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bstract

Erosion due to coal particles has a detrimental effect on economy of power plants. Alumina ceramic-lined pipelines and cyclones are in common
se for fluid-laden coal transportation and separation. Several brittle erosion models are available for air-jet and slurry jet erosion in literature.
rom these, the most-cited erosion models were identified. An orthogonal fractional–factorial experimental matrix which includes all possible
ariables that contribute to brittle erosion was designed, conducted and validated. This paper gives a comparison between the most-cited literature

odel and a model developed on the basics of our experimental data. In general, slurry erosion models obtained experimentally were found to

ave better agreement with literature models when compared to air-jet erosion models. The reason for deviation of experimentally derived models
rom literature models is systematically studied and rationalized.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pulverized coals from bowl mills are transported to boilers
hrough pipelines lined with wear resistant alumina ceramics.
tructural ceramics like alumina in the form of tiles are used
s lining material in pipelines to reduce wear losses. Alumina
eramics are predominantly used for this purpose because of low
ost, high hardness, good corrosion resistance and high wear
esistance compared to metals. Coal transportation and asso-
iated erosion are complex phenomena. Erosion is a function
f a number of parameters like coal particle velocity, angle of
mpingement, diameter and density of the particle, hardness of
oth particle and target materials, fracture toughness of the target
aterials and concentration of slurry.
Typical erosion models emphasize that erosion rate is a

unction of target material properties like fracture toughness,

ardness and target material density. When striking particles are
ssumed as non-deforming, the applicability of the model cited
n Ref. [1] is limited to soft targets. Other models cited [2–7] take
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nto account both particle and target properties as factors affect-
ng erosion rate. Models cited in Ref. [2] are valid for gas/particle
igh concentration erosion. The authors have here included tar-
et density as an additional parameter. In the models cited in
ef. [8], erosion rate of alumina ceramic is related to veloc-

ty and size of four different particles at normal-incidence. The
uthors predicted that velocity exponent increases with decreas-
ng hardness and toughness of erodent. In the model cited in Ref.
9], volume loss of substrate is related to parameters like parti-
le velocity, mass of abrasive particles, angle of impingement,
raction of particles cut in an idealized manner and plastic flow
ressure.

Some models [10–12] include the angle of impingement as an
dditional parameter, represented in trigonometric terms. Angle
f impingement of particle on target is one of the key factors in
etermining erosion rate. In Ref. [11], the authors have included
hreshold velocity and threshold particle size terms. The model
ited in Ref. [12] holds good for slurry erosion with high con-
entration. This model predicts that erosion rate increases as

he angle of impingement increases, and shows a decreasing
rend with increasing particle flux. This model predicts that fine
rain alumina with inter-granular glassy phase is the right candi-
ate material which offers high erosive wear resistance, but the
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Nomenclature

CL crack length (�m)
dp diameter of particle (g/cm3)
DOE design of experiment
E, ER erosion rate (g)
f particle volume fraction
g grams
H, TH hardness of target (kg/mm2)
HLA high level analyses
Kct fracture toughness of target (MPa

√
m)

l liter
lpm liter per minute.
PH hardness of particle (kg/mm2)
Q volumetric flow rate of slurry
v slurry velocity (m/s)
Vp velocity of the particle (m/s)

Greek symbols
α angle of impingement of particles (◦)
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Table 1
Particle used for experiment

Materials Density (g/cm3) Vickers hardness (kg/mm2)

Coal (particle) 1.6 1620–1655
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ρp density of particle (g/cm )
ρt density of target (g/cm3)

uthors have not included the microstructure as a parameter in
heir wear model. Structural ceramics with fine grain size [12]
ere found to have more erosive wear resistance than coarse
rains, i.e., erosive wear increases with grain size. The model
ited in Ref. [13] shows high dependence of erosion on shape
haracteristics of a pit due to impact of particle on target.

. Proposed erosion models for brittle materials

.1. Gas/particle “low” concentration [5,12]

∝ V 2.8
p d0.66

p ρ1.3
p K−1.33

ct H−0.25 sin2α

.2. Gas/particle “high” concentration [1,5,12]

∝ V 2.8
p d0.66

p ρ1.3
p ρtK

−1.33
ct H−0.25 sin2α

.3. Slurry/particle “high” concentration [12]

∝ (vρpf )−.0.3551(sin α)1.623

The above-mentioned models have been formulated by
eviewing the most-cited models in published literature. Models
.1 and 2.2 without trigonometric term are most accepted models
or dry-impact erosion; the trigonometric term has been added
ince alumina ceramic tiles find application in pipeline bends
nd cyclone separators, which are angular at several impact loca-
ions. Models 2.1 and 2.2 were formulated from Refs. [1,5,12].

odel 2.3 was obtained from Ref. [12]. In case of slurry ero-

ion, fewer models are available in literature. The power law
xponent for sin α in model 2.3 was obtained from the experi-
ental data points of Ref. [12]. In general, value of exponents

or erosion parameters in above proposed models were obtained

t
T
f
a

lumina (particle) 3.99 2130–2150
ilicon carbide (particle) 3.21 2430–2470

y two ways: by averaging the value of power law exponents
ound in most-cited literature models, or by taking directly the
alue of exponents found in the most-cited literature model, as
ppropriate.

. Experimental program

.1. Materials

Three different materials, alumina, SiC and coal, were
elected as erodents and three different types of alumina tile
ere selected as target material. The choice of materials was
ased on factors like commercial availability, widespread appli-
ation and acceleration characteristics. The properties of erodent
aterials are given in Table 1. Hardness of coal was calculated

pproximately from cumulative hardness of inorganic matters
resent in the coal.

.2. Experimental procedure

An L 27 orthogonal fractional–factorial design of experiment
DOE) was defined to develop a comprehensive in-house model
y investigating the effects of six parameters, at three levels. Two
eplicates were run under each condition to improve statistical
alidity. Target substrates were subjected to analyses for proper-
ies such as elastic modulus, shear modulus, fracture toughness,
ardness and surface roughness. Vickers’s hardness [14] and
racture toughness [15] were measured by conventional diamond
ndentation method. Elastic modulus, shear modulus, Poisson’s
atio are measured with the help of sound velocity by ultrasonic
ulse-echo technique [16].

.2.1. Air-jet erosion tester
Sandblast-type erosion test rig shown in Fig. 1 was used to

arry out air borne erosion tests. The erodent particles were
ntrained in a stream of compressed air and accelerated down
65 mm long nozzle with 5 mm internal diameter to impact on
target mounted on an angle fixture (30◦, 45◦ and 90◦). The

article velocity can be measured using the rotating double disk
echnique [17] and it can be adjusted to desired values by using
ompressed air pressure.

Air borne erosion tests were carried out for three types
f alumina target. The dimensions of the specimen were
0 mm × 30 mm × 5 mm. The target samples were polished in
rder to have a smooth surface finish. The initial weight of the

arget was taken in an analytical balance of ±0.01 mg accuracy.
he target specimens were mounted 10 mm from nozzle orifice

or all impingement angles. Each sample was eroded with a fixed
mount of erodent at velocities of 20, 30 and 40 m/s. The test
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Fig. 1. Air-jet erosion tester.

uration was 5 min. At the end of each test, the target sample
as taken out, cleaned, dried and weighed to calculate mass loss.
his mass loss is taken to represent erosion loss.

.2.2. Slurry-impact erosion tester
A simple slurry pot tester shown in Fig. 2 was used to carry

ut slurry erosion test. A slurry of specified concentration was
repared by mixing an appropriate quantity of erodent particles
ith water and introducing into the slurry pot. The typical parts
f slurry tester are a slurry holding tank, an agitator, a diaphragm

ump, air compressor, an ejector nozzle and a sample holder.
he slurry, a mixture of potable water and erodent particle, was
umped from holding tank to ejector nozzle of inner diameter
.1 mm.

s
t
r
c

able 2
ir-jet erosion experimental matrix

evel Particle velocity (m/s) Angle of impingement (◦) Particle diam

20 30 63–75
30 45 105–120
40 90 120–150

able 3
lurry jet erosion experimental matrix

evel Particle flow rate (lpm) Angle of impingement (◦) Particle diam

15 30 63–75
17.5 60 105–120
20 90 120–150
Fig. 2. Slurry-impact erosion tester.

It emerges as a high velocity jet to impact the target surface.
elocity of slurry jet was controlled by adjusting the compressed
ir pressure. The angle of impingement was varied by tilting
he target sample holder through a mechanical lever. The major
ariables examined were: velocity of impinging slurry, angle of
mpingement, hardness, diameter and density of particle, den-
ity and fracture toughness of target. The test duration was
0 min. The target specimen was initially weighed in an ana-
ytical balance of 0.01 mg accuracy. At the end of the each test,
he specimen was taken out, cleaned, dried and weighed. This

ass loss was taken to represent erosion loss (Tables 2–4).

. Experimental results and data analysis

Experimental data are presented in Figs. 3–12.
High level analysis (HLA) is performed by averaging mea-
ured data for each level of a single parameter, then plotting
he averaged data against all the levels of that parameter. The
esults obtained from the above data analyses are compiled as
omprehensive model displayed in Tables 5 and 6. Two paral-

eter (micrometer) Particle type Feed rate (g/min) Target

SiC 2 Alumina-A
Alumina 3 Alumina-B
Coal 4 Alumina-C

eter (�m) Particle type Particle concentration (g/l) Target

SiC 10 Alumina-A
Alumina 15 Alumina-B
Coal 20 Alumina-C
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Table 4
Mechanical properties of target materials

Target properties Alumina-A Alumina-B Alumina-C

Vickers hardness (kg/mm2) 1215–1245 1200–1240 1320–1370
Crack length (�m) 41.8 45.3 48.5
Density (g/cm3) 3.58 3.59 3.67
Young’s modulus (GPa) 239 217 299
Shear modulus (GPa) 98.2 89.4 121.1
Poisson ratio 0.217 0.215 0.237
Fracture toughness (MPa

√
m) 5.16

Surface roughness, Ra (�m) 0.885
Maximum roughness depth, Rmax (�m) 12.9
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Fig. 3. Erosion rate as a function of particle velocity (HLA) dry-impact.

el experiments with each set of parameters were performed;
he data points are shown in Figs. 3–8, which give the range of
arameters. HLA has high statistical significance, since a large
umber of data points are available for analyses. In our exper-
ment, the 18 erosion data points measured (9 for each level of

ach parameter) can be conveniently analyzed in this manner.

Fig. 3 shows that erosion rate increases with increase in par-
icle velocity for dry-impact erosion. A power law exponent
hich varies from 2.82 to 2.92 is obtained for velocity of par-

F
t
a
i

ig. 4. (a) Erosion rate as a function of angle of impingement (HLA) dry-impact. (b)

Fig. 5. (a) Erosion rate as a function of particle diameter (HLA) dry-impact. (
4.41 4.43
0.802 0.826

23.8 13.9

icle, which is in the same range as in the most-cited literature
odel. The range of the velocity exponents varies from 1.5 to 3.2

n literature models. Erosion increases with sine of the angle of
mpact, with exponent ranging from 2.31 to 2.35 for dry-impact
nd 1.45 to 1.48 for slurry-impact as shown in Fig. 4(a) and (b),
espectively; these are in line with literature models.

Erosion increases with particle size up to about 100 �m for
oth dry-impact and slurry-impact, as shown in Figs. 5(a) and
b), respectively. A polynomial relationship is obtained in case
f dry-impact, whereas a power law relationship, with exponent
alue ranging from 0.77 to 0.9, is obtained in case of slurry-
mpact. In this case, there is a good agreement with most-cited
iterature erosion model in case of slurry-impact. For dry-impact,
ardness has significant erosion effect only above 20 GPa as
hown in Fig. 6(a). Erosion increases as particle hardness to the
ower ranging from 3.35 to 3.6 for slurry-impact as shown in

ig. 6(b). The range of hardness exponent varies from −0.25

o 2.3 in literature. Erosion has a maximum for particle density
round 3 g/cm3 for both dry-impact and slurry-impact, as shown
n Fig. 7(a) and (b), respectively. The range of particle density

Erosion rate as a function of angle of impingement (HLA) slurry-impact.

b) Erosion rate as a function of particle diameter (HLA) slurry-impact.
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Fig. 6. (a) Erosion rate as a function of particle hardness (HLA) dry-impact. (b) Erosion rate as a function of particle hardness (HLA) slurry-impact.

Fig. 7. (a) Erosion rate as a function of particle density (HLA) dry-impact. (b) Erosion rate as a function of particle density (HLA) slurry-impact.
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Fig. 8. (a) Erosion rate as a function of particle concentration (HLA) slurr

xponent varies from 0.25 to 1.3 in literature, whereas a polyno-
ial relationship is obtained in our case. Erosion decreases with
article concentration as shown in Fig. 8(a), to the power rang-
ng from −0.28 to −0.32, which exactly matches the literature
alue. Erosion increases slightly with feed rate in dry-impaction
s shown in Fig. 8(b).

e
w
c

ig. 9. (a) Comparison of target properties with erosion rate measured at 30◦ impin
easured at 90◦ for dry-impact.
act. (b) Erosion rate as a function of particle feed rate (HLA) dry-impact.

. Target properties versus erosion rate

Comparison was made by non-dimensionalizing target prop-

rties and erosion rates at 30◦ and 90◦ angle of impingement
ith respect to target properties and erosion rates of Alumina-A

eramic. Fig. 9(a) and (b) represents the above-mentioned com-

gement for dry-impact. (b) Comparison of target properties with erosion rate
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ig. 10. (a) Comparison of target properties with erosion rate measured at 30◦ i
easured at 90◦ for slurry-impact.

arison for dry-impact erosion at 30◦ impact and 90◦ impact.
ig. 10(a) and (b) represents the same comparison for slurry
rosion at 30◦ impacts and 90◦ impacts. Elastic modulus of tar-
et material appears to be a key variable in low-angle impact
rosion and in normal-incidence for both dry-impact and slurry
rosion. Erosion rate increases with increase in elastic modulus.
n Ref. [18], it is stated that a brittle material with a high elastic
odulus can fail catastrophically, unable to withstand acciden-

al overloading during service. Brittle materials with high elastic
oduli are not considered suitable as structural members [18].

. Second-order effects

In second-order effect analyses, the effect of erosion param-

ters on erosion rates of individual ceramic targets like
lumina-A, Alumina-B, and Alumina-C were studied. Results
f second-order effect analysis compare very well with high level
nalyses, which suggests that our test procedures were accept-

e
d
p
p

ig. 11. (a) Erosion rate as a function of particle velocity with reference to Alumina
lumina-B target. (c) Erosion rate as a function of particle velocity with reference to
ement for slurry-impact. (b) Comparison of target properties with erosion rate

bly consistent, and that all tested ceramics show similar erosion
haracteristics.

For example, velocity exponent range for Alumina-A,
lumina-B and Alumina-C ceramics are 2.8–3.13, 3.3–3.6 and
.3–2.5 as shown in Fig. 11(a)–(c), respectively, and the angle
f impingement exponent is 2.1–2.5, 2.64–2.7 and 1.9–2.3 as
hown in Fig. 12(a)–(c), respectively.

. Summary

Based on dry-impact and slurry erosion tests conducted, the
ollowing parametric-dependences have been determined, and
ompared with models from literature (Tables 5 and 6).

In general, our experimental data corroborate literature mod-

ls. Where there are differences, we conclude that our efficient
esign of experiment (DOE) has enabled incorporation of more
arametric effects, and hence the development of a more com-
rehensive, more accurate model.

-A target. (b) Erosion rate as a function of particle velocity with reference to
Alumina-C target.
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Fig. 12. (a) Erosion rate as a function of angle of impingement with reference to Alumina-A target. (b) Erosion rate as a function of angle of impingement with
reference to impingement with reference to Alumina-B target. (c) Erosion rate as a function of angle of Alumina-C target.

Table 5
High level analyses for air-jet erosion

Parameter Exponent/polynomial

Experimental predictions Most-cited literature model

Velocity (m/s) 2.9 2.8
Angle of impingement (◦) 2.3 2.0
Feed rate (g/m) 0.12 –
Particle hardness (GPa) 0.0004P2

H − 0.014PH + 0.13 −0.25
Particle size (�m) −2 × 10−5d2

p + 0.004dp − 0.172 0.66
Target density (g/cm3) 1.11ρ2

t − 8.0ρt + 14.50 –
Particle density (g/cm3) −0.0084ρ2

p + 0.05ρt − 0.052 1.3
Target hardness (kg/mm2) −3 × 10−8T 2

H + 9 × 10−5TH − 0.06 –
Crack length (�m) 6 × 10−5C2

L − 0.0054CL + 0.13 –
Young’s modulus (GPa) −5 × 10−7Y2

M + 0.0003YM − 0.032 –
Shear modulus (GPa) −4 × 10−6S2

M + 0.001SM − 0.035 –

Table 6
High level analyses for slurry erosion

Parameter Exponent/polynomial

Experimental predictions Most-cited literature model

Flow rate (lpm) 5.14 (15–17.5), 0.85 (17.5–20) −0.36
Angle of impingement (◦) 1.5 1.6
Particle hardness (GPa) 3.5 –
Particle size (�m) 0.84 –
Particle concentration (10 g/l) −0.31 −0.36
Target density (g/cm3) 5.08ρ2

t − 36.8ρt + 66.6 –
Particle density (g/cm3) −0.008ρ2

P + 0.05ρt − 0.05 −0.36
Target hardness (kg/mm2) 4.2 –
Crack length (�m) 0.0005C2

L − 0.05CL + 1.043 –
Young’s modulus (GPa) −3 × 10−5Y2

M + 0.0014YM − 0.183 –
Shear modulus (GPa) −2 × 10−5S2

M + 0.004SM − 0.2 –
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. Conclusion

Experiments conducted to validate literature models have
ielded several interesting results. Comparison was made
etween most-cited literature models and models formulated on
he basics of current experiments. Slurry erosion results appear
o be more in line with theoretical prediction than dry-impact
rosion results, although both show good agreement. This may
e due to the fact that particulate flow can be controlled much
ore easily in a slurry erosion tester. Refined models are pro-

osed for air-jet and slurry-erosion on ceramics. Higher order
ffects can also be assessed from the available data, but with
onsiderably less statistical significance due to fewer number of
ata points for analysis.
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