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Abstract

Mass loss of inner wall surface due to particle impact, also referred as erosive wear, is a
common challenge encountered in industrial pneumatic conveying systems. Previous
studies have shown that erosion is a process involving many parameters and a
combination of several wear mechanisms. Though a large number of fundamental and
analytical mechanisms/models are available to explain the phenomena, there is no fully

defined comprehensive description to predict erosion rate accurately.

In the present study, a sand blast type erosion tester was used to investigate the erosion
process on mild steel (DOMEX 355MC) surface. The effect of particle size, impact angle,
exposure time (amount of erodent) on impact erosion was analysed by univariate tests.
Morphology of the eroded craters produced by a stream of air-borne dolomite particles
were studied by a surface profilometer. Topographic measurements of the profilometer
provided the dimensions of the surface profile, estimation of maximum penetration and
slope inside the crater. Based on univariate tests, multivariate analysis was carried out
with six variables to determine significant variables using the Design of Experiments
methodology. This methodology resulted in selection of four significant variables which
were used to calibrate a Partial Least Squares Regression (PLS-R) model that allows a

closer study of the influence of the main variables and their interactions.

Mass loss against impact angles changed considerably with exposure time due to
changes of the surface during the erosion process. It was noticed that the effective
impact angle (impact angle measured inside the crater) had changed with the expansion
of the crater. The change of effective impact angle causes to change the dominance of
the erosion mechanism on the eroded surface and consequently the erosion rate. The
effective impact angle was calculated for different exposure times to understand the
change of erosion rate with time. The penetration depth was highest at low impact
angles. The critical impact angle corresponding to the maximum penetration depth
changed with the exposure time. The knowledge of how the particles penetrate into the
surface as a function of exposure time can be useful in determination of the material

thickness when designing equipment with longer durability.
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The effects of four significant main variables were identified by the statistical model.
The model predicted promising results, however, the validity of the model is limited to
the tested conditions and the materials. Impact angle and impact velocity had high
effects on erosion. Generally, erosion increased with higher impact velocity and
decreased with increase in impact angle. Impact velocity had a higher effect at low
impact angles than at high impact angles, revealing an interaction between the two
variables. Increase in surface temperature and particle size of bulk material also resulted
in higher erosion, however, the effects of these two variables were lower compared to
the effects of the impact velocity and the impact angle. Surface temperature had a

higher effect on erosion than the particle size within the tested conditions.
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1 Introduction

1.1 Background

Pneumatic transportation of granular and powdered solid is a well-known technique
used in the industry due to its attractive flexible and environment friendly behaviour.
Wide range of solid particles can be successfully conveyed by carrier gas under variety
of conditions [1]. Pneumatic conveying systems are comprised with several components
such as compressors, valves, pumps, conveying pipelines, cyclones, etc. Although there
are number of benefits, material removal on the surface by erosive wear has been
identified as a major challenge in the industrial pneumatic conveying systems which
causes many unnecessary effects such as unplanned plant shutdowns, hazardous
material leakages, undesired or dangerous metal particle contaminations in the

transported material and also huge cost for maintenance and labour.

Material removal on the surface also known as surface wear affects the durability of the
components and is a main cause of material wastage in components [2]. Wear is the
removal of material from the surfaces by physical separation due to micro-fracture or
plastic deformation, or by chemical dissolution at the contact interface. There are three

major types of wear mechanisms, which can be identified as follows.

e Abrasive wear
® FErosive wear

e Corrosive wear

Both abrasion and erosion are mechanical processes, while corrosion is related to
chemical processes. Abrasive wear takes place when a harder material slips over a
relatively soft surface [3]. It can also be described as the loss of material due to a harder
material being forced against and rubbing along a soft surface. The impingement of solid
particles or small drops of liquid often causes erosion of surfaces of the components.
When a particle is impacted on a surface with a significant velocity, dents and large scale

subsurface deformation occur on the surface [4]. Corrosive wear is typically caused by

1
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chemical and electro-chemical reactions between the surface and the surrounding
environment. Oxygen or other reactive gases present in the environment react with the
top layers of solid surface and resulting products of the reaction are formed on the
surface [5]. The corroded layer then removes from the surface and the process is called

corrosive wear.

The contact between the wall surface and the transported particulates causes wear of
the inner surface of pipe walls in pneumatic conveying systems. Mainly, the wear of
pneumatic conveying systems occurs due to the high velocity impact of the suspended
particles and therefore it is called impact erosion [6]. Impact erosion can be seen in
variety of industrial applications. As an example, smaller particles escaping from gas-
cyclones cause considerable damage to the turbine stator and rotor blades in a coal
gasification plant and reduce the durability of equipment drastically [7] due to the
impact erosion. Impact erosion of the inner surface can be severe, depending on
influential parameters. Thus, better understanding of impact erosion mechanisms and
analysis of influential parameters are essential to control the erosion process effectively

in handling abrasive materials.

With the progression of scientific studies, more and more aspects were considered to
control erosion. Most of the research works have been developed on the basis of
experimental results and analytical investigations [7-13]. Although many researchers
have suggested a number of wear mechanisms, models and correlations to understand
the phenomena [11, 14-17], no comprehensive description of the erosion mechanisms
is available to address industrial challenges and a big knowledge gap still exists. Also,
there are no effective methods available to reduce/control, or accurately predict the
amount of wear. Thus, real-time observation and prediction models have been
recognised as effective techniques to monitor erosion at industrial applications. A
comprehensive understanding of effects of influential parameters on erosion is essential

in developing prediction models or measurement methods.

This PhD study has been part of a knowledge-building research project no. 247789

funded by the Research Council of Norway and industry, including Hydro Aluminium AS,

2
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GE Power Norway AS and Omya Hustadmarmor AS. In metal and mineral industries,
pneumatic conveying is commonly used as the main bulk transfer method [18-21]. In
aluminium production, primary alumina is used as a sorbent in dry scrubbers to capture
off-gases containing fluoride. While chalk, limestone, marble and dolomite are used as
raw materials in calcium carbonate production. It is generally accepted that alumina and
dolomite with high content of hard mineral contamination are highly erosive [18, 22]. In
both alumina and dolomite processing, handling of abrasive particles cause frequent
wear of conveying equipment and therefore, there is a need to better control and

minimise erosive damage.

In the present study, impact erosion in pneumatic transport of dolomite particles was
investigated in detail. The findings of the study will be useful for further development of
impact erosion mitigation mechanisms and for improved equipment designs in the
processing plants. It is also expected that the research findings will be useful for other

industries which handle different types of bulk solids but experience similar challenges.

1.2 Research problem

The main objective of the research study was to find the effects of influential variables
and to investigate the process and propagation of impact erosion in pneumatic
conveying systems, through a systematic experimental procedure using a lab scale
erosion tester. The knowledge gained from univariate tests led to execution of a
multivariate analysis on effects of main variables and their interactions to develop a
predictive model including significant variables. In order to achieve the main objectives
of the study, the project work was divided into several tasks and their interaction and
connection to each other are shown in Figure 1.1. The scientific publications made
during the study and their relevance to the different tasks are also indicated in the

figure.

w
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Figure 1.1: Schematic diagram of scientific approach followed during the present

investigation.

Initially, a literature review related to gas-particle erosion and powder technology was
performed to learn about the previous research. After the erosion tester (sand blast
type) was installed at the powder hall at SINTEF Tel-Tek, preliminary tests were
performed to identify the limitations and calibration conditions of the instrument
related to the industrial process conditions. The preliminary tests were carried out as
univariate tests with several variables such as particle size, impact angle and exposure
time, correlating them to the resulting impact erosion. Under the context of the present
study, the impact angle is defined as the angle between the target surface and the
trajectory line of the particle coming towards the target. Commission and familiarisation
of the tester and analysis of influences of the variables on erosion were also
accomplished in this stage. The findings of the preliminary tests were utilized to perform
experiments with multiple variables. Design of Experiments (DOE) method was used to
reduce the number of tests with many variables. The most significant variables on
impact erosion were identified by screening design. Finally, multivariate analysis was
performed to reveal underlying correlations between variables and to build the

predictive model with significant variables.
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1.3 Structure of the thesis

The thesis is divided into two main parts. Part | gives the overview of the research study,
divided into several chapters. The state of the art is presented under the literature
review in Chapter 2. An overview of the experimental setup and a description of the
calibration methods are given in Chapter 3. Further, Chapter 3 describes how to obtain
a controlled gas-particle stream in the erosion tester. Different measurement methods
to monitor and quantify the amount of erosion are described in Chapter 4. In Chapter 5,
the observations of the experiments and findings are presented, correlating them with
the scientific articles published during the study. The main conclusions and the future

recommendations are presented in Chapter 6 and Chapter 7 respectively.

Part Il presents the selected scientific publications made during the present study.
Paper 1 presents the influence of impact angle and exposure time on impact erosion
using the experimental results in the preliminary study. The propagation of eroded
craters is discussed in Paper 2. Paper 3 discusses the identification of the significant
variables among several variables through a screening design. Development of a
predictive model by revealing underlying correlations between the variables and

validation of the model are discussed in Paper 4.

(2}



Ediriweera: Impact erosion by solid particles in gas-particle flows

(o)}



Ediriweera: Impact erosion by solid particles in gas-particle flows

2 Impact Erosion

In this chapter, a general overview is presented to understand the fundamentals of the
erosion process related to pneumatic conveying of particulate materials. A review of

previous investigations on particle impact erosion is also described simultaneously.

2.1 Overview

Removal of material by particle impact erosion is experienced in many fields such as
pneumatic conveying systems, rotor blades or space crafts. Impact erosion is considered
as a serious problem in industry due to material loss on the surface of equipment, which
ultimately leads to complete wear of components with time. In components where the
flow direction changes rapidly (turbine blading, valves, bends, etc.), erosion is
considerably more significant than in straight sections. Local turbulences due to the
roughened surface or misaligned parts may greatly expedite the process. There are also
useful applications related to impact erosion such as sand blasting which is used to
smoothen rough surfaces. The regulation and control of erosion processes are vital, in
terms of both desirable and undesirable erosion. A thorough understanding of the

process is essential to regulate the surface erosion in industrial capacity.

The amount of erosion (W) is commonly denoted by the ratio of mass loss on the surface
by the unit mass of erodent. Occasionally, it is convenient to present the amount of
erosion as a volume ratio instead of mass ratio. In either case, the parameter is

dimensionless.

Mass loss on the surface

" Mass of erodent material

The scientific literature on erosion dates back to the late 19™ century [23]. Many
experimental investigations on solid particle erosion against various materials have
been carried out since then to analyse surface erosion [7, 8, 10-12, 14, 17, 23-37]. The
dynamic forces between the surface and the erodent particles were extensively
analysed to understand the process. At early studies, the interest on wear of ductile

materials such as metals and alloys was rather more dominant than that on brittle
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materials and also single grain studies were popular to predict erosion by multiple
particles [14, 24, 38, 39]. Later, studies on erosion mechanism in brittle materials [39-
41] such as glass and ceramic could also be found in the literature. The research studies
to understand the basic mechanisms involved in the erosion process have been

continued to the present date.

2.2 Mechanisms of erosion

The experimental analysis over the years showed a significant difference between
ductile and brittle wear characteristics. Typically, ductile materials showed the highest
erosion rate around 20° to 30° of impact angle [42], while the brittle materials generally
have a peak erosion at impact angle of 90° [23]. The wear of ductile materials is mainly
caused by plastic deformation where the surface material is removed by cutting or
ploughing actions of the erodent particles. Whereas in brittle materials, the energy
transformation from particles to the surface of the target material induces material
deformation, crack formation and propagation. Figure 2.1 shows the variation of erosion
against impact angle for ductile and brittle materials.

; | i)ucu‘le 92

Erosion

Impact angle

Figure 2.1: Schematic figure showing variation in erosion with impact angle for ductile

and brittle materials [9].
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The present study mainly focused on erosion in the ductile surface. Therefore, all the
experiments were carried out using a ductile material. However, a fundamental
understanding of erosion mechanism in brittle material is also important to understand
the erosion process in ductile materials particularly at high impact angles. Figure 2.2
shows the erosive failure of both ductile and brittle materials due to different

mechanisms acting on respective surfaces.

{b) 3

| | Normal impact
|

(a)

] J Erosion on brittle materials

Figure 2.2: The erosive failure of (a) ductile materials and (b) brittle materials [43].

2.2.1 Brittle erosion

The wear mechanism applicable to brittle materials, e.g. glass, ceramic, is markedly
different from ductile materials. The major cause of material removal on brittle surfaces
is due to the formation and propagation of cracks when a relatively harder object strikes
the surface. This mechanism is proposed based on the patterns of cracks formed by
single particle indentation. The Cavendish laboratory, University of Cambridge, UK has
studied high speed impact erosion to understand single particle and multiple particle
crack formation for decades using light gas guns, different shapes of solid particles and
high speed photographic sequences [39]. Quasi-static or dynamic loading of a hard
particle forms cracks on a brittle surface. However, the load should exceed the critical
limit for cracking. Figure 2.3 shows the cracks generated on a brittle surface due to strike
of a hard particle. The labels in the figure show half-penny crack (h¢), full penny median

crack (fc), lateral crack (I¢), depth of median crack perpendicular to surface (d) and angle

9
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of indenter (2W). Median, radial and lateral cracks are formed during indentation load
cycle where lateral cracks are more damaging as they effectively propagate underneath

before returning to the surface.

2y

nq

/

heo fc

Figure 2.3: Schematic diagram of the side view of the cracks generated in glass by a

pointed indenter [44].

As explained, erosion in brittle materials is mainly due to the crack formation following
high compressive and shear stresses at particle impacts. However, if the particle velocity
is low and the average particle size is small, the impact area becomes smaller and kinetic
energy is not powerful enough to generate cracks on the brittle surface. Therefore, the
chance of lateral crack initiation drops. Low energized particles only plastically deform
the contact area by scribing with no formation of cracks, eventually displaying a ductile
wear on brittle surface and this shift of erosion mode is called the brittle-ductile
transition [45]. The transition is not only fundamentally interesting, but it may also cause
the erosion rate to drop dramatically. Wensink [46] carried out experiments to explain
brittle-ductile transition using sharp particles with different sizes and velocities, for
brittle materials. Even though different materials displayed the same qualitative result,
the energy of transition to achieve ductile manner was different from each other.
Wensink concluded that the transition is very sensitive to material properties and
different crack initiations due to material structure. Figure 2.4 shows the ductile

transition of glass surface eroded by smaller SiC particles.
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Figure 2.4: Erosion as a function of angle for glass eroded by SiC particles of 120 mesh

(127 um), 500 mesh (21 um) and 1000 mesh (9 um) [23].

2.2.2 Ductile erosion

An early model to predict the removed surface volume of ductile materials was
published in 1958 by Finnie [8, 9]. The analytical model was developed mainly analysing
2-D rigid particle trajectory on the surface. Figure 2.5 shows the trajectory of the particle
in contact with the surface. He considered that solid particles hit and cut down the
surface as teeth of a milling cutter or grains of a grinding wheel. The resistance to the

cutting action was designated as dynamic flow pressure of the surface material. The
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surface cutting and ploughing by the abrasive particle are the leading contributions to
the erosive wear as per Finnie's hypothesis. The material is subjected to shear over an
area equal to the vertical cross section of the particle which penetrates the surface. If
the shear strength exceeds the strength of the surface material, plastic deformation
occurs. Shear and extrusion of the surface by the particle in the cutting mechanism
cause removal of the material as a chip from the surface. Later studies using stereo
scanning electron microscopy showed that some particles remove chips while others
form piles at the end of the crater which can be easily removed by subsequent particles
[23]. The removed material volume due to the particle trajectory was calculated by
considering pure plastic deformation [8]. The equation of momentum was used to
describe the mechanism. The initial velocity has an angle (6) with the surface which is
the impact angle of the particle. Several assumptions were made in Finnie's explanation

such as;

e Less rotational movements of the particle during the cutting process
e Angular shape of the particle
e The constant ratio of the vertical and horizontal force components

e The constant ratio of contact length and depth of the cut

Figure 2.5: The trajectory of the particle in contact with the surface [8].
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The model contained two equations to estimate the removed volume in the surface for

different impact angles as shown by Equation 2.1 and Equation 2.2.

2

Q ~ 1\2; [sin sin 26 — 3sin?6] © < 18.5° (2.1)
2
Q ~ “;:p cos20 0 > 18.5° (2.2)

where, removed material volume (Q) is expressed by the mass of the particle (M),
velocity of the particle (V), plastic flow stress (p) and the impact angle (6). The model
presented by Finnie [8] was mostly applicable for lower impact angles and greatly
underestimated the erosion of impact angles above 45°. However, the effort by Finnie
inspired the investigation of particle erosion on target materials. The equations were
modified numerous times over the years by several investigators. A summary of such

updated analytical models was presented by Levy in 1995 [29].

The cutting mechanism is inadequate to explain erosive wear for high impact angles. In
order to investigate the erosion process at high impact angles, another mechanism was
suggested by Bitter to illustrate the normal erosion [10]. As per Bitter's explanation,
deformation of the material due to the repeated collisions with particles eventually
results in breaking loose pieces on the surface. When particles strike on a surface with
normal impact angle and do not reach the strength of the target material, only the
elastic deformation occurs. Elastic impact does not damage the surface and causes no
wear. If the elastic limit exceeds, repeated collisions of multiple particles cause
permanent deformation and harden the surface. The surface then becomes relatively
hard and brittle which is no longer plastically deformable. Further increment of load
results in breakage of the surface and its fragments will be removed. This type of
material removal on the surface is called deformation wear. Bitter's model [10] for
deformation wear, as shown in Equation 2.3, was developed focusing on impact of

elastic state and plastic-elastic state:

i O—K12
WD _ M[Vsin 6—K] (2'3)

2&
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where removal volume (W}) correlates with total particle mass (M), velocity (V), impact
angle (©) and deformation wear factor (g). Deformation wear factor was defined as the
energy needed to remove a unit volume of the surface by deformation wear. Constant
(K) is related to the elastic limit. Equation is valid only if Vsin © > K. At low values of
Vsin 6, no deformation wear occurs, meaning that the deformation wear is negligible
at low impact angles. Bitter proposed that the total wear at every instant is a sum of two
mechanisms which are the cutting (W,) and the deformation (Wp) wear. The cutting
mechanism is dominant at low impact angles while at high angles close to normal
impact, the effect of the cutting mechanism is small and deformation wear becomes
dominant. Both cutting and deformation mechanisms are considered as the main
reasons for impact wear though several other erosion mechanisms can be found in the

literature.

2.2.3 Energy transformation and crack formation during collision

The energy transformation by particles to the target material is an important analysis in
developing wear mechanisms. Transformation of kinetic energy was studied by Neilson
and Gilchrist [47] in their study and further extended the findings of Bitter through a
general model. Hutching [15] introduced unit-less Best number (Be) also called Metz
number, correlating the impact velocity and yield stress of the target material when a
particle hits a massive target. The value of B was high at high impact velocities and
plastic deformation was expected. He further indicated that only 1-10% of the initial
kinetic energy conserved in rebounding particles, while 1-5% transmitted into elastic
waves. Approximately, 90% of the kinetic energy caused plastic deformation, most of
which transferred into heat. Ben-Amy and Levy [48] studied shear energy
transformation during the collisions. They suggested that the removal of material
depends largely on the shearing action of the particle. The frictional forces between the
particles and the target material introduce very high shear strains in the near surface
region of the eroded material, which leads to highly deformed lip formation [49-51]. In
this region, shear strains result in formation of adiabatic shear bands, which ultimately

cause the failure in ductile materials [48].
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Material removal also caused crack formation and propagation on the subsurface of
ductile material [20, 21]. Cenna et al [20] studied the wear mechanisms in ductile
surfaces and described that wear proceeds mainly by the mechanism of delamination
via subsurface crack growth. They explained this phenomenon considering the effects
of work hardening and the formation of transfer film on the surface. When the work
hardened layer is subjected to repeated collisions, micro-cracks propagate over the

surface.

Fundamental awareness of erosion mechanisms is important in identifying prominent
properties that control the erosion process. The knowledge can be used to improve the
performance of erosion affected systems by employing more suitable structural
materials or operating in resistive conditions. The erosion mechanisms are usually
undertaken by studying the dependence of erosion behaviour upon angle of impact.
Material that shows the highest erosion rate at low angles is said to exhibit ductile mode
of erosion. On the other hand, if maximum erosion rate is observed at 90° angle, the

removal of material is said to be in brittle mode of erosion.

2.3 Influential factors in erosion by solid particles

The rate of mass loss during an impact erosion process depends on the characteristics
of the carrier flow as well as the particle and the solid surface properties. Thus, in order
to design equipment to minimise particle erosion, it is important to understand how
impact erosion is influenced by different influential variables. A brief review of the

influential variables is provided below.

2.3.1 Influence of flow properties

Depending on the application, regulation of fluid stream characteristics and impact
conditions occasionally provides better results in erosion controlling, rather than
focusing on properties of the surface and particulate materials. The characteristics of
the flow influence the surrounding conditions (i.e., temperature, humidity, etc.) in the

vicinity where erosion takes place and vice versa. It can be expected that some fluid flow
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properties such as direction, velocity and temperature affect the mass removal on the

target surface.

2.3.1.1 Impact angle

The direction of the gas flow indirectly determines the impact angle at which the particle
strikes the surface. A number of studies [8-10, 12, 20, 23, 52-55] showed how the
damage of metals by erosion can widely vary depending on the impact angle. The
influence of impact angle on erosion is crucial at low angles on ductile surfaces from 20
to 40 degrees where the cutting mechanism is dominant. The dominant mechanism of
the erosion process is mainly decided by the impact angle. Section 2.2 discussed how
the erosion profile changes against the impact angle due to the various mechanisms
acting on ductile and brittle surfaces, as depicted in Figure 2.1, which shows the
dependency of erosion rate on impact angle. Many predictive models have included
impact angle as a trigonometric function in the model, which illustrates the importance
of the impact angle [55]. Oka [55] showed that both maximum erosion and the
corresponding impact angle tend to change with hardness of the target material. He
found that the impact angle at the maximum erosion associates with the shear strength
to cut the material and its resistance is indicated by the compressive strength or

hardness of the surface material.

2.3.1.2 Impact velocity

The particle velocity is generally considered as one of the most influential parameters
associated with the impact erosion. The velocity of the carrier flow indirectly influences
the wear rate since the impact velocity of a particle depends on the flow velocity. Most
of the research investigations [7, 28, 30, 56] have studied erosion with flow velocity
rather than individual particle velocity. The studies have mostly shown that the mass
removal from the surface per unit mass of erodent particles has an exponential relation
with impact velocity which lies between 2 to 4 for gas-borne particles [57]. The
exponential relationship indicates the significance of the particle velocity on erosion.
Ductile material shows exponential values between 2 to 2.5 whereas brittle material has

high exponent values up to 4 [57]. Based on the kinetic energy of the particles, the
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exponential value of 2 would be expected. A variation of the exponential value might be
caused by other influential properties of the target material and the particles [30]. Figure
2.6 shows the influence of impact velocity for Fe-C (quenched) and brass surfaces. The
graph is drawn in logarithmic scale and the exponential values for Fe-C and brass are
2.64 and 2.62, respectively. The surrounding temperature has also been found to
influence the exponential value of the velocity in fluidized bed type testing [58]. The
value is also dependent on other test conditions. Sundararajan and Shewmon [59]
compared results from a number of researchers and found that the velocity exponent
changed as the particle size increased. It is also expected that the flow regime, average
distance of particles and flow patterns vary with the flow velocity and influence the

erosion process accordingly.

Further, studies for fracture of particles have shown that particles only deform
elastically at low incident velocity whereas many of them tend to fracture at increased
velocities. The transition from no-damage to fragmentation of particles occurs at a
threshold velocity. Small particles showed more resistivity to fracture than larger
particles depending on the velocity [34, 60]. A fraction of kinetic energy deficit due to
the fragmentation of particles may reduce the erosion on the surface [61]. According to
previous experimental studies [34, 60], the particle fragmentation is strongly
proportional to the velocity and the calculations of erosion rate must focus on

fragmentation effect to obtain results of higher accuracy.

F———y = 5.9277e-06 * xA(2.6395) R= 0.99955
3 P — — -y = 8.9693e-06 * xA(2.6188) R= 0.9998
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Figure 2.6: Erosion rate against the particle velocity for Fe—0.6%C (WQ) and brass with

0% and 70% cold work. Conditions: impact angle: 90°; erodent: 355 um Al>Os [30].
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2.3.1.3 Temperature

The effect of temperature on the erosion rate has been investigated by several
researchers [13, 42, 62-64]. In general, it was found that severity of erosion damage
differs as the temperature increases, depending on the testing temperature and the
impact angle [13]. Yerramareddy [63] and Zhou and Bahadur [42] showed the peak
erosion rate of Titanium alloy was at 20° impinge angle for elevated temperature at
500°C while at ambient conditions peak erosion appeared at 30°. Therefore, it can be
considered that the maximum erosion rate shifts towards low angles at elevated
temperatures for ductile materials. Tabakoff [64] showed that erosion rate increases for

elevated surrounding temperatures for given velocities.

Zhou [42] studied the surrounding temperature from 25°C to 800°C and three different
regions were highlighted in the profile of erosion rate against the surrounding
temperature. Figure 2.7 shows the different regions in erosion rate against the
temperature. The first region is the temperature independent range of wear, which
spans from the room temperature to approximately 200°C. The second range is the
moderate region, where the erosion rate increased moderately with the temperature
beyond 200°C. After 650°C, it shows rapid increment with rising temperature. Zhou
suggested two ways to explain this behaviour with respect to the temperature; with
physical and chemical changes of the material. In Titanium alloys, mechanical properties
are unstable after 550°C which may cause a rapid rise in erosion rate at high
temperatures. As an example, tensile strength of titanium at 600°C is about half of the
corresponding value at room temperature. The elongation of Titanium alloy against the
tensile strength initially increases with temperature, displays a drop between 200°C and
400°C, and again increases rapidly for further increments [62]. At high temperatures,
oxidation of metal is rapid and the oxide layer weakly binds to the alloy which can be

easily cracked on particle impacts.
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Figure 2.7: The erosion rate and different regions against the temperature [42].

2.3.2 Influence of particle properties

The influence of properties of air-borne solid particles is of great interest with respect
to erosion problems. Some properties such as particle size, shape and hardness play
prominent roles in the erosion process. Kinetic energy of particles and the interference
by particles are main characteristics which influence the material removal process [65].
Experimental, analytical and simulation based studies have been reported in literature
[17, 52, 56] to understand the behaviour of particle properties and their effect on
erosion rate. Some studies and their findings on particle size, shape and flux are briefly

discussed in the following sections.

2.3.2.1 Particle size

Tilly [66] worked on the influence of high velocity (240 ms™) erodent particles and found
that particles below 100 um exhibit decrease in erosion rate with the reduction of
particle size, while the particle size between 100 to 200 um has no significant effect on
erosion. The decline in erosion rate for smaller particles can be described by lower

impact stresses formed on the surface due to the low kinetic energy conserved in
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erodent material. If a given mass of erodent is considered, it contains a larger number
of particles when the particles are smaller and a lower number of particles when the
particles are bigger. Though the number is higher for a constant mass, experimental
results reveal that the increased number of impacts of small particles does not
compensate for the influence of low kinetic energy on the erosion process and thus
erosion is comparatively less harmful. In Markus’s study [56], the erosion rate showed a
peak at a critical particle size and dropped later with increasing particle sizes (Figure
2.8). The results demonstrated that bigger particles are not always responsible for
higher damages. The observation also revealed that, even though individual bigger
particles may have high kinetic energy conserved, the number of impacts on the surface
is also a significant factor for the erosion rate. Therefore, both kinetic energy and a
number of impacts combinedly influence the erosive wear process. The observation of
highest erosion at a certain critical particle size as a result of kinetic energy and the
number of strikes can be effectively utilized in controlling the wear process. For spherical
particles, the kinetic energy (K) has a cubic relationship against the particle size as

shown in Equation 2.4.
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Figure 2.8: The mass loss against the particle size of spherical glass beads [56].
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K= %nr3pV2 (2.4)

Moreover, selecting an exact sized set of particles for tests is still a challenge, generally
the median of mass distribution is taken as the representative particle size for a
collection of particles. If a narrow particle size distribution is used to predict the
influence of size, the error associated with different sized particles in the range would
be minimized. One deficiency of many studies on particle size was that the velocity was
determined by the flow velocity instead of particle velocity. The velocity of the particle
varies with particle size in the same carrier flow as explained by the Stokes law. Smaller
particles are capable of reaching higher velocities at short time intervals due to less

inertia against the gas stream.

2.3.2.2 Particle concentration

The concentration of airborne particles is depicted by the particle mass per unit mass of
air in the system. Therefore, the number of collisions and the concentration of
transported material directly correlate through the particle size and the particle density.
Further, higher number of particles leads to inter-particle collisions that affect the
erosion process. In general, there is a tendency of higher erosion in the system with low
particle concentrations. With his experimental work Markus [56] showed that low solid
feeding rate makes significant damage, indicating the particle-particle interference at
high concentrations which reduces the ability to erode the impact surface. An
experimental investigation with bends in pneumatic conveying systems [32] also
showed a lower trend of reduction of the wall thickness due to particle impact while the
particle concentration was increased. In reality, the number of particles striking the
surface is not always equal to the number of particles travelling towards the target. This
phenomenon can be understood with a shielding effect formed by the rebounding
particles [26]. The average distance between the particles is related to the concentration
which can be estimated from the particle size, feed rate and the density [56]. As long as
the average distance between particles is long enough, inter-particle collisions are
minimized, and impacted particles are able to leave the surface as the subsequent

particle reaches the target. If the average distance decreases, rebound particles
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interfere with the trajectory of other particles or slow them down, resulting in a change
of the impact angle or the impact force, even preventing the collisions with the wall
material. Therefore, in pneumatic transportation of particulate materials, dilute phase
is much more harmful in terms of erosion than dense phase transportation, not only for
the higher particle velocities, but also due to the lower particle concentration (i.e., solid

loading ratio).

2.3.2.3 Particle shape

The contact area on the impact surface during the particle collision is highly dependent
on the shape of the particle which is also a significant characteristic in anticipating the
particle's erosive strength [27]. Particulate materials with sharp edges are capable of
penetrating the surface and remove material as cutting tools. Hutchings and Oka [52,
67] carried out investigations to predict the influence of erodent shape on wear process.
The difference in magnitude of erosion rate between angular and round particles was
greater than a factor of ten [67]. Figure 2.9 presents the simulation profiles of erosion
rates for various shaped erodent particles acting on a ductile material. Generally,
spherical particles are the least damaging ones as shown in Figure 2.9. Oka [16, 37] has
done a series of experimental studies and found that spherical particles hardly remove
material from the surface at low impact angles though the angular particles remove
material by cutting action. It would be expected that the spherical particles slip over the

surface while particles with sharp edges penetrate the surface at low angles.
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Figure 2.9: Normalized erosion rate under multiple impacts with different particle

shapes [17].

2.3.3 Influence of surface material properties

Impact erosion is a mechanical phenomenon. Hence, the consideration of mechanical
properties of the surface material is crucial in investigating erosion processes. The
substantial difference of erosion mechanisms between ductile and brittle surfaces was
discussed early in this chapter. In general, mechanical properties of material are
measured in large scale test models while the erosion takes place in a localized area
related to smaller scale changes and thereby, the local properties of the surface are
much influential in the erosion process. One of the most important surface properties is

hardness of the target material [8, 52].

The effect of particle hardness should be considered in relation to the surface hardness
in context of particle impact erosion, since it is the ratio of particle to surface hardness
that influences the erosive wear. When selecting resistive materials against erosion,
relative hardness of particles with respect to the surface material is practically
meaningful. Hardness indicates the resistance of solid material to withstand a
compressive force without being permanently deformed. Hutchings [52] observed that

cutting effectiveness of abrasive particles decreased notably when the particle hardness
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was less than 1.2 times of surface hardness. If particles are softer than the target
material, they may deform during the impact without doing much harm, because they
are unable to transfer their kinetic energy effectively. Under such situations, material
removal occurs only by minor chipping with no secondary crack formation for soft
particles [31]. However, if the particle hardness is significantly higher than that of
surface material, relative hardness of particles becomes less important and wear rate is
independent of the particle hardness. Figure 2.10 shows the relative erosion for

hardened carbon steel against particulate materials of different hardness values [52].

a) 3
- = =
z E S E 5 5 .
| R o 1 ® A
st bog4
gl | Log | : i
el 1 . . | |
2z | ! ] : :
2’ : ' ZB ' '
L gl | I i { |
| | }j | | |
| H P | |
| f C‘ | I |
: I 2 | '
| | '/l | |
! | it} | I | | L
0 500 1000 1500 2000 2500

Hardness ( VPH - kg/mm2)
Figure 2.10: Influence of particle hardness on the erosion of carbon steel [52].

Nevertheless, Levy [68] demonstrated that harder material can also be less erosive
resistant and suggested that the ductility of the material is important in the manner that
the material can suffer larger deformation without material removal. Further, Hutchings
[69] and Hornbogen [70] claimed that fracture toughness is a dominant factor which
affects the impact erosion process. A model was developed by Ben-Ami [53] to correlate
hardness and toughness to predict the critical angle which provided the maximum
erosion against impact angle. The ratio of the target material's fracture toughness to its
hardness was the parameter which governed the erosion mechanism and consequently

the critical angle for the maximum erosion, as per his explanation [53].
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2.4 Impact erosion in pneumatic conveying systems

Mass removal of the inner surface causes the reduction of wall material thickness of the
pneumatic conveying pipes that are used to transport particulate materials. Ultimately,
a possible puncture of the pipe system by impact of solid particles results in bulk
material leakages into the surrounding. Frequent maintenance and regular costly
replacements of components due to surface erosion may be hampering reliable
operation of the conveying system and consequently, disrupting continuous operation
of the relevant production processes. Plants need to shut down or re-route for
considerable time periods to deal with such situations and the plant could lose a lot of
productive operational time. Among other components, bends of pneumatic conveyors
can be susceptible to a high level of erosive damage. Many studies have been done to
recognise the conditions which critically influence the surface erosion of pneumatic

conveying components [32, 71-75].

The understanding of impact erosion by particles in pneumatic conveying systems
includes the complex geometries of components in the system, difficulty of measuring
or modelling 3-D turbulent motion of particles and wide range of angles due to flow
patterns. A particle is driven by the balance of the forces acting on it and the velocity of
the particle is induced by the flow conditions. Figure 2.11 illustrates a schematic diagram
of force balance on a particle in contact with a horizontal surface. If the particle is
suspended in the air, it experiences a drag force due to the relative motion of fluid, the
gravitational force and the buoyancy force apart from the inter-particle contact forces.
However, the directions of gravitational force and the buoyancy force relative to the
direction of the drag force depend on the orientation of the pneumatic conveying pipe
segment. Therefore, the locations of possible puncture in the pneumatic conveying
system might vary with the orientation which significantly influences the motion of the

particle.
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Figure 2.11: Schematic diagram of a force balance on a particle at solid boundary [52].

Pneumatic conveying systems operate in different flow regimes and erosive wear varies
with the respective characteristics of the regime. Pneumatic conveying systems are
mainly operated under two flow modes which are recognised as dilute and dense
phases. The two phases are distinguished based on the particle concentration and
transport velocity. In pneumatic conveying, systems with the solid loading ratio of less
than 15 are typically said to operate in dilute phase while the dense phase systems are
defined as the ratio of greater than 40 [76]. Generally, dilute phase systems are
associated with high gas velocities and thereby erosion can be often a significant defect
in those systems. In dilute phase conveying, particles are suspended in the carrier gas-
stream and distributed more homogeneously across the cross section of a pipe segment.

Particle-particle interaction is comparatively insignificant in these systems.

Mitigation and control of pipe erosion is needed in ensuring reliable operation of
pneumatic conveying systems. An understanding of how the particle behaves/moves
under different flow conditions/patterns would be useful in designing components for
pneumatic conveyors. A thorough investigation under controlled conditions is needed
to identify the significance of influential variables and to correlate them to impact
erosion. In general, obtaining stable conditions is always challenging in pneumatic
conveying. Thereby, the selection of experimental procedure is critically important, if

the investigation involves an experimental approach.
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2.5 Pneumatic conveying systems vs erosion testers

Though it is interesting to perform the experiments of impact erosion in full scale or pilot
scale pneumatic conveying systems, such trials are expensive, time consuming and
difficult in establishing as a repeatable test procedure, due to their inherent complexity.
Therefore, the bench scale erosion testers are used as alternative experimental
techniques to study the erosion under the conditions that occur in real life pneumatic
conveying systems. Such erosion testers offer inexpensive and fast data acquisition in
better controlled experimental conditions with high prospects of repeatability.
However, the erosion process by airborne particles in pneumatic conveying systems is
more complicated than that of erosion on test pieces in the tester due to many reasons.
The prediction of failure due to impact erosion in pneumatic conveying systems is not
the same as the prediction of erosion of test pieces in the bench scale erosion testers.
The developed empirical models based on the data from bench scale tests are limited in
use, because they are not capable of accounting for the variables such as rebounding of
particles, directional changes, etc., occurred in real life pneumatic conveying systems.
Therefore, establishment of a strong link between bench scale testers and the real
system performance to predict erosion is a challenging task. Those comparative
variations are required to include in the model when predicting actual erosion
accurately in real life conveying systems [77]. Empirically derived constants and
relationships are typically used to correlate the findings from bench scale erosion testers

with the actual erosion damage in the industrial pneumatic conveying systems.

Particle impact velocity is considered as one of the most influential factors in erosion
[30]. However, assuming that one can ensure identical particle velocity in both the
bench scale erosion tester and the pneumatic conveying bend, wear results obtained
from the two systems can be directly compared without having a correction factor.
Attaining identical particle velocity in both systems is still a challenge because impact
velocity of a particle can be better controlled in a bench-scale erosion tester than in a
pneumatic conveying system [71]. Another difficulty is that the particles travel with a

wide distribution of velocities in pneumatic conveying systems due to the uncontrolled
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influence of air flow patterns. The knowledge of flow dynamics is important in

identifying the flow patterns of a closed system [71].

The convergence and dispersion of the particle flow due to the directional changes and
geometrical changes leads to localised or distributed erosion, respectively, on the
surface of the conveying systems. Further, rebounding particles are not present in the
erosion tester as much as in the pneumatic conveying components. A comparison
between erosion in a pneumatic conveying system and a small scale erosion tester
shows that the influence of particle concentration is significantly higher in pneumatic
conveying systems than in erosion testers [32]. The reason considered is the increased
inter-particle collisions in closed surroundings of a pneumatic conveying system. In
order to avoid the effect of particle concentration, erosion rates for very low
concentration can be determined. Deng [32] suggested a method to determine erosion

rate (W;) for different concentrations using the following equation:
W, = W,eC/%) (2.5)

Where W, is the true erosion rate when the particle concentration is approaching zero,

f is a fractional constant and C, is the particle concentration.

Erosion occurs on the surface of different geometrical shapes in pneumatic conveying
systems whereas mostly flat surfaces are used for the tests in erosion testers. The
multiphase flow is guided through enclosed paths of the pneumatic conveying system
where the erosion process takes place at the wall of the pipework. In erosion tester, a
free jet of airborne particles discharged from a nozzle strikes on a test piece. The erosion
rate on test pieces by the free jet of airborne particles can be measured against specific
impact angles in the erosion tester. However, erosion occurs under a variety of impact
angles in pneumatic conveying systems depending on the geometrical shape of the
component. If a bend is considered, particles strike at a range of impact angles. The
range of impact angles in conveying bend starts 0° up to some degree that depends on
the bend R/d ratio. The range of impact angles decreases when the bend radius

increases [78]. In order to correlate the bench scale test results to pneumatic conveying
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systems, an integration method of a series of weighted single angle impacts was
suggested [71]. The erosion in bend using single angle impacts can be expressed as

follows:

Wio = f (X We ag) (2.6)

Where, Wy is the erosion rate at each individual impact angle obtained from small scale
erosion tester and ag is the weighted coefficient at respective impact angle. The
weighted coefficient depends on the particle distribution along the bend, subsequently

the number of impacts at the respective impact angle.

2.5.1 Particle stream of the erosion tester

Accelerated airborne particle stream created through the nozzle in erosion tester has
specific characteristics. The free jet after the nozzle tip is subjected to surrounding air
entrainment. The diameter of the jet increases and velocity of the air jet decays as it
travels away from the nozzle, due to the entrainment of surrounding air [79]. The
changes of air flow of the free jet cause the changes of particle velocity. Lindsley and
Marder [30] reported the velocity distribution of a particle stream 25 mm away from
the exit of a 15 mm diameter acceleration tube. The particle stream has spread out from
the exit of the tube and the particles on the outer edge of the stream have lost their
momentum. Figure 2.12 shows the bell shape velocity profile normal to the particle
stream. Relative particle flux is represented by the data rate (number of counts) which

also has the similar profile as the velocity profile.
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Figure 2.12: Particle velocity and data rate across the erodent stream [30].

In the present study, the effects of influential variables on impact erosion were
investigated in an erosion tester. The experiments were carried out using a sand-blast
type erosion tester which is built with features to obtain different test and controlled
surrounding conditions. A description of the experimental set up and its operation is
given in chapter 3. The test results are assumed to correspond to the conditions in
pneumatic conveying systems. Thus, tested conditions were selected as close as possible
to the conditions in selected industrial settings. The findings of the experiments were
correlated to calibrate a predictive model for impact erosion within the tested range of
significant influential variables. However, building a link between the bench scale test

rig and actual pneumatic conveying system is challenging.
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3 Experimental setup and calibration of the apparatus

Empirical investigation of impact erosion in pneumatic conveying pipelines can be
carried out by setting up a small scale experimental rig under controlled conditions.
Precise and accurate control methods for variables should be ensured in this
experimental approach, which is not a straightforward and easy task. Thus, researchers
have used two main types of bench scale testing rigs to predict and quantify impact
erosion as described in literature [80-82]. Those are called a sand blast type erosion
tester and a centripetal effect accelerator erosion tester. In both testers, pre-testing and
post-testing procedures are similar and the change in mass of a target material is
measured off-line. In this study, the sand blast type erosion tester was used to

investigate the effects of impact erosion on target surfaces.

3.1 Sand blast type erosion tester

A sand blast type bench scale erosion tester located at the powder research laboratory
of SINTEF Tel-Tek (formerly Tel-Tek) was used to perform experiments during the
present investigation. The erosion tester (Ducom Instruments, India) was installed
during the start of the PhD work. Figure 3.1 (a) shows a picture of the erosion tester and
Figure 3.1 (b) shows a schematic image of the tester. The tester is capable of eroding a
target material continuously with a defined amount of erodent particles under pre-

decided controlled conditions.
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Figure 3.1: (a) Sand blast type erosion tester (b) schematic image of the tester.

3.2 Operation of the erosion tester

The main components of the erosion tester are shown in Figure 3.2. Functions of each

component are listed as follows,

e Hopper —to store powdered material

e Rotational feeder — to feed powder from the hopper

e Mixing chamber — to mix powder with a pressurised air stream

® Acceleration tube —to accelerate air-particle mixer

o Nozzle —to shoot particle laden air stream towards the test piece

® Testing chamber —to hold the test piece under required experimental conditions
e Dust collector —to collect downstream particles, after impact with the test piece

e Double disk assembly — to measure the particle velocity

Apart from the nozzle, the central part (d) in Figure 3.2 cannot be reached from the

outside of the erosion tester. A five-litre hopper located on top of the instrument, is
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filled up with pre-prepared bulk material. Heated particles should not be filled in the
hopper, that could possibly damage the interior of the tester. There is an opening to the
rotational feeder at the funnel shaped bottom of the hopper. The hopper and the
rotational feeder are connected through a tube. Particles from the bottom port of the
hopper flow to the top of the rotating wheel under gravity. The gap between the end of
the guided port and the top surface of the rotating wheel limits the maximum particle
size of the powder sample which can be used in the erosion tester. The feeder is driven
by an external AC motor which is connected through a synchronous belt. Speed of the
motor is reduced using a gear box. The mass flowrate of the powder material is
controlled by the rotational speed of the feeder, the higher the speed, the greater the
mass flowrate is and vice versa. Three replaceable AC motors are available with different
speeds to obtain different mass flowrates. The motor is connected to electrical supply
through a Variable Frequency Drive (VFD). The VFD unit allows the operator to control
the rotational speed (RPM) of the motor manually and thereby, the flowrate of the
powder material is controlled. The hopper and the chamber of the rotating wheel are
connected through a narrow tube to maintain equal air pressure which is important to

obtain a stable erodent flow from the hopper to the rotating wheel under gravity.
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b: Rotational feeder

C: Drive motor
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Figure 3.2: Main components of the erosion tester.

The mixing chamber is located beneath the rotary feeder where particles can be well
mixed with a stream of compressed air supplied from an external source. Particles fall
through the connecting tube and enter the mixing chamber while the wheel of the
feeder rotates. Conditioned compressed air of maximum pressure of 6 bars can be
supplied into the chamber. The water vapour in compressed air is removed by an air
dryer which is connected to the air supply prior to entering the tester. The dryer is able
to maintain the relative humidity of compressed air below 1% and the pressure dew
point is -40 °C at 7 bars. The air passes through a spiral tube surrounding the mixing
chamber as shown in Figure 3.2 (d) before entering the mixing chamber. A heating coil
is also installed around the spiral tube where compressed air can be heated while
passing through the spiral. An airflow meter is located at the air inlet just before the

spiral tube to monitor the flow conditions of pressurised air.
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Figure 3.3: Specimen and 15° holder fixed in the holder-bracket.

Airborne particles are necessary to accelerate up to the required velocity before striking
on the surface material sample (test specimen). An acceleration tube is used to increase
the velocity of particles in the sand blast type tester. After the mixing chamber, gas
particle mixture flows through the acceleration tube located below the chamber. A
converged ceramic nozzle of 3 mm is fixed at the end of the tube to further accelerate

the air borne particle stream while passing through the nozzle.

Accelerated particles discharged by the nozzle tip strike on the surface of the test piece
placed below the nozzle. The test specimen is placed on a holder which is located in the
holder-bracket as shown in Figure 3.3. The distance from the nozzle tip to the surface
along the centreline of the nozzle is approximately 12 mm. The inclination of the
selected holder decides the specific impact angle for the test. The impact angle is
measured by the surface tangent of the test specimen against the flow direction of
particles. Seven holders used in the study were able to attain 7°, 15°, 30°, 45°, 60°, 75°
and 90° impact angles. After striking the surface of the test piece, the erodent material
falls into the conical shaped bottom section of the testing chamber, which is connected
to the downstream particle collector. The particles in the collector can be taken for

further analysis of the used particles. The air with small suspended particles then passes
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through a dust cyclone-filter system and cleaned air is discharged to the surrounding by

a blower. The filter is cleaned with a reversed air flow from time to time.

There are two heater elements to heat up air, particles and the test specimen for high
temperature experimental conditions. The top element is located around the spiral tube
of the air inlet to heat up inlet air as well as the airborne particles while passing through
the spiral and acceleration tube. Rotational feeder is heat sensitive. Hence, there is a
heat sink (Figure 3.2 (d)) with a fan above the mixing chamber in order to prevent
propagation of heat towards the rotational feeder. The testing chamber is installed in a
movable bed, which can be moved up and down positions by two pneumatic cylinders.
The specimen bracket is exposed to ambient air while the bed is in its down position.
When the bed is lifted, the nozzle and the holder bracket with the test specimen are
positioned inside the test chamber. The specimen is mainly heated by the bottom heat
element around the testing chamber. The temperature of both top and bottom heat
elements can be regulated individually by the operator during the elevated temperature
tests. Both heaters are covered by insulation material in order to minimize the heat

transfer to the surrounding.

3.2.1 Air flow meter
An air flow meter, as shown in Figure 3.4, is installed just before the air inlet of the
mixing chamber of the erosion tester. It can be used to measure supply air pressure,

temperature and flowrate. The technical specifications of the flow meter are given

below.

Manufacture : Alicat Scientific
Model : M-1000SLPM-D
Range : 1000 SLPM
Supply voltage :15to0 30V DC
Electric output :4to 20 mA
Pressure accuracy :+/-0.5%
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Figure 3.4: Air flow meter.

3.2.2 Length of the acceleration tube

The length of the acceleration tube must be very long for the particle to achieve a
considerable percentage of the air velocity. Finnie [8] has derived an equation to

correlate the distance of the tube with the particle velocity as shown in Equation 3.1.

* = el ~ ()] 51

where, the particle must travel the distance of x to achieve a velocity of v in an air

stream which has a velocity of u; the radius of the particle is ; the density of particle
and air are p,, and p,, respectively and the drag coefficient is C;. Equation describes a
distance that a particle needs to travel in order to achieve a given percentage of velocity
of air stream. Generally, the acceleration tube of the testers used for research purposes

is not so long and particles may not attain a considerable percentage of the gas velocity.
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3.3 Calibration of mass flowrate

The speed of the rotating wheel (erodent feeder) is regulated through the drive motor
as explained earlier. The feed rate of the erodent is directly proportional to the
rotational speed of the external motor. The feeding process needs to be pre-calibrated
according to the speed of the motor to control the feed rate. The set frequency of the
drive motor is displayed on the panel board. A timer module is connected to regulate
the running time of the motor. In order to find the relationship of the discharge rate of
erodent to the set frequency, the discharged amount of erodent material is collected
for a known period and weighed. A container is placed under the acceleration tube to
collect powder material while the motor is running. The particles are freely flowing
down under gravity from the rotary feeder to the collector while the compressed air
supply is switched off. The nozzle is removed to obtain a stable particle flow by avoiding

possible clogging inside the nozzle during the calibration process.

Table 3.1: Erodent discharge rate against frequency of Motor-1.

Frequency Erodent mass (g) Discharge
(Hz) Run 01 Run 02 Average rate (g/min)

2 8.5 8.6 8.6 0.9

3 13.0 12.8 12.9 1.3

6 24.5 24.6 24.6 2.5

8 32.0 33.0 32.5 3.3

10 40.5 41.0 40.8 4.1

12 48.0 48.2 48.1 4.8

14 55.0 55.4 55.2 5.6

The mass of the collected erodent particles is measured using a weighing scale. The mass
flowrate through the feeder for the unit time can be calculated by dividing the amount
of mass collected by the time spend. The procedure is repeated several times and the

average mass flowrate is recorded against the set frequency as shown in Table 3.1.

Figure 3.5 shows the calibrated graph against the frequency display of the VFD. Once

the relationship of mass flowrate against the set frequency is known, a desired value of
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mass flowrate can be obtained by adjusting the frequency on the panel board.
Consequently, the amount of erodent mass for the test can be fixed by setting the test

duration in the timer module.
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Figure 3.5: Calibration of erodent mass rate against the frequency of the motor.

3.4 Calibration of particle velocity

The accurate measurement of particle velocity during the test is critically important due
to the significance of particle velocity as one of the main influential variables in impact
erosion. The length of the acceleration tube of the erosion tester is not sufficient for
particles to attain the air velocity of the air flow as explained in section 3.2.2. Further,
acceleration of particles in the convergent nozzle makes it difficult to calculate particle
velocity. The calculation of particle velocity based on carrier air flow is not straight
forward as per previous research studies [83]. Hence, an accurate practical technique is
required to determine or control the velocity of particles. A special mechanical
arrangement is used offline with the erosion tester to overcome this obstacle through a
specific pre-calibration method coupled with the supply air pressure to the tester. The

Figure 3.6 (a) shows the calibration utility called the double disk assembly.
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Figure 3.6: (a) Double disk assembly and (b) upper disk of the assembly.

As shown in the Figure 3.6, two metal disks are attached to a common shaft of the drive
DC motor in this assembly. The top disk has a 90-degree arc shape slit as shown in Figure
3.6 (b). The assembly is mounted under the discharge nozzle tip during the pre-
calibration process. The slit is aligned with the nozzle centre when it is mounted to the
erosion tester. The distance between the top disk and the nozzle tip along the centreline
of the nozzle, is the same as the distance to the target test piece when the target piece
is positioned in the holder. Thus, it can be assumed that the particle passing through the
slit of the top disk has similar velocity as the impact velocity on the test piece during the
tests. In pre-calibration, a part of discharged particle stream from the nozzle passes

through the slit and strikes on the bottom disc, when the disc rotates.

The striking particles leave an arc shape scar on the surface of the bottom disk. Typically,
the scar has an angular displacement relevant to the ends of the slit in the upper disk.
This angular displacement is the measure of time-of-flight of the particle stream as it
travels the space between two disks. A formula for the particle velocity is developed
considering the time-of-flight of the particles and the rotational speed of disks [83]. The
formula is shown in Equation 3.2. The angular displacement is measured using a
protractor and the value is substituted in the equation to find the velocity of particles.

The rotational speed of the disks is measured using a laser tachometer.

V = (H * 0)/(360 * w) (3.2)
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Where, the particle velocity is V; the space between two disks is H; the measured

angular displacement on the lower disc is @ degrees and the rotational speed is w.

3.4.1 Particle velocity with particle size

Particles of different sizes do not achieve the same acceleration in an air stream due to
the different drag forces acting on them according to the Stokes' law in Equation 3.3.
Further, the acceleration tube of the erosion tester is not long enough to achieve the
fully developed velocity of the particles. Thus, bigger particles achieve lower velocity
than smaller particles in the air flow. A relationship of particle size, the particle velocity

and the travelled distance is given in Equation 3.1.
F; = 6émuru (3.3)

Where, F,; is the Stokes' drag force; u is dynamic viscosity of the fluid; r is radius of the
spherical particle and u is the flow velocity relative to the particle. Individual
relationships were obtained for particle velocity against the absolute air pressure for
different size classes using the velocity calibration assembly. The calibrated velocities
for different size classes are graphed against the median particle size in the respective

class as shown in Figure 3.7.
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Figure 3.7: Particle velocity against absolute air pressure.

3.5 Regulation of temperature

The control and monitoring of temperature are essential in experiments at elevated
temperatures. There are two thermocouples used to measure the temperature in the
erosion tester. One sensor is placed in-touch with the heater element to monitor the
temperature of the heater. The other sensor, whose tip is positioned in-touch with the
material specimen, measures the test specimen temperature. The holder of the test
specimen has a hole to insert the probe of the thermocouple. Prior to the test, the probe
is inserted through the hole such that the tip is in-tough with the opposite side of the
surface of the specimen. Figure 3.8 shows the positioning of the specimen temperature

Sensor.
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Figure 3.8: The tip of the thermocouple is in-touch with the specimen.

During the elevated temperature tests, the temperature of particles and air are not
controlled, but the surface temperature of the specimen is regulated and monitored
regularly. The particles and air get heated while passing through the central part of the
erosion tester. The surface temperature of the specimen is maintained by the dissipated
heat from the heating element. The heater can achieve maximum temperature up to
1100°C. Maintenance of heater temperature below 1100°C, is important to prevent
overheating of the element. The measured temperature of the specimen and the heater
are displayed on respective PID screens as shown in Figure 3.9. The desired surface
temperature for the test is entered to the PID controller of the specimen as the set
temperature. The measured (actual) surface temperature is displayed on the same
digital screen. Depending on the difference of the set and the actual temperature of the
specimen, the PID controller sends a signal to the relay of the power supply of the
heaters in order to maintain the temperature at the set value. The actual surface
temperature of the test specimen is usually influenced by the mass flowrate of the air-
solids stream, and therefore it is necessary to perform some preliminary trials to attain

the set value of the specimen temperature at different mass flowrates.
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Figure 3.9: Digital display of PID controllers used for temperature control of the heater

and the test specimen.

3.6 Material

The research study was carried out as a part of a comprehensive project, partially funded
by industries, as described in section 1.1. The erodent material and the target wall
material for the tests were selected satisfying the requirements of the relevant
industrial applications. Dolomite, CaMg(COs)2, (99+%) particles from Omya
Hustadmarmor AS were used for all the erosion tests in the present study. Omya
Hustadmarmor AS is a CaCO3 manufacturing plant in Norway. Several samples of bulk
powder were received in different particle sizes. The sample preparation procedure of
the erodent particles for the test is explained in section 4.3. Average particle density and
Mohs scale hardness of tested Dolomite particles are 2.85 g/cm3 and 3.50, respectively.
A product information technical data sheet of the dolomite particles used for
commercial purposes is provided in Appendix |, as received from the material supplier,
Omya. The tests of multivariate analysis (section 5.3) were carried out using the powder
sample, whose Particle Size Distribution (PSD) is shown in Appendix I. The PSD curve of
dolomite particles that was used to carry out preliminary tests (section 5.1) is provided

in Appendix Il, as received from the supplier.

SSAB DOMEX 355MC mild steel bricks (25X25mm and 70X25mm) of 5 mm thickness
were used as the target materials. This is hot rolled mild steel [84] which is used in
industrial plants since it is relatively cheap. The material is commonly used in
construction of equipment where corrosion is not a serious challenge. The data sheet of

the material is attached in the Appendix IIl.
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4 Measurement methods

As described in the literature, it is a known challenge to quantify mass loss and
investigate the relevant topographical damage of the metal surfaces with real time
measurements at the site. In this chapter, the experimental procedure used to study
impact erosion on the surface of a test piece under controlled experimental conditions
is explained. The methods to quantify mass loss and to evaluate the topography of
eroded craters are presented. Particle size and shape characterisation measurements
are explained as a part of the experimental procedure. Design of Experiment (DOE)
method is used to perform experimental investigation covering vast range of test
parameters effectively. The importance of DOE method in a multivariate analysis is also

briefly summarized under this chapter.

4.1 Experimental procedure

Impact erosion tests were performed in three steps:

1) Calibration of the tester to predetermined experimental conditions
2) Execution of the test for the required duration

3) Obtaining the measurements and data analysis

A number of variables can be studied in the erosion tester such as impact angle, impact
velocity, surface temperature, concentration of particles (i.e., Solids Loading Ratio - SLR),
amount of particle mass, target material properties and particle properties. Some
variables are controlled directly in the tester while others are indirectly controlled by
changing the material or by regulating a secondary variable, e.g., SLR is controlled by
regulating the air flowrate and the feed rate of erodent. The predetermined values of
variables are controlled within the ranges of achievable limitations of the tester. The
tester must be calibrated to predetermined conditions to maintain those conditions

during the test.

As explained in section 3.2, the impact angle is changed by replacing the respective

specimen holder in the bracket. Different impact velocities are achieved by regulating
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the supply air pressure through a flow valve. Calibration of particle velocity against the
supply air pressure is explained in section 3.4. Section 3.5 explains the control of heater
temperature to achieve the desired surface temperature. Surface temperature is
sensitive to the mass flowrate of erodent and air flowrate. When the required air mass
flowrate is known for the test according to the predetermined particle velocity,
correspondent mass flowrate of erodent particles can be calculated in order to maintain
SLR at the desired value. The erodent mass flowrate is achieved by controlling the
calibrated frequency of the drive motor of the rotational feeder. The calibration process
of the erodent mass rate against the speed of motor is described in section 3.3. Further,
total amount of erodent mass used for the test is also a significant parameter in an
experiment. When the mass flowrate is decided, the amount of erodent mass can be

limited by setting the duration of the test.

The effects of the target material properties and the particle properties on impact
erosion can be determined by testing the materials with desired properties. In the
present study, only one type of target material, SSAB DOMEX 355MC mild steel, was
tested under different conditions. Dolomite, CaMg(COs)2, (99+%) was used as the

erodent material and different sizes of particles were tested during the test campaign.

During the calibration process, the test variables are adjusted at the desired values as
explained in the previous paragraph. The experimental set up is then prepared to
conduct the desired test. A sample of sieved particulate material, which is to be tested
as the erodent, is fed to the storage hopper of the tester through the top lid. Once the
hopper is filled the air-tight lid is closed. Target material specimen is cleaned with an
evaporable cleaning agent and then dried using a high-pressure air jet. The mass of the
cleaned specimen is carefully measured using a scale and recorded. Figure 4.1 shows
the weighing scale in the laboratory. The measurement error of the used scale was 0.1
mg. The weighted specimen is placed in the specimen holder and the holder with
specimen is positioned inside the holder bracket. The testing chamber is then lifted to
"Up" position by operating pneumatic cylinders of the low bed, to avoid its exposure to

ambient air during the tests. The air valve is opened to maintain the adjusted air flow

46



Ediriweera: Impact erosion by solid particles in gas-particle flows

through the erosion tester. The predetermined duration of the test is entered in the
timer module connected to the feed motor. Once the feed motor of solid material is
switched on, running time shown on the display starts to count down, while the particles
flow through the tester. The erosion tester runs until the timer module counts down to
zero. During the test, the operator is able to monitor the conditions on the panel board
and the air flow meter. When the timer counts down to zero, the feed motor stops
automatically, while the air flow continues passing through the tester. The supply air
valve has to be closed to prevent dust spreading in the surrounding, before the testing

chamber is brought to its "Down" position.

Figure 4.1: Weighing scale used in the laboratory.

At the end of the test, after letting the instrument cool down for high temperature tests,
the eroded target material specimen is taken out from the holder, cleaned again using

the cleaning agent and dried using the compressed air. The weight measurement of the
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eroded surface after the test is recorded using the same weighing scale. The difference
of the weight measurements before and after the test is the mass loss during the test at
the respective experimental conditions. The specimen is then stored in a zip lock bag.
Figure 4.2 shows zip lock bags with several specimens saved for further analysis by a

profilometer to measure the 3D profiles of the eroded surfaces.

The erodent particles used for the test are collected in the downstream container after
collision with the test specimen. The tests are always conducted with fresh erodent
material. Therefore, the change of particle properties (e.g., size and shape) after striking
the surface, i.e. degradation of particles, could be observed by analysing the properties
of particles sampled from the downstream container and comparing them to those of

fresh particles.
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Figure 4.2: Eroded surface specimens stored in airtight plastic bags.
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4.1.1 Selection of variable space and reduction of uncertainty

The selection of test variables and the relevant testing ranges of each variable were
quite important, since these will be directly influencing the applicability of the outcome
and results of the project. The process conditions relevant to the industrial applications
were focused in defining the test conditions of bench scale tests. Thus, the variables that
can be controlled in the industrial applications were selected as the main influential

variables. In addition, the limitations of the erosion tester and the constraints related to
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characteristics of bulk materials were taken into consideration. Further explanation of

the selection variable space is given later in section 5.3 under the multivariate analysis.

Several steps were taken in the experimental procedure to reduce the uncertainty of
the test results. Mainly each and every test was repeated several times to obtain reliable
outcome rather than rely on one sample of test. The repetitions were not carried out
one after another. Instead, tests with different conditions were carried out in between
to avoid possible intermittent and human errors. The test piece which gives the nearest
value for the average mass loss was selected to observe under the profilometer. The
erodent material was not reused, fresh particles were always used in each test. Target
metal brick was cleaned carefully with volatile cleaning agent and dry air before taking
weight measurements. The tests were continuously run to minimise the disturbance and
metal brick was not taken out during the test. The hopper was topped up at the
beginning of every test expecting stable mass flowrate of particles throughout the test.
Each test was numbered, and conditions were recorded to avoid confusion at later
analysis. Metal bricks were stored in numbered airtight zip locked bags to avoid

corrosion in later analysis.

4.1.2 Design of experiments (DOE)

In real-life industrial processes, there are several process parameters varying
simultaneously rather than one at a time. Thus, multivariate data analysis on the
influential parameters of the erosion process is needed to be adopted and vast number
of tests have to be performed to obtain results. Design of experiments technique is used
in this study to determine the significance of the effects of influential variables while
performing reduced number of experiments. It is a simultaneous study of several
process variables instead of having separate study for each variable [85]. Therefore, the
testing time is drastically reduced, and abundance of data is limited. Further, one factor
at a time studies cannot detect the effects of interactions between the factors [86]. DOE
is useful in estimating which factors and interactions have a significant effect on the
response variable and in quantifying the magnitude of these effects. The usage of DOE

technique in this study is explained in section 5.3.
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4.2 Surface profilometer

Topographic characteristics of the crater on the eroded surface were measured by
Alicona Infinitefocus profilometer (Figure 4.3) located at the Norwegian University of
Science and Technology (NTNU) in Trondheim, Norway. The technique, based on focus
variation principle, analyses the depth of profile through vertical scanning. A beam of
light is projected on a relatively small area of the eroded surface of the target material
specimen. The reflected light contains the useful information of the surface such as
depth, inclination of the focused area, etc., which can be used to generate a 3D image
of the profile. The variations in reflected light are analysed to estimate the position of
the surface. The instrument provides highly accurate, fast and flexible 3D surface
measurements, using a non-contact method to extract data from the eroded profile.
The analysis of profilometer measurements to quantify erosion is a relatively time-

consuming technique compared with weight measurements.

Figure 4.3: Alicano Infinitefocus profilometer [87].

A 2.5x microscopic objective lens in the instrument was applied to obtain the
measurements, which resulted in 1.25 um vertical resolution, 27 um lateral resolution,
and 14 um pixel size in the topographic image. The intensity of the reflective light from
the surface is maximum, when the surface is in objective focus. Eroded craters with

large surface area required stitching of several images together. The images are
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generated relative to a virtual 'x-y-z' coordinate system which is aligned so that the
uneroded specimen surface is in the z=0 plane. Figure 4.4 shows the xyz coordinate
system aligned with the surface. The y-axis is perpendicular to the particle stream, and
the x-axis aligns with the incidence plane of the particle stream. The impact angle is the

angle between the centreline of the particle stream and the x-axis.

Figure 4.4: The xyz coordinate system aligned with the eroded surface of the

specimen.

The well-positioned surface of the specimen in the profilometer is vertically scanned by
the produced light beam. The scanning process is performed along a line parallel to x-
axis while y-coordinate is constant, and z-coordinate varies in accordance with the depth
of the surface profile. When all the x-coordinates are scanned on the selected line,
another line is started to scan by changing the y-coordinate (one step away from the
previous line). The process is continued until the complete field of view on the surface
is scanned. The information collected through the scanning process along a line contains
2D data of the respective line on the surface. The set of 2D data in different line profiles
collectively provides 3D data of the eroded surface by xyz coordinates and is recorded
in the instrument software. The instrument software is able to generate 3D and 2D
pseudo coloured images of the topography and export coordinated data. Numerical
values of crater volume and maximum depth, 2D line profiles and 3D surface profiles

can be generated using 3D data provided by the surface profilometer.
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4.3 Preparation of particles

The erodent material (dolomite) received from the industrial plant, contained different
particle sizes as mentioned in section 3.6. As a technical limitation, the particles bigger
than 710 microns could not be used in the tester. Particulate material was sieved to
remove bigger particles which may clog up the erosion tester. On the other hand,
particles smaller than 100 microns tend to form a bridge at the hopper outlet due to
their low flowability. Therefore, both finer and coarser particles than the usable range
(100-710 micron) were removed using appropriate sieves (sieves of the vibratory
column as shown in Figure 4.5) to avoid disturbances of the particle flow from the
hopper to the rotational feeder. The particles in the usable range were further classified
into several size classes depending on the desired particle size of the test. One known
challenge of using a real industrial material as compared to a monodisperse model
material is that the material will always have a distribution of particle sizes even within
a narrow particle size range. The median value (X50) of the selected size range was used

as the nominal particle size for the test.
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Figure 4.5: The vibratory sieve-column with different size of sieves.

4.3.1 Measurement of particle size and shape analysis

The particle size distribution of the classified particle size classes was determined using
HELOS/KF-MAGIC (Sympatec GmbH), Helium-Neon Laser Diffraction Analyser (Figure 4.6
(a)). A parallel laser beam is focused through particles dispersed in air or liquid. The
diffracted spectroscopy of the laser beam passed through the particle dispersion is
analysed to obtain information about the size distribution of the measured particles
[88]. Measured particle size distributions of classified size classes are shown in Figure

4.7.
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Figure 4.6: (a) Laser Diffraction Analyser (b) Dynamic Image Analyser [89].

The shape of the particles was analysed using QICPIC/L (Sympatec GmbH) Dynamic
Image Analyser (Figure 4.6 (b)). Images of the particles obtained by a high speed camera
are analysed to provide information about the shape of the particles. The analyser
captures the geometrical properties of each single particle among millions of them
within a short time. The information is then transmitted to a computer and the

distribution of size and shape of the tested particle size class is determined [89].
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Figure 4.7: Particle size distribution of classified size classes.
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5 Results and Discussions

The main objective of the research study was to find the effects of influential variables
(e.g., impact angle and velocity, temperature, particle size, exposure time) and to
investigate the process and propagation of impact erosion in pneumatic conveying
systems, through a systematic experimental procedure using a lab scale erosion tester.
Later, a predictive model is built corelating significant influential variables and
underlying corelations between the variables were determined. This objective was
addressed in a series of experimental tests whose results were described in detail in

publications attached in part Il of the thesis.

This chapter presents an overview of the major findings and a summary of the articles
published under the present study. The results from the preliminary study on the effects
of impact angle, particle size and exposure time on erosion are presented (paper 1),
followed by the analysis of topographical data obtained by the profilometer from the
eroded profiles (paper 2). Screening of significant influential variables (paper 3) on
impact erosion through Design of Experiments (DOE) and the model development using

multivariate analysis (paper 4) are also presented in this chapter.

5.1 Effects of particle size, impact angle and exposure time

(paper 1)
A set of experiments under various experimental settings was conducted to investigate
the basic characteristics of the erosion process and to identify technical limitations of
the provided test facilities and materials, including erodent material, erosion tester and
target material. Another objective of the preliminary study was to identify experimental
conditions which provide a measurable mass loss on the surface of the target specimen
while maintaining stable experimental conditions during the tests. The results of the
preliminary tests provided useful information about the technical limitations of the
erosion tester when using the selected erodent material and provided data for

calibration of the instrument. The useful information gathered in this stage is as follows:
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e Feasible range of mass flowrate depending on the particle size for each drive
motor of the rotational feeder

o The relationship between the particle velocity and the supply air pressure

e The maximum and minimum particle size which can be handled in the erosion
tester

e The maximum stable surface temperatures under various mass flowrates and
the supply air flowrates

e The maximum amount of bulk material which can be handled without disturbing
the test dependent on the particle size

e The reliability of the experimental conditions in the erosion tester

After getting to know the limits of the test parameters, a testing procedure was
established, and experimental tests were planned accordingly. A number of experiments
were carried out to understand the erosion process and how it is affected by influential
variables such as particle size, impact angle and exposure time. The amount of erosion
was evaluated by measuring the mass loss. The main findings of the preliminary tests
are discussed in Paper 1. Following subchapters summarize the observations and

discussions of the publication.

5.1.1 Particle size

The effect of particle size on impact erosion was tested with different particle sizes,
which were obtained by sieving as explained in section 4.3. Seven different size classes
were used for the tests and the influence of particle size for two different impact angles
(30° and 90°) was studied. Mass loss on the surface at 30° impact was significantly higher
compared to that at 90° impact (as expected for ductile materials). Mass loss versus
particle size at 30° impact initially increased and then decreased as shown in Figure 5.1
for 35 min exposure. On the other hand, at the 90° impact, the mass loss increased with

increasing particle size, following an insignificant variation at low particle size.

Both the number of collisions on the surface and the kinetic energy of particles influence

erosion. The kinetic energy conserved in a particle is the result of particle velocity and
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the mass of the particle. In this experiment, similar air velocity was used for the tests
and thereby, lower particle impact velocity was attributed for the bigger particles than
that for the smaller particles as explained in section 3.4.1. A reduced number of
collisions could explain the decline of mass loss with increasing particle size at 30°

impact angle (Figure 5.1 (1)).

The increase of mass loss with increasing particle size at the 90° impact (Figure 5.1 (2))
can be explained by an increase of the particle kinetic energy. The kinetic energy
conserved in the particles can exceed the elastic limit of the target material, thereby
causing damage on the surface. The particles beyond the critical particle size are able to
remove fragments on the surface heavily and increase the mass loss as per the
deformation wear by Bitter's explanation [10]. The velocity has squared relationship to
the kinetic energy and the particle size has cubic relationship. Therefore, it can be shown
that kinetic energy for the particle sizes shown in Figure 5.1 (2) continuously increases,
displaying an increasing trend of erosion rate even though the impact velocity decreases

for the big particles.
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Figure 5.1: Effect of particle size (1) at 30° impact angle for 5 min & 35 min exposure

times and (2) at 90° impact angle for 35 min exposure time.
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5.1.2 Impact angle and exposure time

The influence of impact angle and the exposure time was tested using seven different
impact angles at 7°, 15°, 30°, 45°, 60°, 75°, and 90°. Each impact angle was tested for
several exposure times under stable mass flowrate of erodent particles. The mass
flowrate of 75 g/min and impact velocity of 70 ms™ were used for the tests. Sieved
particles in the size class of 100 to 300 micron (X50 = 168 um) were tested. The results

of the experiment with impact angle and exposure time are published in Paper 1.

Different crater shapes were observed for different impact angles. Projected area of the
eroded crater on the surface changes from a channel-like shape at 7°to a more or less
elliptical shape at higher impact angles and eventually, it turns into a circular shape at
90° impact as shown in Figure 5.2. The direction of particle velocity relative to the target
surface is shown in each subfigure. It is also noticed that the distance from the nozzle
tip to the surface increases rapidly at low angles with the growth of the crater due to

their prolonged shape.

Contact time of the particles during the collision influences the crater shape apart from
the projected area of the particle stream. Impacting particle has a high contact time with
the surface at low-impact angles due to the large tangential component of velocity [90].
The contact time between the erodent particle and the target surface is difficult to
measure through physical experiments. However, contact time on the surface has been
recorded in a numerical model [90]. The study has shown that contact time decreases
with increased impact velocity and increased number of impacts. The surface hardening
due to multiple particle collisions increases surface hardness and stiffness coefficient,

thereby contact time is decreased.
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Figure 5.2: Eroded craters after 30 min at (1) 7°(2) 15° (3) 30° (4) 45° (5) 60° (6) 75°,

and (7) 90° impact angles.

The mass loss results versus impact angle are in agreement with published studies [10,
23] that reported higher erosion at glancing angles and lower erosion at higher angles
on ductile materials. Figure 5.3 (a) shows the mass loss as a function of impact angle.
The maximum mass loss was nearly similar at 15° and 30° at shorter exposure times (5
min & 10 min). When the exposure time was increased, the maximum mass loss shifted
to 15° and the difference between the mass loss at 15° and 30° increased further with
time. This is demonstrated by the change of the gradient in the respective curves in
Figure 5.3 (b). At 15° impact, mass loss rate was stable with time, while other impact
angles show a decrease of mass loss rate in different magnitudes. The rate is not clear
for high impact angles (i.e. 75° and 90°) due to their insignificant mass loss during the

tested exposure time.
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Figure 5.3: (a) Mass loss against impact angle and (b) Mass loss against the exposure

Visual observations showed that the impact angle inside the crater (effective impact
angle) changed with exposure time as shown in Figure 5.4. The change in mass loss rate
with time can be associated with a combination of several factors, such as a change in
effective impact angle, enlargement of nozzle distance and work-hardening effects due
to the repeated collisions on the surface. The deviation of effective impact angle from
the initial impact angle as shown in Figure 5.4 could be associated with the change of
erosion mechanism during the erosion process. Thereby, the change of effective impact
angle is one possible reason behind the change of mass loss rate with the development
of eroded craters with exposure time. The influence of exposure time on morphology of

eroded craters is comprehensively discussed in Paper 2 for different impact angles and

500 4

400 A

300 4

®- 5min

-8~ 10 min

—o— 30 min

~&— 60 min

20 40 60
Impact angle (deg)

b)

Mass loss of the target plate (mg)

time.

800

700

600

500

400

300

200

the main findings are summarized in section 5.2.

60

A 7 deg
® 15 deg
# 30 deg

45 deg
* 60 deg

A 75 deg

90 deg

10 20 30 40 50
Exposure time (min)




Ediriweera: Impact erosion by solid particles in gas-particle flows
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Figure 5.4: Development of the crater with exposure time at 30° impact angle: (1) 10

min, (2) 30 min, and (3) 100 min.

5.1.3 Particle degradation

After colliding with the target surface, erodent particles were collected in the
downstream container. It was assumed that the particles settled in the container layer
by layer over the testing time. With this assumption, the particles collected in the
bottom most layer experienced collision with a fresh or relatively uneroded surface
while the particles collected in the topmost layer experienced collision with eroded
surface, where the degree of surface erosion increases with longer exposure time. It is
expected that the properties of the target plate (impact angle and possibly surface
hardness) change with longer exposure time due to erosion influencing the degradation
rate of the particles. To determine the degree of particle degradation as a function of
exposure time, the particles were sampled from the surface of the downstream
container after the tests for different exposure times and the particle size distribution
was measured. Mean particle size of the used particles was compared with the fresh
particles in the respective size class as shown in Figure 5.5 (a). The degradation is higher
at 90° impact angle than at 30° impact. It is also noticed that the higher the particle size,

the higher the degradation of particles.
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Further, the influence of exposure time on particle degradation was studied by plotting
the mean particle sizes versus exposure time as shown in Figure 5.5 (b). The mean
particle size of fresh samples was 168 um for the particles used in this test set. Figure
5.5(b) shows that the mean particle size of the used particles decreases along the
exposure time. The high kinetic energy conserved in bigger particles may result in higher
degradation of bigger particles. The rapid change of kinetic energy at the collision for
higher impact angles [90] or the difference in wear mechanism would result in higher
degradation at high impact angles. The increase of degradation of particles against
exposure time can be explained by the development of eroded craters. The

development of eroded craters during the erosion process will be explained in section
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Figure 5.5: (a) Comparison of particle size before and after tests and (b) degradation of

particles at 30° as a function of exposure time.

5.2 Time development of eroded crater (paper 2)

The development of eroded craters is dependent on the number of particle collisions
with the target surface. Amount of erodent used for the test determines the number of
particle collisions during the test. When the mass flowrate is stable, exposure time

(testing time) is proportional to the amount erodent. Thus, the effect of exposure time
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on erosion is observed to study the evolution of the erosion process with the number of
particle collisions. Apart from mass loss measurements as discussed in section 5.1, the
change of material surface was examined by analysing the morphology of eroded
craters. The morphology was measured by the profilometer as shown in Figure 4.3 which
provided images and the 3D coordinated data of the eroded craters on the surface.
Figure 4.4 shows the xyz coordinate system aligned with the eroded surface. The
operational procedure of the profilometer is discussed in section 4.2. Figure 5.6 shows

the optical and pseudo colour images provided by the profilometer.

Figure 5.6: (a) An image of the crater and (b) the respective pseudo colour image

obtained by the profilometer.

Obtaining surface topographical data by a profilometer is a time-consuming technique.
Thus, only a single measurement of the morphology was attained, while average mass
loss of several craters was measured for the tests under similar experimental conditions.

The depth from the initial surface, volume loss and the inclination of the crater surface
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could be evaluated by the profilometer. Figure 5.7 shows the characteristics of the
eroded crater on the surface, depicting initial impact angle (6), effective impact angle
(Be) and maximum penetration depth (dmax). The analysis of morphology measurements

is comprehensively discussed in Paper 2.

Nozzle

Metal brick

Figure 5.7: The characteristics of the eroded crater on the surface.

5.2.1 Volume loss and the penetration depth

The estimated volume loss by the profilometer was compared with the measured mass
losses on the surface. Both volume and mass are proportional to each other in theory.
There is a good agreement between measured average mass loss and single volume loss

values against the initial impact angle (6)) as shown in Figure 5.8 (a).

The perpendicular depth of the crater from the initial surface is an interesting
characteristic in prediction of erosion. The puncture of a wall material in an actual
pneumatic conveying system occurs at the point where maximum penetration depth
(perpendicular distance to the bottom of the crater) is present. The maximum
penetration depth (dmax) of the crater versus impact angle was graphed in Figure 5.8 (b)
and compared with the mass loss. The graph shows dmax at 30° impact angle at any given
time. Further, there is no clear relationship with the mass loss. Thus, it is obvious that
the maximum penetration and mass loss do not necessarily coincide at the same impact

angle during the tested time (up to 60 min).
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Figure 5.8: Comparison of (a) mass loss (solid line) with volume loss and (b) mass loss

with maximum penetration versus impact angle.

However, the profile of maximum penetration depth against the impact angle has also
changed with exposure time. The increment of dmax from 30 to 60min at 15° was higher
than that at 30° impact. The rapid increment of dmax at 15° led us to analyse the
penetration depth at 15° and 30° impact angles for longer exposure times. Figure 5.9
shows that maximum penetration shifts to 15° from 30° impact angle for increased
exposure time. The rate of increment of maximum penetration depth is stabilized for

15° impact while it is decreasing for 30° impact.
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Figure 5.9: Maximum penetration (dmax) versus the exposure time at 15° and 30°
angles (6).
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5.2.2 Longitudinal profiles of eroded craters

2-Dimensional crater profiles were generated using the 3-Dimensional coordinated data
gathered by the profilometer. 2D data of xz coordinate system needs to be filtered in
order to attain longitudinal profiles along the centreline of the crater (x-axis). Figure 5.10
(a) shows the generated 2D profile by filtered raw data at 30° impact angle for 60 min
of exposure time. Flow direction of the particles-air mixture is from left to right. Two
edges of the profile illustrate the uneroded surface and they are supposed to be in line
with the x-axis. However, uneroded edges are not in line and even not parallel with x-
axis due to the measurement errors during the operation of the profilometer. Thus, data

had to be pre-treated to avoid such errors before the analysis.

Pre-treatment of filtered 2D coordinates was done in several steps. Firstly, coordinated
raw data of the longitudinal profile were re-filtered to classify 2D data of uneroded
surface (both edges of the profile). Classified data were graphed and a trendline was
found as shown in Figure 5.10 (b). The slope and y-intercept of the imaginary uneroded
surface relative to the xz-coordinate system are shown by the equation of the trendline.
The offset values were added to the raw z-coordinates to neutralize the slope and to
bring the uneroded surface in line with x-axis. The resulting 2D profile of the eroded

crater obtained after elimination of the measurement errors is shown in Figure 5.10 (c).
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5.2.2.1 Eroded 2D profiles

craters in different magnitudes depending on the impact angle.

Figure 5.10: Correction of measurement errors occurred in profilometer. (a) Generated

2D profile along x-axis using raw data, (b) inclination of uneroded surface due to the

The generated 2D profiles along the centreline of eroded craters at seven different
impact angles after 60 min of exposure time are shown in Figure 5.11. The shape of the
profile directly influences the penetration depth at each point. The wide spread of the
crater profile at glancing angles is clearly visible in the figure. The craters are converged
at higher impact angles while at 75° and 90° penetration depth is comparatively

insignificant. The effective impact angle inside the crater has changed for developed
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Figure 5.11: 2D profiles along the centre line of eroded craters at different initial

impact angles after 60 min of exposure time.

5.2.3 Effective impact angle

The change of 2D profile with growth of the crater was examined by generating
longitudinal profiles for different exposure times at a specific impact angle. Particles are
in contact with the complete surface of the crater at any given time during the test.
Initially, the particles strike on uneroded surface at initial impact angle (6;). When a
crater is formed, particles strike under a variety of impact angles inside the crater as can
be seen in Figure 5.12. Some particles (to the left of the maximum penetration) strike at
lower impact angles than 6; while others (to the right of the maximum penetration)
strike at higher impact angles of the developed crater. Interestingly, at the point where

the maximum penetration appears, particles strike at a similar impact angle as the initial

impact angle.
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Figure 5.12: Development of craters at (a) 45° impact angle and (b) 7° impact angle.
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It was assumed that the change of effective impact angle (6¢) resulted in change of
erosion rate with the development of eroded crater as explained earlier. Thus, the study
focused on analysing the change of effective impact angle with the expansion of the
crater. However, due to the complicated behaviour of the particle stream and the large
amount of data to analyse from the whole surface area of the crater, the change of
effective impact angle along the centreline of particle stream (streamline) was evaluated
only at 15° and 30° impact angles as shown in Figure 5.13. Those angles were the most
harmful impact angles in terms of both mass loss and penetration depth (Figure 5.8 (b))

during the tested exposure times.
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Figure 5.13: Development of craters at (a) 30° impact angle and (b) 15° impact angle.

Both streamlines in Figure 5.13 pass through the profiles under different effective
impact angles for different exposure times. Thus, a change of effective impact angle is
evident along the streamline with the development of eroded craters at 15° and 30°
impact angles. The calculated effective impact angle against the exposure time with the
development of the crater is shown in Figure 5.14. The effective impact angle has first
increased at short exposure time and decreased later with longer exposures. The
deviation of the effective impact angle from the initial impact angle is significant at 30°,

while effective impact angle has not changed much from the initial impact at 15°.
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Figure 5.14: Effective impact angle versus exposure time (a) at 30° and (b) at 15° initial

impact angle.

5.3 Multivariate analysis

The main objective of the preliminary study (paper 1) was to identify the feasible
limitations of the test facilities. In addition, the knowledge gained through the literature
review on effects of some influential variables was confirmed by the results of univariate
tests under preliminary study. From observations made during the preliminary tests, six
influential variables were selected to study further the erosion process by dolomite
particles. Multivariate analysis with several variables is a major task in this study that
exposes the effect of each variable on impact erosion under different experimental

conditions. The selected variables are;
1 - Amount of erodent particles,

2 - Impact angle,

3 - Velocity of erodent particles,

4 - Concentration of erodent particles,
5 - Surface temperature and

6 - Size of erodent particles.

The space of variables (levels) for the tests was selected considering industrial
conditions (temperature, velocities) but also the limitations of the erosion tester as

explained in section 4.1.1. Design of Experiments (DOE) was employed to study the
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effects of multiple variables on impact erosion with a reduced number of tests. The
method can be used not only to determine the effect of main variables but also to reveal
the effects of interactions between the variables. A short description on DOE method is
given in section 4.1.2. DOE consists of three basic stages: screening (to identify
significant variables), response surface methodology (to define the optimal space), and
model validation (to confirm predictions) [91]. Paper 3 discusses the screening of
significant variables while Paper 4 mainly discusses the model development with

selected significant variables.

5.3.1 Screening significant variables (paper 3)

The screening analysis was used as a starting point for more detailed designs to model
erosion with significant variables. The approach allows one to identify the significant
variables among the six variables for further analysis. The screening analysis was started
with a reduced quarter fractional factorial design (2°2). A reduced design generates
aliased (confounded) effects which has been briefly discussed in Paper 3. Aliasing or
confounding means that the effect of one variable is confounded with the effect of
interaction or the effect of interaction is confounded with the effect of another
interaction. When aliased effects are present in a design, interpretation of results may
become riskier. More details on confounded effects of a reduced factorial design can be

found elsewhere [92].

A predictive model for the screening design was developed using Partial Least Square
Regression (PLS-R) method and Analysis of Variance (ANOVA). The regression
coefficients of the main variables and interactions in Figure 5.15 show their respective
effects on predicted mass loss (dependent variable). The corresponding regression
coefficients of impact angle and impact velocity show significant effects while regression
coefficients of particle size and temperature are relatively less significant. The effects of
concentration of particles and the amount of erodent are insignificant compared to the
other main variables. The interaction effect of amount of erodent and surface
temperature (1x5) is confounded with impact angle and impact velocity (2x3) in the used

quarter fractional factorial design. Thus, the regression coefficient of 1x5 can be
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expected to be the result of confounding with the interaction of 2x3 (impact angle and
impact velocity). However, it is not straightforward to interpret the effects of variables
by focusing only the regression coefficients, due to the complexity of the positive
influence of the impact velocity, the negative influence of the impact angle and the

interaction between them.

The measured mass loss at centre points of the variable space (levels) showed a
deviation from predicted results by the screening model. The deviation illustrates a
curvature and proves the scarcity of the 2-level design in predicting mass loss by impact
erosion. Considering the magnitudes of regression coefficients and the industrial
feasibility, four variables were selected as significant variables. Accordingly,

concentration of particles and the amount of erodent were discarded in the further

analysis.
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Figure 5.15: Regression coefficients of main effects and interactions.

5.3.2 Model development and significance of the effects (paper 4)

Determination of effects of the significant variable on mass loss and formulation of a
predictive model to forecast mass loss caused by impact erosion in multivariate
conditions are the main objectives of the study published in Paper 4. The effects of
significant variables found in screening analysis (as discussed in section 5.3.1) were

investigated in this approach. Four significant variables which are impact angle, impact
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velocity, surface temperature and the particle size were used as the main variables in
the predictive model. Due to the curvature identified in the 2-level screening design
approach, a Regression Surface Methodology (RSM) [93] was used in the new analysis.
The testing conditions (e.g. impact velocity, temperature) were selected as close as
possible to the relevant industrial process conditions to define the variable space of the
tests. PLS-R tool provided in "Unscrambler X 10.3" software package was used for the

analysis.

A Central Composite Design (CCD) was used in this study as the RSM among many other
designs [93]. The measured mass losses from the tests are spanned over a large range
of values and are biased towards the low mass loss region as shown in Figure 5.16. In
order to minimize the leaning of mass loss and to enhance the accuracy of prediction at
highly erosive conditions, additional tests were added to the initial CCD approach. A
total of 87 tests were performed with repetitions covering all the runs suggested in CCD
design and the additional tests were also done to minimize leaning behavior. Two
independent sets of mass loss results were used for the calibration and the validation of
the model. Thus, the model is validated by the test set validation procedure. After
removing several outliers, forty-two and forty-one results were used as the calibration
set and the validation set, respectively. A second order polynomial relationship was
selected as the basis function of the model. Squared terms of the variable were not

included and thereby it is a two-factor interaction (2Fl) model.
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Figure 5.16: The sample count of the response mass loss.
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Figure 5.17: Predicted mass loss and measured mass loss (mg) given by PLS-R model.

The predictions based on the model are in good agreement with the measured values
as shown in Figure 5.17. The line which goes through the origin represents the perfect
match with predicted and measured values of the validation set. The other line with a
y-intercept represents the actual regression line of the measured values. The model is
not reliable at low mass loss conditions where the measured values are underpredicted.
A graphical interpretation of effects of the main variables on the mass loss is presented
in Figure 5.18. The poor predictability of the model in the low mass loss region is
pronounced in Figure 5.18 (g). Outliers were also found in the same region and
eliminated subsequently. Significance of the positive effect of impact angle and the
negative effect of impact velocity on mass loss are apparent in Figure 5.18. Both surface
temperature and the particle size show positive influences while the effect of surface
temperature is higher than that of particle size on mass loss. Further, the effect of
impact angle is more pronounced at high velocities and the effect of impact velocity was

larger at low impact angles.

The identification of significant variables, their individual and interaction effects on mass

loss can be achieved through the model, which is scientifically important to understand
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the erosion process. This model was developed by testing industrial materials under the

conditions which were selected as close as possible to the industrial applications. Thus,

the published model and approaches discussed under the present study can be used in

the considered industrial application to control and to minimise impact erosion of

pneumatic conveying pipelines used to transport dolomite particles, yet the applicability

is very much limited to the materials used for the relevant experiments and tested

ranges.
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Figure 5.18: Graphical interpretation of influence of main variables on impact erosion.

The color scale shows the amount of mass loss in mg.
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6 Main conclusion

The main objective of the project was to find the effects of influential variables on
impact erosion and to provide a predictive method to illustrate the surface erosion of
pneumatic conveying systems in industrial plants. This has been addressed through a
systematic experimental research study using a bench-scale sand-blast type erosion
tester that enables to study the effects of several parameters simultaneously. The main

conclusions of the thesis are provided below:

Literature survey on impact erosion showed that there is still a shortage of information
to overcome industrial challenges and lack of established method to accurately predict
the amount of erosion under multivariate conditions, though it has been a topic over

the years among the research and scientific community.
PAPER 01

Experiments with dolomite on mild steel showed that the mass loss against the particle
size increased and then decreased at 30° impact angle after reaching a maximum mass
loss. Both conserved kinetic energy in the particles and the number of impacts
collectively affect the erosion process where at 30° impact angle, it can be expected that
the effect of number of impacts on erosion is more prominent than the kinetic energy
for bigger particles. The change of eroded crater profile with the development of the
crater resulted in an increase of particle degradation against the exposure time. The
shape of the characteristic curve of erosion versus impact angle has changed
significantly when the exposure time increased, due to the change of erosion rate at
different impact angles. The enlargement of the distance from the nozzle tip to the
surface with the growth of the eroded crater, work hardening effects due to particle
collisions and the change of impact angle inside the crater (effective impact angle) were

proposed as the possible root causes for the change of erosion rate.
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PAPER 02

The change of effective impact angle was verified and quantified by profilometry for 15°
and 30° initial impact angles. It was observed that the highest mass loss did not coincide
with the maximum penetration depth at the same impact angle. While the highest mass
loss was attained at 15° impact, the maximum penetration depth was observed at 30°
impact at lower exposure times (less than 1 hour). At longer exposure, the effects of
erosion were more severe at 15° impact with the maximum penetration as well as the
highest mass loss. Based on the transition of maximum penetration, it was concluded
that a special attention should be paid to the angle of impact and thickness of the wall
material, in addition to the amount of transported bulk material in designing of a

pneumatic conveying system.

PAPER 03 and 04

Six influential variables were initially selected for the multivariate analysis. The tested
variable space was selected by considering the industrial process conditions in the
manufacturing plants. Multivariate analysis was performed using the design of
experiment method and the PLS regression method. The effects of the six selected
variables on impact erosion were partially identified using a screening design. From
these, four significant variables were selected to develop the predictive model for

further analysis.

The statistical analysis showed that the variables affecting erosion are highly correlated.
It was found that impact angle and impact velocity have a large influence on erosion.
Impact velocity showed a higher effect at low impact angles than at high impact angles,
indicating interaction between the two variables under multivariate conditions. Further,
it was identified that surface temperature and particle size of the bulk material have
positive effects on erosion but their influence is lower compared to impact velocity and
impact angle. The effect of surface temperature was more pronounced than that of

particle size.
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The model predictions were not reliable for low mass losses. The validity of the model
predictions is limited to the tested conditions and materials. However, the approach
proposes a systematic experimental investigation to address the similar challenges of
other material handling applications enhancing their reliability in operation, reducing
the maintenance cost, avoiding unwanted plant shutdowns, reducing particle emissions

to the surrounding, and ensuring occupants' safety and health conditions.
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7 Recommendations and future work

The investigation under this study was conducted in a bench scale test rig with one
erodent material and one surface material. It can be further extended by focusing on
different bulk materials and surface materials. The results found by the bench scale
erosion tester are limited in industrial use of other bulk materials. It is necessary to test
erosion in a pilot-scale rig and then in an industrial pneumatic conveying system in order
to correlate and validate the findings of the bench scale tests. The findings of this study
and the correlations with the industrial system could be combinedly used to develop a

more comprehensive model.

The results of the eroded craters will assist to enhance the understanding of the dynamic
changes at a confined area of surface due to repeated particle collisions. The study of
erosion in confined area is inadequate to predict the erosive damage of real life
industrial applications. Iteration method or integration of set of confined areas may
solve the challenge. It would be interesting to compare the findings of this study with
Computational Fluid Dynamics (CFD) and/or Computational Particle Fluid Dynamics
(CPFD) simulations. The combination of experimental results with simulation results

would be useful to predict mass loss much accurately.

Penetration depth is much more important in prediction of pipe leakage than the mass
loss of surface material. Thus, a model with the penetration depth as the response
variable would be more relevant in predicting pipe lifetime. Alternative non-invasive
methods such as acoustic sensor technology, capacitance tomography should be
investigated to measure the variation of pipe wall thickness of industrial pneumatic

conveying systems in real time.
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Abstract

Erosion on the wall surface due to hard particle impact is a well-known challenge encountered in industrial
pneumatic conveying systems. Surface erosion by particle impact depends on many factors. Numerous studies
have shown the dependency of erosion on different factors using univariate experiments. However, there have
not been many multivariate analyses of erosion with focus on industrial applications. The present study involves
multivariate investigation to identify and quantify the effects of six factors on erosion using Design of Experiments
(DoE) methodology. A fractional factorial design was selected (252 with 3 center points) and analyzed using “Sirius
10.0™" design package. The statistical analysis of the results using ANOVA and PLS allows a closer study of the
significance of main factors and interactions. Confounding (also called aliasing) of the main and interaction effects
is the price paid for using a fractional design and it may increase the complexity of the analysis. Therefore,

additional experiments are needed to isolate the effects of main factors and interaction terms.
1. INTRODUCTION

Impact erosion by solid particles is influenced by numerous factors which can be classified into three main
categories: erodent particle properties (shape, size, hardness, etc.), surface material properties (brittleness,
ductility, hardness, toughness, etc.) and the process parameters and conditions (impact angle, impact velocity,
mass flow rate, temperature, etc.). The objective of the study was to investigate the effect of six different factors
which are expected to play a role in impact erosion. The selected factors were size of erodent particles, impact
angle, concentration of erodent particles, surface temperature, velocity of erodent particles and amount of erodent
particles. The measured response variable was the mass loss from the target material surface. A sand blast type
erosion tester was used to perform the experiments. Design of Experiments was employed to study the

multivariate behavior of impact erosion with a reduced number of tests. DoE allows us to determine the effects of
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the main factors/variables and their interactions. Among the many types of experimental designs, factorial design

is the most foolproof design [1]. A two-level, full factorial design with six factors, commonly named as a 28 design,
implies 64 experiments without counting replicates and center point experiments. The main purpose of the study
was screening the main factors and it was therefore decided to start with a smaller/reduced design. A quarter-
fractional factorial design (252 design) was used instead of a full factorial design, resulting in 16 experiments. The
price for reducing the number of runs from 64 to 16 is that aliased (confounded) effects have been generated.
Hence, interpreting the results becomes more difficult and riskier. The selected design has a resolution 1V, which
means that single factors are confounded with three-factor interactions and two-factor interactions are confounded
with other two-factor interactions. The confounding structure for the selected design shown in Fig. 1 indicates that,
for example, the main factor no. 1 is confounded with three-factor interactions of factors no. 2, 3, and 5 and 4, 5,
and 6. The six selected factors were labelled by numbers as follows: 1 - amount of erodent, 2 - impact angle, 3 -
impact velocity, 4 - concentration of particles, 5 - surface temperature and 6 - weighted mean particle size.

1=1+2x3x5 + 4x5x6

2 =2+ 1x3x5 + 3x4x6

3 =3+ 1x2x5 + 2x4x6

4 = 4 + 1x5x6 + 2x3x6

5=5+ 1x2x3 + 1x4x6

6 = 6 + 1x4x5 + 2x3x4

1x2 =1x2 + 3x5

1x3 = 1x3 + 2x5

1x4 = 1x4 + 5x6

1x5=1x5+ 2x3 + 4x6

1x6 = 1x6 + 4x5

2x4 = 2x4 + 3x6

2x6 = 2x6 + 3x4

1x2x4 = 1x2x4 + 1x3x6 + 2X5x6 + 3x4x5
1x2x6 = 1x2x6 + 1x3x4 + 2x4x5 + 3x5x6

Figure 1 — Confounding structure of the 252 fractional factorial design.
Further, the 2-level factorial design assumes there is a linear relationship between each X (independent variable)
and Y (dependent variable). Adding center points can help in revealing a curvature (potential non-linearity). It is
also important to be aware that the center points do not help in obtaining more precise estimates of model effects.
Including center points can provide evidence of curvature but does not identify the nonlinear effects. A total of 19
experiments were performed with center points. The results were analyzed using the software package "Sirius
10.0™",

2. MATERIALS AND METHODS

2.1 Raw material and operating conditions
Dolomite particles (CaMg(CO3)2) (D10% = 55 um, D50% = 150 um, and D90% = 305 pm), kindly donated by
Omya Hustadmarmor AS, were used for the tests. Due to low flowability, smaller particles had to be removed

using a 150-micron sieve to achieve a stable mass flow rate. The remaining particles (above 150 um) were
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classified into three different size classes using a set of several sieves. The particle size distributions of the

resulting size classes are shown in Fig. 2. The tests were run with a sand blast type erosion tester, which
accelerates the particles in a stream of compressed air before impact with a target specimen under specified
conditions. DOMEX S355MC mild steel bricks (25X25mm and 75X25mm) of 5 mm thickness were used as the

target specimens for all the experiments. Low carbon mild steels are known to be ductile materials [2].
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Figure 2 — Particle size distributions of the sieved size classes.

The concentration of particles in the stream of air is given by the Solid Loading Ratio (SLR), the solid to air mass
flow ratio. In the experimental test set-up, the solid loading ratio was varied between 0.5 and 1.5. The value of 1.5
was given by the maximum attainable solid mass flow rate in the used erosion tester. SLR values below 15 are
typically considered as dilute phase [3, 4] and therefore, the concentration range does not cover the conditions
for dense phase conveying. The surrounding temperature of the testing compartment was adjusted to keep the
surface temperature of the target plate at the desired levels. The surface temperature of the target material was
varied between 20 °C and 250 °C during the tests. A thermocouple which was in-touch with the target material
was used to monitor the surface temperature and to ensure that the surface temperature was stable during the
tests. It has to be noted that although the surface material reaches the desired temperature, it is not assured that
the particles and air have reached the same temperature. It is likely that during the tests at 250 °C, the temperature
of the particles and air was lower than the surface temperature of the target material. The impact angle was varied
between 15° and 90° using different target specimen holders, which are fabricated to give different inclinations.
The particle velocity was calibrated as a function of the supplied air pressure as described below. The mass flow
rate of air which is directly proportional to the air supply pressure and inversely proportional to the air temperature
was measured by a flowmeter. As shown in Fig. 3, the air supply pressure was used to attain the required air
velocity in the tests depending on the particle size. The feed rate of solids (erodent) had to be adjusted in
accordance with desired SLR, impact velocity and temperature at given particle size. The amount of erodent
material striking at the surface of the target material in one experiment was varied between 2 and 4 kg. Exposure
time (i.e., how long the plate was exposed to the particle impact in a test) was given by the time it took to use up

2 to 4 kg of erodent at the fixed feed rate of solids. This implies that exposure time varied in each experiment
3
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depending on the set amount of erodent and the feed rate of solids. Therefore, exposure time could not be used

as one of the independent factors, instead amount of erodent was selected and its effect on erosion was
investigated. The mass loss from the surface of the target material was calculated by weighing the cleaned surface

sample before and after the test. The accuracy of the scale was 0.1 mg.

2.2 Velocity of particles

Particle velocity was calibrated by the double disk motor assembly. Detailed operation of the sand blast type
erosion tester and the velocity calibration method were presented in a previous publication [5]. The particles are
accelerated by a stream of compressed air. During the calibration, it was observed that the particle velocity varied
with the particle size according to the Stokes's law [6]. Larger particles have a higher mass and therefore, they
need higher air pressure to achieve the same velocity as smaller particles. Fig. 3 shows the particle velocity plotted
against the air pressure for different particle sizes. The relationship between the particle velocity and the air
pressure shown in Fig. 3 is also valid for high temperature conditions, however, in high temperatures, the mass

flow rate of air needed to attain given pressure is lower than in lower temperatures due to gas expansion.

90
X 150-250 X
80 .
X 355-425
— 70 500-600
P X .
> 60
S X
S
@ X .
~ 50
-'. ,"x.-".
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X
30
1 2 3 4 5 6
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Figure 3 — Particle velocity against air pressure

2.3 Design of Experiments

Design of experiments (DoE) is a simultaneous study of several process variables instead of having separate
study for each variable while doing minimum number of experiments [7]. Therefore, the testing time is drastically
reduced, and abundance of data is limited. Further, one factor at a time studies cannot detect the effects of
interactions between the factors [8]. DoE is useful in estimating which factors and interactions have a significant
effect on the response variable and in quantifying the magnitude of these effects. In this experimental set up, the
selected variables are expected to have influence on impact erosion [9-13] but the significance of the main effects

and interactions is to be determined. Tab.1 shows the six selected variables varied at two levels, given by high
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and low values. The values for the variables were pre-decided based on known industrial conditions and limitations

given by the erodent material and the instrument. The center points are not at the exact center for the impact
angle and the particle size which are discrete variables. Hence, the values for the center point were selected as

close as possible to the actual center between low and high values.

Table 1. The range of variables.

Variable Notation Unit Low High
Amount of erodent 1 kg 2 4
Impact angle 2 ° 15 90
Impact velocity 3 mst 35 78
Concentration of particles (SLR) 4 - 0.5 15
Surface temperature 5 °C 20 250
Weighted mean particle size 6 pm 174 448
3. RESULTS AND DISCUSSION

The resulting mass losses obtained under different experimental conditions in 19 test runs are shown in Tab. 2.

Table 2. Experimental conditions and measured mass losses.

%0 a0 ey | s | (G SEem g

Exp 1 2 15 34 0.5 20 174 0.9
Exp 2 4 15 34 0.5 250 174 8.2
Exp 3 2 90 34 0.5 250 448 20.5
Exp 4 4 90 34 0.5 20 448 3.4
Exp 5 2 15 78 0.5 250 448 772.8
Exp 6 4 15 78 0.5 20 448 594.7
Exp 7 2 90 78 0.5 20 174 2.7
Exp 8 4 90 78 0.5 250 174 106

Exp 9 2 15 34 1.5 20 448 30.3
Exp 10 4 15 34 1.5 250 448 230.3
Exp 11 2 90 34 1.5 250 174 0.5
Exp 12 4 90 34 1.5 20 174 0.9
Exp 13 2 15 78 1.5 250 174 578.3
Exp 14 4 15 78 1.5 20 174 237.1
Exp 15 2 90 78 1.5 20 448 7.2
Exp 16 4 90 78 1.5 250 448 143.5
Cent1l 3 45 56 1.0 135 311 108.3
Cent 2 3 45 56 1.0 135 311 103.6
Cent3 3 45 56 1.0 135 311 96

The results were analyzed using standard methods and tools provided in the design package, that is PLS (Partial
Least Square regression) and ANOVA (Analysis of Variance). The effects of the main factors and interactions
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were determined, and the potential non-linearity was evaluated using the center points. The regression coefficients

of all main factors and interactions are shown in Fig. 4.
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Figure 4 Regression coefficients of main effects and interactions. The Lenth's Margin of Error (ME) is
indicated by the horizontal line.
It can be concluded that the effects of the main factors and interactions have different magnitudes. The impact
angle and impact velocity have the highest influence on erosion when compared with other main factors. Earlier
studies showed that impact velocity has usually an exponential relation with mass loss and it is the most critical
variable in erosion by solid particles [9, 14, 15]. The regression coefficient for impact angle has a comparable
magnitude with the impact velocity but the value is negative. This means that the amount of erosion is reduced
when the impact angle is increased. The results in Tab.2 show that the mass loss is higher at low impact angle
(i.e., 15°) than at 90° impact angle. This finding is in agreement with previous studies [10, 16, 17], where ductile
surfaces show high mass losses at glancing angles and low mass losses at high angles. Different erosion

mechanisms acting on ductile surfaces are responsible for this behavior [18].

Both particle size and surface temperature have a positive effect on erosion, which is approximately half of that
for impact velocity or impact angle, based on the magnitude of the regression coefficients in Fig. 4. Temperature
has a slightly higher effect than particle size. The mass loss might increase with elevated temperature due to
changes in chemical and physical properties of the target material [12]. At high temperatures, the mass loss at
glancing angles is dramatically increased. A decrease of hardness with higher temperature might make the
material more ductile and thus, the surface damage due to cutting wear could be more severe at glancing angles
[19]. For the influence of particle size on erosion, a critical particle size was suggested, above and below which
the erosion rate declines [6, 13]. However, those results were based on constant air velocity for different particle
sizes. In this study, Fig. 3 shows that larger particles do not follow fluid flow as smaller particles. Hence, higher

air velocities had to be used to achieve the same particle (impact) velocity for larger particles.
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Concentration of particles has a relatively low influence and is indirectly proportional to mass loss. The results

depend to a certain degree on the selected minimum/maximum levels for the various factors. Narrow range of
levels may be the reason for the low effect of concentration of particles. Further, a negative impact of concentration
of particles was also observed in several other studies [11, 20, 21]. In a highly concentrated particle system, the
average distance between the particles is decreased and the degree of interparticle collisions is increased. The
particles bouncing from the target collide with the particles approaching the target, diverting their trajectory and

preventing them from impact. This will create a shield effect [21] and result in a reduction of erosion.

Amount of erodent, a measure of exposure as explained in the Materials and Methods section has a low effect on
erosion compared to other factors, but it is involved in interaction with surface temperature (interaction term 1x5
in Fig. 4) which is highly important. This indicates that the effect of the amount of erodent depends on surface
temperature. Due to the use of reduced design, the interaction of 1x5 (amount of erodent x temperature) is
confounded with interactions of 2x3 (impact angle x impact velocity) and 4x6 (concentration of particles x particle
size) as presented in Fig. 1. This means that it is not possible to distinguish between the effects of two-factor
interactions. More experiments are needed to solve this, but looking at the size of the main factors, it is reasonable

to expect that the interaction 3x4 (impact angle x impact velocity) is the most important interaction.

Table 3. Analysis of variance table.

Analysis of Variance table

Source Sum of df Mean F P Regression
Squares Squares | Value | Value | Coefficients

Model 819006 5| 163801.2 | 11.652 | 0.0007
1. Amount of erodent 93090 1 93089.8 6.622 | 0.0277 -0.023
2. Impact Angle 293737 1| 293736.9 | 20.896 | 0.0010 -0.553
3. Impact Velocity 288181 1| 288181.1 | 20.500 | 0.0011 0.548
5. Temperature 226518 1| 226517.6 | 16.114 | 0.0025 0.251
1x5 176211 1| 176211.1 | 12.535 | 0.0054 -0.429
Residual 140573 10 14057.3
Total 959579 15

To determine which factors and interactions have a significant impact on erosion, Lenth’s method [22] was used
as a guideline. This is an objective method for deciding which effects are active in the analysis of nonreplicated
experiments, when the model is saturated and hence there are no degrees of freedom for estimating the error
variance. The horizontal lines in the graph of Fig. 4 indicate the boundary of significance obtained by Lenth's
method. Based on this analysis, the concentration of particles and all interactions including this factor were
removed from the model. It is worth mentioning that the amount of erodent is insignificant, but the interaction term
with temperature (1x5) is significant according to Lenth’s method. Therefore, the main factors, amount of erodent
and surface temperature, should also be included in the model. The results in Tab. 3 show the results of an
ANOVA analysis which included four main factors (amount of erodent, impact velocity, impact angle and

temperature) and one interaction term (amount of erodent x temperature). The resulting model explains 85% of
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the measured variation in erosion (mass loss). In comparison, the standard deviation derived from the 3 centre

points was approx. 6%.

The degree of non-linearity in the system was evaluated using the results obtained through the center points. It
could be observed that the model predicted a mass loss for the conditions at center point at 198 mg. The measured
value however varies between 93 mg to 108.3 mg which is approximately half of the predicted mass loss. The
deviation at the center point between the predicted and the measured values indicates a potential non-linearity

which is not captured by the model.
4. CONCLUSIONS

The impact angle and impact velocity showed significant main effects. Two-factor interaction terms were also
significant, most likely, the interaction of impact angle x velocity. Due to the complexity of the negative influence
for the impact angle and the positive influence for the impact velocity and the interaction between these two
factors, it is not straightforward to interpret the results even if we resolve the aliasing structure by just looking at
the regression equation. The screening model is valid only for the tested values (e.g., the selected
minimum/maximum values). The deviation of the center points from the model illustrates potential non-linearity in
the relationship between the independent variables (experimental conditions) and the dependent variable (actual
erosion). The experiments and analysis presented above should be used as a starting point for more detailed
designs, such as full factorial design for the four significant factors (impact angle, impact velocity, surface

temperature and amount of erodent) and central composite design including 5 levels for each factor.
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Appendix I: Product information - Technical data of

particles

The tests of multivariate analysis (section 5.3) were carried out using the particles in

Appendix .
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Appendix I1: PSD curve of particles in the range of 0-

5000 micron

The preliminary tests (section 5.1) were carried out using the particles in Appendix Il.
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Particle size distribution of CaCOs (Ball mill feeder) from Omya.
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