s-1 [21] 
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Clark [64] conducted a comparison study, of solid particle erosion in different fluid mediums, 
specifically gas (air) and liquid (diesel oil). Both investigations were conducted in an erosion 
test pot with the configurations displayed in Figure 2-6. The discussion provided a thorough 
analysis of the damage mechanism, based on the velocity and angle of impact of the particle. 
A direct comparison was presented between the flow velocity and particle velocity for both 
mediums. However, the study is limited to assessing a single particle size, of the glass bead 
erodent.  

Mishra et al [40] carried out an experimental study to investigate the characteristics of solid 
particulates in a liquid medium at long radius pipe bends. The work focused on determining 
the distribution of multi-sized, solid particles (zinc tailings) at the pipe bend and the manner in 
which the change in the outer radius of the bend affect the solid distribution and by extension 
the erosion rate. A detailed discussion was presented outlining the distribution of particles 
based on size and deposition speed at varying bend radii. The study does not present details of 
the impact angles nor does it assess particle shape as a parameter. 

Edwards et al [65] undertook a study of solid particle erosion in elbows and plugged tees, using 
Computational Fluid Dynamics, through a solver commonly known as CFX. This study 
allowed for the assessment of both direct impingement and indirect impingement, caused by 
the momentum of the fluid carrying the particle into the target wall, and the turbulent 
fluctuations within the bulk fluid flow respectively. Moreover, this study improved on previous 
works by including the effect of the squeeze film as well as both the normal and tangential 
restitution effect to the particular velocity upon rebounding from the target wall. The 
discussion, provides a quantitative comparison of the erosion rate and location of maximum 
erosion for three configurations; elbow, long radius elbow and plugged tee. The erosion ratio 
model employed, represented by equation (2-9), (2-10) and empirical constants in Error! 
Reference source not found., does not take into account the influence of particle size on the 
erosion rate. 

Figure 2-6 Schematic of erosion test rig for air suspended (a), and oil suspended particles (b) [21] 

(a) (b) 
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Clark [27] produced a qualitative study of the effect of the squeeze film of a liquid in the 
phenomenon of erosion. A discussion was presented that detailed the approach and 
considerations that have to be given, to the quantitative impact of the squeeze film effect on 
key erosion parameters such as the impact velocity and the angle of impact. The review is 
limited to assessing the squeeze film effect. 

Wood et al [69] conducted an experimental study and computational analysis on erosion wear 
in pipelines, assessing both straight sections of pipe and bends. Similar to Mishra et al [40], the 
test sought to determine the particle distribution in the duct. This was done experimentally with 
the use electrical resistance topography. The discussion of results focused on the agreement 
between the CDF prediction and the experimental results, as well as the location and 
mechanisms of localised wear (maximum) along the surface of the duct. The study did not 
assess nor quantify the effect potential stratification of multi-sized particles in a pipe system. 

Zhang et al [70] investigated, through experimentation and CFD, solid particle erosion using 
both water and air as the bulk medium. The study extends previous works by assessing both 
the fluid velocity as well as the particle velocity through the use of Laser Doppler Velocimeter 
(LDV). The study examined several erosion models in order to determine the most appropriate 
for the given conditions. The discussion, found both the E/CRC model and the Oka model 
represented by equation (1-3) and (1-6) respectively, provide the most comparable results to 
the experimental work. The Tulsa angle function is given by equation (1-4) with the value of 
(A) found empirically for carbon steel, listed in Table 2-2. The angle function for the Oka 
model is represented by equation (1-7), which has two parts; one representing the damage 
caused by normal impingement angle, the other representing damage at all other impact angles. 
The empirical constants are set out in Table 2-3(2-2). The study found that the particle velocity 
is significantly lower than the fluid velocity, with large variations existing in velocity among 
the particles. There is no assessment of the temporal attribute of the erosion rate, and the 
evaluation is limited to silica flour and silica sand.  

Figure 2-7 Variations in the erosion wear as a function of particle size [65] 
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In carrying out experimental work on the erosion-corrosion resistance of engineering materials, 
Rajahram et al [74] used natural uncrushed silica sand as the impacting particle, within a slurry 
test pot. The study included a range of pH solutions as seen in Figure 2-8. The particle 
parameters included a range of particle sizes described as fine medium and coarse, as well as a 
series of solid particle concentrations. The investigation focused on the erosion-corrosion 
synergistic trends, and mapped out a transition regime for the crossover between corrosion 
dominant, corrosion-erosion damage, to an erosion dominant, erosion-corrosion wear regime. 
The work does not assess the impact of particle attrition, nor does it address the influence of 
flow and impact angle on the erosion and erosion corrosion synergy. 

 

2.3 Surface Profiling  

A study carried out by Islam and Farhat [75] assessed erosion wear of API X42, employing the 
use of aluminium oxide as the erodent, at high abrasive feed rate and high velocities. This study 
used the jet impingement method with air as the bulk fluid, striking the specimen at 30o, 45o, 
60o and 90o, at speed between 35 m s-1 and 80 m s-1. The discussion presented an analysis of 
the effect of velocity and impact angle and the cross comparison of these parameters. 
Moreover, surface topography was used to analyse the wear depth at different angles and 
exposure times. Figure 2-9 shows the development of a surface scar as the exposure time is 
increased.  

Figure 2-8 Comparison of erosion and erosion-corrosion rates in different solutions [71] 

Figure 2-9 Shows that wear damage caused on the material surface with exposed to the impinging 
flow for 10 s and up to 420 s, at a velocity of 36 m s-1 [72] 
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The surface was further analysed using Scanning Electron Microscope (SEM), which allowed 
the investigators to assess the manner in which erosion was taking place throughout the 
material surface. Figure 2-10 shows four images with distinct mechanisms of erosion taking 
place. The study is limited to depth assessment and the qualitative assessment of the erosion 
mechanisms and does not evaluate the surface texture of the target material. 

Laguna Camacho et al [76] investigated the damaged caused to the surface of a soft annealed 
stainless steel AISI 304 by angular shaped silicon carbide (SiC) particles, using a compressed 
air jet impingement rig. The experimentation was carried out at four incident angles 20o, 45o, 
60o and 90o, the discussion focused on the surface damage which occurred at 45o and 60o, 
providing a comparison of the transition in the mechanisms of erosion occurring at each angel. 
Magnified photographs were taken throughout the target surface revealing the different types 
of erosion incidents taking place, with results similar to Islam and Farhat [75], showing 
deformation, cracking and fracturing taking place. Furthermore, an investigation into the 
change in surface roughness was presented, and found that the surface roughness increased 
when eroded at both 45o and 60o. Figure 2-11 shows the profiles examined and determined the 
roughness value to be 280 nm and 321 nm at 45o and 60o respectively. The study did not assess 
the surface roughness with respect to the time domain, nor did it assess this in an aqueous bulk 
flow. 

 

Figure 2-10 SEM images of surface damage, displaying different mechanisms of erosion wear taking 
place, the arrow in the images represents the direction of flow [72] 



Literature Review 

32 
Investigating Solid Particle Erosion of Pipeline Material 

By Eduardo J Samuel Matthew, School of Computing & Engineering, University of Huddersfield, UK (2017) 

A study by Patel et al [77] assessed the erosion of uncoated stainless steel SS304 when 
subjected to air jet erosion by a stream of alumina particles at 40 m s-1. The analysis was 
conducted on both, weight loss through gravitational measurement and on the surface 
deformation, with the use of SEM and Energy Dispersive X-ray Analyser (EDAX). The EDAX 
analysis of the surface composition found the presence of the Al and O, this s due to the erodent 
being imbedded into the material surface during impingement. When eroded at 30o SS304 
exhibits an incubation period, followed by an acceleration in the erosion rate, before finally 
attaining steady state. After reaching steady state the erosion rate at 30o was found to be higher 
than that at 90o, it must also be noted that the material attained steady state immediately at 90o. 
The EDAX analysis also showed a higher presence of Al and O when eroding at 30o, this could 
have contributed to the lower weight loss at the onset of erosion. A detailed discussion of the 
surface was presented however this was not assessed from a surface texture nor a surface 
texture morphology perspective. 

Figure 2-11 Surface profiling of AISI 304 (a) uneroded (b) 45o and (c) 60o [73] 

(a) 

(b) 

(c) 
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2.4 Summary of Literature Review 

What has become apparent from the review of preceding works in this field is that, although it 
has been studied extensively, there is a great deal that is not yet understood about solid particle 
erosion. All of the literature reviewed are in agreement on one fundamental aspect of solid 
particle erosion, and that is the nature in which a combination of erodent, target material and 
environment will behave is not universally applicable. This is further evident through the non-
existence of a universal erosion model.  

2.5 Scope of Research 

The work completed in this field assess the damage caused by a limited range of eroding 
materials, silica sand predominantly appears as the natural erodent in most studies assessing 
erosion in an aqueous environment. This work will employ the use of Olivine which is a 
naturally occurring mineral which is abundant in rock formations. There has been limited 
research carried out assessing erosion with the use of olivine. It would also be beneficial to 
assess its comparability to silica in erosive aqueous environments. 

When the surface of a material is eroded, it undergoes several changes due in large part to the 
work being done by the impinging particles. Surface imagery has been extensively reviewed 
in an effort to analyse the manner in which erosion takes place, however, the investigation of 
the change in surface topography as a result of slurry erosion is an area that has not been 
explored in literature, but will be investigated in this work.  

It is also necessary to address erosion in relation to the time dependent domain. Some works 
state that time is not a factor in the erosion of steels, however from the review of literature this 
observation does not hold true in all circumstances. It is therefore essential to address this 
parameter of erosion under the current conditions.  

Some of the popular models that are employed in erosion prediction neglect the effect of 
particle size, as such this work will seek to address the interdependence of the velocity and 
multi-sized particles while also offering an alternative erosion model.  

2.6 Research Objectives 

Following on from the research aims which have been detailed in section 1.6, the literature 
review was conducted in order to determine potential gaps in existing knowledge and areas of 
further work required in this field. Following from this, the work to be conducted has been 
divided into several objectives described below: 

1. In an aqueous environment, establish the influence of flow velocity and multi-sizes 
particles on the erosion rate of EN3B 

2. Determine the temporal nature of eroding EN3B in an environment containing angular 
olivine particles 

3. Propose a new erosion model based on the Zhang/Tulsa: E/CRC model of erosion 
4. Topographically investigate the morphology of the target surface when eroded at 

different at incident angles and particle sizes 
5. Provide a quantitative analysis of the change in surface texture as a function of exposure 

time and flow velocity 
The next chapter outlines the methodology employed in this study, in order to satisfactory 
achieve the aforementioned research objectives.
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3.1 Target Material 

Owing to its desirable properties carbon steel is the material of choice for the manufacture of 
oil and gas pipelines. Its strength, toughness, ductility, weldability and its availability make it 
the ideal material for this application. Despite its poor resistance to corrosion it is readily 
satisfactorily protected from corrosion by coating and also through the use of cathodic 
protection [78]. 

The material selected for the study is a bright mild steel, EN3B (BS970:1991 070M20), which 
is a general application mild steel. The general composition of EN3B is outlined in Table 3-1. 
The dimensions of the samples used in this study are rectangular prisms measuring (WxHxL) 
10 mm x 5 mm x 45 mm. A thorough cleaning of the metal surface was done using a clean 
spirit followed by distilled water. The samples were then allowed to air dry.  

Table 3-1 Composition of EN3B mild steel 

Composition % 

 C Mn Si P S 

EN3B 0.16-0.24 0.5-0.9 <0.35 <0.05 <0.05 
 

3.2 Erodent 

The erodent which has been selected for this work is olivine obtained from SandGrit, Eastfield 
Road, South Killingholme, Immingham, which is a naturally occurring magnesium iron silicate 
mineral that is commonly found in igneous rock formation [79]. The olivine supplied are 
angular particles with a Mohs hardness between 6.5 (982 Hv) and 7 (1161 Hv), a specific 
gravity of 3.3 and have a bulk density of 1600-1900 kg m-3. The olivine of AFS30 Grade, with 
a chemical composition as listed in Table 3-2. 

Table 3-2 Chemical Composition of Olivine 

Chemical Composition % 

 Al2O3 MgO SiO2 K2O 

Olivine 0.8 49.25 42.06 0.07 
Data sheet in Appendix II 

3.2.1 Particle Size Distribution Study 
AFS30 grade contains particles in a size range from 200 µm to 1 mm. In order to gauge the 
proportion of any given particle size in the bulk material a mechanical sieve particle size 
distribution analysis is conducted. In order to attain a representative sample of the olivine, the 
stockpiling method was used. To allow for two independent studies of 1000 g each, 2000 g of 
material was taken from four locations around the stockpile.  

Hand sieving method was used for this process, using eight different sieve sizes ranging from 
200 µm to 850 µm: 
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Figure 3-1 is a graphical display of the information outlined in Table 3-3, from which it can be 
seen, that approximately 80% of the olivine are sized from 300 µm - 500 µm, while relatively 
few particles remain in the region above 800 µm. It can also be seen from Figure 3-2 that over 
60% of the olivine particles, pass through 500 µm opening but remain on the 400 µm opening. 
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3.3 Experimental Methodology 

3.3.1 Slurry Pot Tester 
In order to conduct the solid particle erosion experimentation, an erosion test pot rig was 
constructed with the general design based on the details in section 1.4.1. A full CAD model 
schematic of the system is displayed in Figure 3-3. The mixing tank is fabricated from 4 mm 
thick acrylic tubing with a 170 mm out diameter. The base, top flange and cover are all made 
from polycarbonate which has a high impact strength. The design allows for two specimens to 
be eroded at a time, with specimens being held between two carbon-steel sample holders as 
shown in Figure 3-3, both contain a slots in which ABS 3D printed inserts are fitted. These 
inserts allow for quick change over when different angles are needed, they also aid in the 
prevention of corrosion at the contact points. The samples are placed in the holders at 180o 
apart to minimise the effect of wake. 

In mixing vessels with a centre mounted impeller shaft, both vortexing, as well as a swirling 
effects ensue; causing the entire bulk fluid to move almost in unison [81]. This results in poor 
mixing, and in the case of solid particles poor suspension. In order to prevent this from 
occurring, a four baffle arrangement has been used in the mixing tank. The baffles eliminate 
the swirling effect, and allow for good particle dispersion. Alongside the use of baffles, a 
pitched blade impeller, which is effective in vessels where there is low clearance from the 
bottom of the tank, has been used. This promotes better dispersion and good suspension as it 
generates flow in the axial direction. A study conducted by Desale et al [66] determined that a 
pitch blade impeller operating in a down pumping regime, provides more efficient particle 
dispersion within an erosion test pot. As such, this was chosen as the mode of operation for 
these experiments. Pictures of the experimental setup are displayed in Figure 3-4. 

Figure 3-3 Schematic of erosion test pot  
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. 

Figure 3-5 Thermal control setup (a) copper coil inside the mixing tank (b) cooling coils with forced 
convection (c) thermometer (d) reservoir tank 

Figure 3-6 Temperature map of test pot with three runs at 1800rpm 
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3.3.3 Gravimetric Measurement 
The samples were weighed pre-erosion and post erosion; these gravitational measurements 
were conducted using an OHAUS Galaxy 110 digital balance (Figure 3-9) with a measurement 
range down to 0.1 mg. The weight of each sample measured six times with the extreme upper 
and lower values being ignored. Four readings were recorded, from which the average was 
taken.  

3.3.4 Post-Test Handling 
When samples are removed from the test pot, and left to sit for a relatively short period of time, 
a propagation of corrosion can be seen throughout the surface. This can lead to erroneous 
weight measurements, and can also affect the surface texture profile of the sample being 
evaluated. As such, upon being removed from the test pot, post erosion, the samples are 
immediately and thoroughly cleaned, dried and vacuum sealed.  

 

3.4 Safety 

The general risk assessment as outlined by the university is located in Appendix III 

 

The next chapter details a discussion on the effect of the erosion variables on the erosion rate 
of EN3B being eroded by olivine, It also presents a study on the effect of particle attrition and 
particle friability.  

 

Figure 3-9 Digital scale 
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Table 4-1 Array detailing experiments conducted 

Time (hr)  0.5 1 1.5 2 2.5 3 
Sand Size  s m l s m l s m l s m l s m l s m l 

Velocity 
(rpm) 

900     �7              

1200  �7 �7 �7 �7 �7  �7 �7 �7 �7 �7  �7 �7 �7 �7 �7 

1800  �7 �7  �7 �7  �7 �7  �7 �7  �7 �7  �7 �7 

 

4.1.1 Particle Attrition and Friability 
In pipelines delivering multiphase flow with solid particulates, there is a continuous supply of 
fresh particles entering the system. These particles are not subjected to a great deal of particle-
wall impacts, nor particle-particle impacts, thus retaining their initial physical characteristics 
at the moment of impact. One of the great advantages of using a pipe flow loop as described in 
section 1.4.1 is the diminished effect of particle attrition. Contrastingly, a test pot recirculates 
a given mass of particles under continuous impact condition over a set period of time. This 
results in a considerable amount of particle-particle and particle-wall impacts. This inherent 
limitation of, attrition, in the erosion test pot process, manifests itself through the break-up and 
the dulling of sharp angular particles.  

Owing to the fact, that attrition is minimal in a pipeline system, but is magnified in an erosion 
test pot, the consequence of particle attrition in the experimental process, results in incorrect 
assumptions and predictions being concluded. To minimize the impact of particle degradation 
on the experimental results, it is crucial to appreciate the amount of attrition taking place. A 
study by Desale et al [66] assessed the effect of particle attrition on erosion rate, by varying the 
replacement interval of a sand-water mixture. This study was conducted at a shaft speed of 404 
rpm which equated to a linear flow velocity of 3 m s-1. The results of this study are shown 
graphically in Figure 4-2, where it was found that the mass loss deviates greatly when the 
interval is four hours, compared to the baseline of one hour. When the interval is reduced to 
two hours, although the erosion rate is lower than the baseline there is not a significant 
deviation over a three hour period. This study is incomplete in assessing the degradation of the 
sand particulates, as it can be surmised that if the baseline is set to ten minute intervals, the 
mass loss at intervals of one hour will deviate significantly from the baseline.  

Figure 4-2 Mass loss as a function of the mixture replacement intervals for particle attrition study [63] 
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Figure 4-5 displays olivine particles in the size range of 500 µm -1 mm, being evaluated after 
being eroded at 1200 and 1800 rpm for a period of one hour. Figure 4-5(a) shows pre-erosion 
olivine particles, having clearly defined angularity. In Figure 4-5(b), which is after one hour of 
eroding fat 1200 rpm, it can be seen that although the particles have some rounding, it is not 
substantial. However, effect of attrition is pronounced when the olivine particles are run for the 
same time period at the higher velocity of 1800 rpm, Figure 4-5(c) shows more significant 
rounding, retaining only minor angularity. From this, it can be established that one hour is the 
extreme upper limit of the time interval that can be used in the evaluation  

Figure 4-4 Magnified 280 µm -500 µm olivine (a) pre-erosion, (b) post-erosion, one hour at 1200 rpm 
(5.654 m s-1) 

Figure 4-5 Magnified 500 µm-1 mm olivine (a) pre-erosion (b) post-erosion, one hour at 1200 rpm 
(5.654 m s-1), (c) post-erosion, one hour at 1800 rpm (8.482 m s-1) 
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Figure 4-6 also provides a comparison between the current experimental results and those of 
Rajahram [22]. Representing the mass loss of a stainless steel eroded by silica sand, at a particle 
concentration of 3 wt.% and particle size of 294 µm. This comparison shows, that along with 
the general trend of the mass loss being the same, the results are comparable when factoring 
the differences in concentration and particle size to the current study. This provides confidence 
that when assessing solid particle erosion of steel as a function of velocity, olivine provides 
comparable results to those of silica sand.  

It can be seen that for the larger particle sizes at any given fluid velocity, the mass loss is 
significantly higher, this will be discussed in further detail in the next section. The link between 
the particle kinetic energy and the erosion rate has been detailed by Lynn et al [21] and Clark 
et al [26], and concluded that the rate of energy dissipation of a particle is proportional to the 
erosion rate of the target material. The increase in the mass loss can be directly attributed to 
the available kinetic energy contained by the particle as a result of the higher particle velocity 
at impact. As outlined in section 1.3.4, the relationship between the mass loss and the velocity 
is not always a squared relationship, by virtue of the complex interdependence of flow 
variables.  

In this experimentation, the specimens are placed at a 90o orientation, however, the actual 
impact angle of each particle, and by extension, the manner in which this changes with velocity, 
is not identified. What has been identified, however, is that the impact angle is not uniform 
through the entire target wall face. This becomes apparent when analysing the surface profile 
of the samples. In Figure 4-7 a surface profile of a test sample eroded for six hours can be seen. 
It shows greater wear towards the outer edge of the sample. This is due in part, to greater 
velocity further away from the centre of the test pot, moreover, this can be attributed to the 
flow divergence which occurs, from the stagnation line towards the outer edge of the target 
wall. This in-turn changes the initial trajectory of the particle thus impacting the wall at an 
angle other than normal.  

 

Figure 4-7 Surface texture and profile of specimen, after six hours of erosion at a 
concentration of 10 wt.% at 90o orientation 
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4.2.2 Influence of Particle Size 
The effect of the particle size range on the erosion rate has been graphically illustrated in Figure 
4-8, which displays the erosion rate in kg m-2 s-1 as a function of the particle size. The response 
of a target material to a change in the erodent size varies significantly depending on a number 
of factors. Changing the erodent, the erodent shape or even the erosion testing equipment can 
provide a significantly different response. In the case of EN3B in an erosive aqueous 
environment, using an erosion pot tester, with olivine at 10 wt.% concentration. The erosion 
rate shows an ever-increasing trend as the particle size range is increased, between the sizes of 
90 µm and 1 mm, when subjected to multi-sized particle impingement.  

At the velocities being evaluated, the smaller particle size range (90 µm to 280 µm), exhibits a 
significantly lower erosion rate than the larger sizes of particles. Table 4-2 is a tabulated dataset 
showing the percentage increase in the erosion rate as the particle size increases. It can be 
inferred that the change in the erosion rate is greater when the particle size is increased from 
small to medium, than when it is further increased from medium to large, except at 8.482 m s-

1 where there is parity in the percentage increase. When considering the percentage increase in 
the erosion rate from the small to large size, for 4.241 m s-1 and 5.654 m s-1 the erosion rate 

Figure 4-8 Experimental results of erosion on EN3B carbon Steel by sharp angular olivine 10 wt.% 
concentration at 60mins of exposure time 
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increases by 120.1 % and 130.3 % respectively. However, at a speed of 8.482 m s-1 the 
percentage increase is 86.6 % which is a significantly lower increase than was seen at the lower 
speeds. A possible explanation for this, is that the effect of particle attrition, particularly, with 
respect to the rounding of angular particles, is more significant at the higher velocity. This has 
the effect of producing a lower erosion rate than would otherwise be generated, had the particles 
remained angular.  

Table 4-2 Percentage increase in erosion rate with the increase in particle size for each reference 
velocity 

Linear 
Velocity  

m s-1 

   

Particle Size  280 µm to 500 µm 500 µm to 1 mm (l) 

4.241 90 µm to 280 µm (s) 72.70% 120.07% 
280 µm to 500 µm (m) x 27.43% 

    
  280 µm to 500 µm 500 µm to 1 mm 

5.654 90 µm to 280 µm 79.07% 130.29% 
280 µm to 500 µm x 28.60% 

    
  280 µm to 500 µm 500 µm to 1 mm 

8.482 90 µm to 280 µm 35.94% 86.61% 
280 µm to 500 µm x 37.27% 

    

A study by Lynn et al [21], evaluating the erosion of steel by 1.2 wt.% SiC in an erosion test 
pot, concluded that there is a limiting value at which the erosion rate stops increasing with the 
increase in particle size. This occurs when the collision efficiency reaches unity, and the effect 
of squeeze film and flow divergence are negligibly small. Other works as detailed in 1.3.2 find, 
that beyond this limiting value any further increase in particle size has a regressive effect on 
the erosion rate. This could be due to particle-particle interactions or potentially increased 
friability of particles. Most of these studies explored particles in a narrow-size range, 
representing equi-sized particles. However, the present work investigates several multi-sized 
particle ranges.  

One of the contributing factors to the effect of the particle size on the erosion rate is that of 
collision efficiency, which describes the ratio of particle impact on a given area over a period 
of time. As the particle size decreases, the effects of liquid drag overcome the particles inertia 
and the particle then has a tendency to conform to the divergent flow of the fluid [18]. This 
collision efficiency increases as the particle size increases which accounts for the increase in 
erosion rate with size, alongside the increase in the kinetic energy dissipation at impact.  

Multi-sized slurries, offer a particular complexity as it relates to describing the particle size, 
Figure 4-8 avoids the use of a nominal size but rather shows the size banding for each study. 
Gandhi and Borse [84] assessed the accuracy of using a nominal size of the particles as a 
representation of the slurry, and found that the results deviated by up to 45% when compared 
to a comparable uni-sized slurry. Ghandi and Borse [85] extended this understanding, and 
proposed the use of the weighted mass particle size, dwn as seen in equation (4-1). This is a 
description of the size distribution by weight in a given slurry. N is the number of divisions 
which have been made within the size band, fi is the mass fraction of each size group and di is 
the nominal diameter of the upper and retaining sieve (lower sieve).  
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4.2.3 Effect of Exposure Time on Erosion Rate  
The temporal nature of solid particle erosion has been discussed albeit to a limited degree in 
section 1.3.5 as well as in the literature review found in Chapter 2. It has been understood 
through the studies conducted over the years that the manner in which a target wall erodes with 
respect to time varies significantly across test conditions. For this analysis, an erosion test pot 
was used to determine the progressive nature of eroding EN3B mild carbon steel in an aqueous 
environment using multi-sized olivine particles at a suspension concentration of 10 wt.%. The 
results of this study found that the erosion rate is relatively constant from the onset of the test 
with no distinguishable pattern which suggests a changing erosion rate over a period of time.  

A study conducted by Gadhikar et al [86] assessed the time dependence of erosion. Figure 4-10 
is an illustration of the results, from which it was found that when mild steel is eroded by sand 
over a 16-hour period, there exists a period of incubation followed by an acceleration of the 
erosion rate up to a peak value, a subsequent deceleration period, followed by the attainment 
of a stead state, all occurring within the first six to eight hours. This study was carried out at a 
specimen velocity of 120 rpm using uni-sized particles. It must be noted that the grade of steel, 
the type of sand, and the process by which the study was carried out have not been described 
in the study. Furthermore, the time intervals between the replacing and replenishing of the 
eroding mixture for not offered.  

As described in section 4.1, preliminary experiments were conducted and found negligible 
difference in the erosion rate at four hours and eight hours, therefore, the time period assessed 
in this study range from thirty minutes to three hours. The graphical results of this study have 
been presented in Figure 4-11 and Figure 4-12, the mean values for the multiple experimental 
runs at each time interval returned slight variation in the results. The uncertainty in the values 
has been quantified by the standard deviation error shown in the error bars in both plots. The 
30 minute readings seem to be more susceptible to fluctuations with all four plots relaying this 
same trend. This could be down to the experimentation process, particularly the process or 
changing the eroding mixture at 1 hour intervals. Taking the mean of each dataset, and 
evaluating the percentage difference from the data points, the largest percentage difference was 
found to be 2.6 %, with the average percentage difference across all four data sets being 1.1%. 
This can be taken as negligibly small changes in the erosion rate, hence, immediate steady state 
is achieved. The results are in agreement with a number of studies including, [32], [49], [87] 
and [75], which all found the erosion rate to reach a steady state from the onset, albeit, all 
covering a different scope i.e velocity, target material, eroding material, equipment. 

 

Figure 4-10 Variations in weight loss as a function of time for mild steel erodes by sand [83] 
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Figure 4-11 Erosion rate of EN3B as a function of time, for (280 to 500 and 500 to 1000) µm at 8.482 
m s-1 
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Figure 4-12 Erosion rate of EN3B as a function of time, for (280 to 500 and 500 to 1000) µm at 5.654 
m s-1 
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Table 4-4 Values of empirical constants of angle function and shape factor for erosion prediction 
model as provided by Zhang et al [70] 

Value of Ai 
A1 A2 A3 A4 A5 

5.40 -10.11 10.93 -6.33 1.42 
Shape Factor Fs 

Angular (sharp) Sub Angular Rounded 
1 0.52 0.2 

 

Figure 4-13 shows the difference between the erosion rates calculated through the model 
presented, and the results obtained through experimentation, converted to mm yr-1. From Figure 
4-13, it can be clearly seen that over 91% of the data fall within an uncertainty band of 20%, 
through a +12%/-8% error band for the empirical expression for erosion rate. Hence, the 
prediction model offered in this study, represents the erosion rate of steel in an aqueous 
solution, eroded by olivine with reasonable accuracy.  

 

 

 

 

Figure 4-13 Erosion rate for carbon steel eroded by olivine 
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5.1 Methodology 

In order to conduct the analysis of the surface morphology, erosion experimentation is 
conducted in a slurry test pot using water as the bulk fluid and angular olivine as the eroding 
mixture. The general procedure for the experimentation follows from the methodology outlined 
in sections 3.3 and 4.1.  

In assessing the effect of orientation angle, parallel flow erosion which occurs at 0o is not 
considered, however four orientation angles have been used and range from 15o to 90o. A full 
factorial evaluation has been conducted, and the principal variables investigated are the impact 
angle, which is taken as the orientation angle of the target wall to the flow, the flow velocity, 
particle size, and the exposure time. Details of the full factorial experiments conducted at each 
hour can be seen in Table 5-1, this was repeated for a second and a third hour. A solid particle 
concentration of 5 wt.% was used in this study.  

Table 5-1 Table of experimentation conditions tested for the surface measurement analysis 

Time Size Velocity Angle (deg) 
Hours  rpm/m s-1 15 30 60 90 

1 

280 µm to 500 µm  
dwn0.000435 m 

900/4.241 �7 �7 �7 �7 
1200/5.654 �7 �7 �7 �7 
1800/8.482 �7 �7 �7 �7 

500 µm to 1 mm  
dwn0.000732 m 

900/4.241 �7 �7 �7 �7 
1200/5.654 �7 �7 �7 x 
1800/8.482 �7 �7 �7 �7 

The samples used contain an eroded zone flanked by two un-eroded zones at either end of the 
sample. The uneroded zones are the portions shielded by the plastic inserts, Figure 5-1(a) 
provides a visual of this arrangement and Figure 5-1(b) is the resultant topographical image. 
The specimen used have a footprint dimension of 10 mm x 45 mm with a depth of 5 mm. In 
order to prevent wear on the non-target walls of the sample, a housing was made for the sample 
to slot into. This takes the same general concept of that seen in Figure 5-2. For this study, a 
housing has been purpose made from resin, and arranged to ensure that only the target face of 
the sample was exposed during erosion.  

Figure 5-1 EN3B sample as eroded by olivine, showing both eroded and un-eroded sections 

(a) 

(b) 
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Figure 5-6 Change in developed interfacial area ratio as a function of velocity after one hour of 
erosion for the medium and large particle size ranges 
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Figure 5-10 Surface texture at 30o for one hour (a) 4.241 m s-1 large particles (0.181 Sdr) (b) 5.654 m 
s-1 large particles (0.180 Sdr) (c) 8.482 m s-1 large particles (0.424 Sdr) (d) 4.241 m s-1 medium 

particles (0.203 Sdr) (e). 5.654 m s-1 medium particles (0.141 Sdr) (f) 8.482 m s-1 medium particles 
(0.199 Sdr) 

(a) (d) 

(b) (e) 

(c) (f) 
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6.1 Research Problem Synopsis 

The study of solid particle erosion is increasingly necessary, as oil drilling reaches newer 
depths, at higher temperatures and pressures, striking different layers of rock formations and 
minerals. Although efforts are made, to prevent the ingress of particles through sand control, 
robust investigation, predicting the development of erosion and the erosion rate under different 
environmental conditions is vital. Two key items have come out of the review of available 
literature; firstly, the study of solid particle erosion, is notably empirical, as a result, the 
application of the findings, models and data has still not been fully charted. Secondly, there is 
a need to collate much more robust data, in order to develop a general model for predicting 
erosion. 

The aims of this study have been structured and outlined in Chapter 1. The specific objectives 
have been based on some of the gaps identified from the literature review conducted. These 
have been addressed through experimentation with the full details of these being outlined in 
Chapter 3, Chapter 4 and Chapter 5. A summary of the realisation of the research aims, the 
contributions which have been presented through this research work, as well as a detailed 
conclusion based on the specific objectives has been outlined below.  

6.2 Realisation of Research Aims  

This section shows the manner in which the work conducted has satisfied the aims which have 
been outlined in section 1.6 of Chapter 1. 

Research Aim #1: Analysis of solid particle erosion, through a parametric investigation of the 
principle variables influencing material degradation.  

This research work provides a detailed analysis of the principle parameters influencing the 
generation of material degradation, via solid particle erosion occurring in an aqueous 
environment. This was achieved through a series of experimental studies, using an erosion test 
pot with water as the bulk fluid and angular olivine particles as the eroding material. The 
research provides a detailed qualitative and quantitative analysis of the influence of velocity 
and multi-sized particles on the erosion rate of a mild carbon steel. Moreover the study provides 
a discussion and comparison, of the effect of exposure time found in this study to other studies 
with differing and corroborating results. The use of olivine as the erodent allows for direct 
comparison with other common natural minerals such as silica. Furthermore, the assessment of 
multi-sized particles allows for a more profound understanding of the effect of erosion in 
practical applications, while also allowing for direct comparison to equi-sized particle slurries. 

Research Aim #2: Surface metrology based investigation, of the surface texture morphology 
as a result of solid particle erosion. 

One of the consequences of solid particle erosion, is the change in the surface roughness of the 
target material. Many studies have been conducted, assessing the manner in which erosion 
occurs through use of surface imagery, however this research work extends this knowledge by 
assessing the manner in which the material changes in reference to its surface texture. 
Experimentation was carried out to erode a collection of target materials using an erosion test 
pot. A non-contact method was then utilized in order to provide a detailed three-dimensional 
surface scan of the target wall texture. A detailed analysis was conducted of the surfaces to 
determine the influence of velocity, time, impact angle and multi-sized particles on the change 
in roughness. No literature has been found which assesses the surface morphology due to 
erosion in an aqueous environment, as such this provides a significant contribution to 
knowledge in this field.  
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6.4 Recommendations for Future Work 

The study of solid particle erosion is an area of work that requires a great deal of further work 
by virtue of the complexity of some of the interdependency of many of the variables. Based on 
the breadth of this are of study, the work conducted in this research endeavour and the 
limitations which have been regarded, there is still ample prospects for further research to be 
conducted in this area. Some of the main areas identified are summarised below: 

Recommendations: 

i. One of the area identified in prior works is the fact that particle size produced a limiting 
effect on the erosion rate as the particle size increases, as this has not been identified 
with the multi-sized olivine work can be carried out using equi-sized olivine under the 
same experimental conditions to determine if this is only a phenomenon experienced 
with equi-sized particle. Additionally, CFD can be employed to compare the proposed 
model to compare against results obtained from accepted models using the model 
describes in Appendix IV.  

ii. Further work can be done to quantify the influence of surface roughness on the erosion 
rate. Furthermore, there is a need to determine the surface roughness value at which no 
further quantifiable surface roughness changes occurs, through eroding very fine 
surface until morphology ceases and likewise eroding severely roughened surface until 
no further change occurs.  
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APPENDICES 

Appendix I  Matrix of Parameters in Erosion Equations 

 

Figure I-1 Physical variables considered in 28 erosion prediction models 
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Appendix II  Olivine Data Sheet 
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Figure II-2 Olivine Data Sheet 
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Appendix III  Risk Assessment 

UNIVERSITY OF HUDDERSFIELD 

GENERAL HEALTH AND SAFETY RISK ASSESSMENT FORM 

Table III-1 General risk assesstment 

Description of activity:  

Location: T4/07 Assessment by: Eduardo 
Samuel Matthew 

Assessment date: 
01.04.16 Review date: 

 

GENERIC RISK MANAGEMENT MEASURES 

Health and safety risk management measures appropriate to all aspects of the activity being assessed  

 

 

SPECIFIC ASPECT OF ACTIVITY: Stirring of Solid particles in mixing Pot 

Hazards 
identified 

Risks to health and 
safety 

People at 
risk 

Health and safety risk management 
measures 

Rotating Shaft 
 
 
Spillage 
 
Projectile from 
rotating 
specimen 

Injury due to part of 
body or clothing 
becoming entangled in 
the rotating shaft. 
 
 
Slip and fall hazard 
 
Injury due to sample 
striking individual 

Operator, 
other 
researching 
working in 
the area 

Follow Best practice, i.e. no loose clothing in the 
vicinity of the test pot (appropriate signage must 
be erected). Appropriate guarding must be in 
place before the motor is operated.  
 
Ensure area is immediately dried up (spillage 
rags available in workshop) 
 
Ensure tank is tough enough to prevent 
specimen from penetrating tank, and have 
exterior guard as a secondary barrier 

 

SPECIFIC ASPECT OF ACTIVITY: Using a reservoir tank filled with water 

Hazards 
identified 

Risks to health and 
safety 

People at 
risk 

Health and safety risk management 
measures 

Contamination of 
water in tank by 
bacteria/fungus 

Due to existence of 
bacteria/fungus in the 
contaminated water tank, 
the people who work in 
this environment could be 
affected 

Operator, 
other 
researching 
working in 
the area 

Water is changed often during operation, 
ensure that the water is fully drained when 
finished experimentation 

SPECIFIC ASPECT OF ACTIVITY:  
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SPECIFIC ASPECT OF ACTIVITY: Walking around the rig 

Hazards 
identified 

Risks to health and 
safety 

People at 
risk Health and safety risk management measures 

Trip hazard Trip Injury Operator, 
other 
researching 
working in 
the area 

Ensure general working area is kept clear of trip 
hazards, labels or cable mats to be used where 
unavoidable 

 

SPECIFIC ASPECT OF ACTIVITY: Sieving and Disposal of Erodent 

Hazards 
identified 

Risks to health and 
safety 

People at 
risk 

Health and safety risk management 
measures 

Breathing in of 
Olivine dust  
 
Incorrect 
disposal 

Respiratory issues from 
inhaling dust 
 
 
Olivine is inert however 
once used for blasting 
purposes must be 
discarded appropriately 

Operator All the silica in olivine is present in a combined 
form and therefore Olivine does not present a 
risk of silicosis. However sieving has to be 
carried out in a well-ventilated area.  
All the silica is present in a combined form and 
therefore Olivine does not present a silicosis  
 
Discard in accordance to LOW Code 12 01 17 

 

SPECIFIC ASPECT OF ACTIVITY: Use of Electrical Equipment 

Hazards 
identified 

Risks to health and 
safety 

People at 
risk 

Health and safety risk management 
measures 

Electrocution: 
VFD 
 
Spraying of water 
onto electrical 
equipment  

Electrical shock 
 
Short circuit or 
electrical shock 

Operator  Correct labelling to ensure that drive is not 
disconnected within ten minutes of being 
powered down 
 
Ensure all liquid connections are fully tested, 
sure that equipment that are positioned under 
flow loop are covered.  

 

 

 

 

 

 

 

 

 

 





 

95 
Investigating Solid Particle Erosion of Pipeline Material 

By Eduardo J Samuel Matthew, School of Computing & Engineering, University of Huddersfield, UK (2017) 

  MAX(NV_MAG(p->state.V), DPM_SMALL)))); 
 
 theta=alpha*180/M_PI; 
 nor_coeff=0.988-0.78*theta+0.19*pow(theta,2)-0.024*pow(theta,3)+0.027*pow(theta,4); 
 tan_coeff=1-0.78*theta+0.84*pow(theta,2)-0.21*pow(theta,3)+0.028*pow(theta,4)-
0.022*pow(theta,5); 
  
  for (i=0; i<idim; i++) 
   normal[i] = f_normal[i]; 
 
 if(p->type==DPM_TYPE_INERT) 
  { 
   alpha = M_PI/2. - acos(MAX(-1.,MIN(1.,NV_DOT(normal,p->state.V)/ 
                 MAX(NV_MAG(p->state.V),DPM_SMALL)))); 
   if ((NNULLP(t)) && (THREAD_TYPE(t) == THREAD_F_WALL)) 
    F_CENTROID(x,f,t); 
    
   for(i=0; i<idim; i++) 
    vn += p->state.V[i]*normal[i]; 
  
   for(i=0; i<idim; i++) 
    p->state.V[i] -= vn*normal[i]; 
 
   for(i=0; i<idim; i++) 
    p->state.V[i] *= tan_coeff; 
 
   for(i=0; i<idim; i++) 
    p->state.V[i] -= nor_coeff*vn*normal[i];  
 
   for(i=0; i<idim; i++) 
    p->state0.V[i] = p->state.V[i]; 
    
   return PATH_ACTIVE; 
  } 
 return PATH_ABORT; 
} 
/*Calculating Erosion Based on Tulsa, Oka and Modified Model*/ 
/* Thread ID 14 and 15: target wall ID from FLUENT */ 
/*alpha in radians*/ 
DEFINE_DPM_EROSION(DPMErosion, p, t, f, normal, alpha, Vmag, Mdot) 
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{ 
 if ((THREAD_ID(t) == 14 || THREAD_ID(t) == 15)) { 
 
   real A[ND_ND]; 
   double Hv, oka, G, ER90, ERoka; 
   double ERTulsa; 
   double Theta, Falpha; 
   double B, BH, C, Fs, Vp, n, dia, x; 
   double A1, A2, A3, A4, A5; 
   float nmod = 2.35; 
   double K, Koka, k1, k2, k3, s1, s2, q1, q2, n1, n2, rho; 
   real ModER; 
    
   FILE *fp; 
   fp = fopen("DPM_erosion.out", "a"); 
 
   dia = P_DIAM(p); 
   Theta = alpha*180. / M_PI; 
   K = 3.284e-04; 
   Koka = 65; 
   BH = 111; 
   C = 2.17*pow(10, -7); 
   Fs = 1; 
   Vp = Vmag; 
   n = 2.41; 
   A1 = 5.40; 
   A2 = -10.11; 
   A3 = 10.93; 
   A4 = -6.33; 
   A5 = 1.43; 
   x = 0.56; 
    
   Falpha = ((A1*alpha) + (A2*pow(alpha, 2)) + (A3*pow(alpha, 3)) + 
(A4*pow(alpha, 4)) + (A5*pow(alpha, 5))); 
/*Tulsa Model*/ 
   ERTulsa = C*pow(BH, -0.59)*Fs*pow(Vp, n)*Falpha; 
/*modified Model*/ 
   ModER = (K*Falpha*pow(BH, -0.59)*Fs*pow(Vmag, 
nmod)*pow(dia, x)); 
    




