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Abstract

This paper investigates the mechanical erosion of the metal tubes in bagasse-fired boilers with the aid of the acoustic emission techniqu
By studying the material removal under various collision conditions, the paper analyzes the dependence of the erosion wear upon the impa
angle, velocity, size and concentration of the particles. It was found that the material removal mechanisms were mainly dependent on th
particle collision angle and fell into four regimes characterized by rubbing and scratching, cutting and cracking, forging and extrusion as
well as sputtering and adhesion. The highest wear rate took place with the cutting and cracking mechanism when the particle collision ang|
was in the range of 20—30The variation of the acoustic emission energy confirmed the conclusions. Finally, three simple formulae were
developed to show the dependence of the erosion wear upon the main erosion parameters. © 2001 Elsevier Science B.V. All rights reserve
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1. Introduction take into account the locations of the interaction, densities of
impacts, energy of impingement and so on cannot be practi-
Erosion of metal tubes in bagasse-fired boilers is a prob- cal. This raises further difficulties for a reliable and feasible
lem in the sugar industry, causing considerable maintenanceevaluation of the boiler-tube erosion. To understand the
cost, because the combusted bagasse-particles, with the chagrosion mechanism of the metal tubes in bagasse-fired boil-
acteristic dimensions from a few microns to millimeters, ers, therefore, a sophisticated method must be developed to
erode the tubes with high speeds, ranging from 10 to 30 m/s,explore both the individual and coupled effects of the key
and result in significant wear. However, a boiler structure is variables that govern the erosion process. In addition, the
so complicated that the situation of the particle-tube interac- erosion on a boiler piping system occurs at different lo-
tion associated with the turbulent two-phase flow becomes cations, which are hard to be detected when the boiler is
hard to model. In different parts of a boiler, the tubes can operating.
experience diverse erosion conditions, such as different par- The acoustic emission technique seems to be a useful
ticle angularity, impact angle, impact speed, particle con- tool to resolve the above problems. A major advantage of
centration, particle size distribution and temperature change.an acoustic emission inspection is that it allows the whole
All these make an erosion prediction very difficult. structure to be monitored at the same time with simple in
Erosion of metal parts is a common problem in industry, situ set-ups. The analysis does not need the scanning of in-
such as in coal-fired turbines, fluidized beds and boiler-tubes.dividual defects, but uses a set of acoustic sensors that are
Over the last 40 years, many models have been proposedittached to the structure, directly or indirectly, to transmit
to evaluate the rate of material removal under various erod- acoustic signals. A wide range of dynamic parameters can
ing conditions (e.g. [1-9]). However, each of these models then be observed throughout an erosion process. Relevant
focused only on one or two mechanisms of the material investigations have reported that the emission of disloca-
removal and thus none is adequate alone in terms of weartions, initiation of cracks and dynamic response to an impact
prediction for the specific boiler-tube erosion at elevated can be successfully detected by this method (e.g. [9-13]).
temperatures. In a boiler, because the ash-tube interactiongiowever, no model is available so far to link the material
occur under very different conditions, a model that fails to removal with the acoustic signals for predicting the erosion
wear, although some studies have shown that a relationship
* Corresponding author. Tek:61-2-9351-2835; faxi61-2-9351-7060. does exist between the signals and the particle impingement
E-mail address: zhang@mech.eng.usyd.edu.au (L. Zhang). (e.g. [14,15)).
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Nomenclature ® ®

a, b multivariable regression coefficients > Q g A A
(Egs. (2) and (4)) 3 2 K

c particle concentration, defined as the HW- ®
mass of the particles per unit volume in the @ O @ L ®
air-stream

d average diameter of a particle @ - @Ej

En acoustic emission energy measured © e

H hardness of the tube material A— q| ‘©

\ impact velocity of a particle Kol ' ®

Greek letters

o particle collision angle, defined in Fig. 1 @ f

I density of the particle material Particle jet

T erosion time

& erosion wear, defined as the mass loss of Fig. 1. Experimental set-up.

the tube material after mechanical erosion

the tube, as illustrated by section A—A in Fig. 1, but the angle
of the nozzle with respect to the longitudinal axis of the tube
was variable from 0 to 90so that the collision angle of the
article jet,«, was controlled. The acoustic sensor (8), of
he type S9215 that is reliable below 54) was directly
attached to the pipe wall opposite to the nozzle to minimize
the loss of the acoustic energy in measurement. The impact
signals detected by the sensors were then sent, as a volt-
age output, to the computer (10) through the amplifier (9)
for analysis, using the MISTRAS (Massively Instrumented
Sensor Technology with Received Acoustic Signal) software
2. Experimental details [16]. The energy thus measured by the acoustic system is a
fraction of the impact energy dissipated in the tube material
The apparatus particularly constructed for the mechanical during the process of particle—tube interaction.
erosion experiment in this study is shown in Fig. 1, consist-  After an erosion test, the amount of the material removed
ing of (1) the air compressor, (2) the pressure regulator, (3) was measured by a microbalance with a resolution gfd.0
the flow meter, (4) the nozzle (16 mm in diameter), (5) the The erosion wear rate was calculated based on at least five
particle container, (6) the tube specimen (63 mm in diame- repeated experiments in which the particle collision velocity,
ter), (7) the particle collector, (8) the acoustic sensor, (9) the collision angle and concentration remained identical nomi-
amplifier and (10) the computer. The erodent particles, which nally. The average deviation of the repeated measurements
were collected from the actual boiler under study, were fed was 5%. The mechanical properties of the particle and tube
from the particle container (5) to a feeding plate that had six materials are listed in Table 1.
channels through which the particles were fed into the noz-
zle by the pressurized air-stream. The channels were with
different dimensions so that the particle concentration could 3. Results and analysis
be adjusted in the experiment. The air pressure was also
adjustable via the pressure regulator (2), which altered the The geometry of the ash particles is angular with sharp
stream velocity from 0 to 30 m/s. The stream was directed corners, as shown in Fig. 2, and hence, they may scratch or
through the nozzle onto the surface of the specimen (6) thatcut a specimen surface during particle—tube interactions. The
was exactly the boiler-tube material (AlISI1015 steel). The particles were the pulverized bagasse after combustion and
axis of the nozzle is always aligned with the diameter axis of were composed of a mixture of inorganic elements, mostly

The purpose of this work is to understand the material re-
moval mechanisms and establish a relationship between th
erosion variables and those of acoustic emission. Based o
this relationship, the mechanical erosion at room tempera-
ture will be characterized. Investigations into the problem at
elevated temperatures will be discussed in the next part of
the series research.

Table 1
Mechanical properties of the particle and tube materials [17]

Hardness (GPa) Elastic modulus (GPa) Poisson’s ratio Density tkg/m
Particle 4.0 - 0.17 1.6¢ 10°

Tube steel (AISI1015) 2.0 210 0.29 7 10°
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Fig. 2. Geometry of ash particles. Particle collision angle o (degree)

Fig. 3. Variation of material removal with particle collision angle. The
N ] ) ] ) ] erosion conditions ard/ = 20m/s andr = 52min with the mixed
silicon oxide, according to an X-ray diffraction analysis, and particles (Table 2).

some organic elements that were soft and could not wear the

tube material directly mechanically. A fraction separation

showed that the ash particles in the boiler were mainly of tographs of the tube surfaces after erosion, Fig. 4, show
the dimensions between 80 and 26@ in diameter. The  Vvaluable evidence for recognizing the mechanism change
size distribution of the particles is summarized in Table 2. of the material removal.

To understand the effect of curvature of the tube spec- Atalow collision angle, 10say, the material removal was
imens on erosion, a series of tests on flat plates made ofmainly by rubbing and scratching, as shown by the ductile
the tube material were also carried out. The results showedrubbing and scratching traces on the surface (Fig. 4a). The
that under the same erosion conditions, the difference in thePhenomenon of plastic extrusion tangential to the eroded
amount of wear was always within 0.5%, which is negli- surface, which generates microscales, is also obvious. In
gible. This is because the particle jet size is much smaller this case, the impact force normal to the tube surface is
than the tube diameter and inside the jet impact area thevery small, the plastic deformation thus caused in the tube
tube surface can be regarded as nearly flat. Thus for conve-subsurface is shallow and hence the wear is light although

nience, the circumferential curvature of a tube surface will the tangential component of the impact force is large.
be ignored in the following discussion. At a collision angle between 20 and“3@utting becomes

one of the major mechanisms of the material removal. On
the eroded surfaces withequal to 20 and 3Q respectively,
deformation via chipping is a characteristic, as shown in
Fig. 4b and c. This is because in this range of collision an-
gles the component of the impact force normal to the tube
surface becomes great enough to enable a particle to pen-
etrate into the tube material while the component tangen-
tial to the surface is still sufficient to proceed the cutting.
In addition, cracking has also appeared to assist the mate-
rial removal, as shown in Fig. 4c, which is related to the
tensile surface stress behind a cutting particle, generated by
the cutting. Obviously, the cutting together with the crack-

3.1. Effect of collision angle

The collision angle of the particles plays an important
role in the tube erosion process. Fig. 3 shows its effect on
the amount of wear with various particle concentrations
when the particle velocity, particle size and erosion time re-
mained unchanged. The complicated variation of the curves
indicates that the mechanism of the material removal must
have changed when the particle collision angle varies. The
wear is small when the angle is small, reaches its maximum
whgn it varies between 20 and 3and _decreases steadily ing serves as the most effective material removal mode in
until the _angle become_s 80Whena_|ncreases fur'gher, the mechanical erosion. That is whyeaches its maximum
the wear increases again. The scanning electron mlcropho—whena varies in the range of 20-30

The cutting mode of the material removal becomes minor
whena increases further. The residual deformation shown
in Fig. 4d, which is the result af = 60°, shows that extru-

Table 2
Size distribution of the boiler ash-particles

Average diameter of particlegu(n) Erizc\?;tan%‘; PE " sion out of the tube surface is the major mechanisms. Such
c0.80 118 extrusion was _due to the par_ticle_s microforging operations
80-100 122 uqder the relgtlvely large particle |mp|n_gemer_1t _angle. When
100-212 445 this deformation mode becomes dominant, it is reasonable
212-250 23.4 to see from Fig. 3 that the amount of material removal be-
250-355 4.7 comes smaller and smaller.

igg:ggg (2):2 When the collision angle is beyond 8he tangential

component of a particle impact decreases quickly. As a
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Fig. 4. SEM micrographs of the eroded surfaces subjected to different collision angle@) 10, (b) 20, (c) 3@, (d) 60, (e) 90. The erosion
conditions wereV = 20m/s,t = 5min andd = 250p.m.

result, neither the cutting nor the scratching and rubbing the tube surface with a single particle is particularly carried
are likely to happen. The main deformation is via forging out experimentally. The result, Fig. 5, confirms that the
and the almost normal extrusion associated with the forg- sputtering-adhesion is indeed the mechanism of the surface
ing, as shown in Fig. 4e. The larger surface dips may be pit formation. Because of the occurrence of the sputtering
generated by sputtering, when a local crack forms due to and adhesiorg gets greater at becomes larger than 80
residual stresses after the particle impacts and thus the ma- The above observations are related to the acoustic emis-
terial sputters, or adhesion, when the tube material adheression energy recorded, which, as stated previously, is a frac-
to a flying particle at its impact and is carried away by the tion of the energy loss during the particle—tube interaction.
particle. To clarify this phenomenon, an impact normal to It is obvious from Fig. 6 that the deformation caused by
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Fig. 5. A surface dip formed by sputtering or adhesion when the tube was 025}
under a vertical impact(= 90°) by a single particle ofl = 425um at
V =30m/s. . o2r
20
Z—f 0451 355 um
rubbing and scratching at a lower collision angledissi- = 250 um
pates greater energy than that via cutting and cracking when 017
« ranges from 20 to 30 When the forging and extrusion 0.05 /mixed
mode becomes dominant, the energy dissipation rises. These = T
are consistent with the general theory of machining. % 5 10 15 20 25
(b) Erosion time T (minute)

3.2. Effect of particle size
Fig. 7. Effect of particle size on erosion wear at various erosion time.

. . . . . The erosion conditions aré = 20m/s,c = 1856 g/n? anda = 90°.
Under a given impact velocity, concentration and colli-

sion angle, the particle size has a significant effect on the
amount of wearg, as shown in Fig. 7. With the erosion con-

ditions specified, particles with diameters belowp58 do  {he specimen have been stabilized very quickly under the
not cause measurable wear. The larger the particle size, the)aricle impingement. The mechanism of the material re-
greater the erosion wear is (Fig. 7a). Moreogeis roughly  mqya| then remains unchanged with the increment of ero-
a linear function of erosion time, (Fig. 7b) regardless of  gjgn time. This seems to be true for all the particle sizes
the particle dimension. As just discussed, the material re- y,gjied. It is also interesting to note that when the average
moval by mechanical erosion is directly through the mech- a3 icle diameter is=350m, the amount of wear increases

anism of cutting, adhesion, forging—extrusion, etc. or due gnnroximately linearly with the particle size, as shown in

to their combinations. Here, the stable and linear variation Fig. 7a. However, beyond 350n, the effect of particle
of the material removal with respect toindicates that the ;6 pecomes stronger, leading to an increase of material

mechanical properties of the surface layer material of the .omoval and suggesting that a change of the material re-
moval mechanism may have occurred due to the change of
the particle impact energy.

= -

T af roing [ ]

z scratching gracking Forging and extrusion 3.3. Effect of particle concentration

m 37

? In this study, the particle concentratianis defined as

5 of the mass of the particles per unit volume in the pressurized
§ B SP"‘t‘ijﬁng air-stream. Thus at a given velocity, higlmeans more par-

£ 0 \s adhesion ticle impacts onto the tube surface in a given time span.
o As shown in Fig. 8, the increase of particle concentration
% o , , L , promotes erosion wear in general. This is straightforward
£ 0 10 20 3 40 5 60 70 8 90 because erosion with more particles within a given period

of time will certainly remove more materials. However, the
effect of particle concentration is very related to the dom-
Fig. 6. Variation of erosion energy with collision angle. inant mechanism of wear when the particle collision angle

Particle collision angle o (degree)
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Fig. 8. Effect of particle concentration on erosion wear with erosion 0.05
conditions of V.= 20m/s, = 52min and mixed particle distribution L ] .
listed in Table 2. Erosion time 7 : 20 min
0.04
: . . . 003 O 15 min
changes. If rubbing, scratching, forging or extrusion gov- 5 10 min
erns the material removal, the dependence of erosion wear § oozl
upon the increase af is rather moderate, see for instance ' o 5min
the curves withe = 10° and 50-90. But in the regime 0.01 - 2 min
where cutting and cracking dominate, the increment of par-
ticle concentration promotes the tube wear, see the curves 0 ‘
with @ = 20 and 30. It is worthwhile to note that when 5 % 40
sputtering or adhesion appears between 80 and 90, the (b) Particle velocity V (m/s)

effect of concentration becomes stronger. ) ) ) ) ) N
Fig. 9. Effect of particle velocity on erosion wear. The erosion conditions

arec = 1856 g/n? with mixed particle distribution listed in Table 2. The
3.4. Effect of particle velocity collision angles ¢): (a) 20, (b) 90°.

The effect of particle velocityyV, on the material loss
was studied with a fixed value of particle concentration
of 185.6 g/m. Fig. 9 shows that the amount of wear is a
monotonic increasing function &f at various erosion time

7 under all the particle collision angles. This is reasonable 3,5.1. Relationship of wear with erosion variables
because a particle with a higher speed carries greater energy The variables which affect the amount of erosion wear,

and in turn defo_rmshthe tube rr]natenal m?rﬁ upoln |mp|r]1fge— as understood from the previous discussion, are the particle
(rjneepnetﬁdosncc?na%ﬁ:emmg\:\(ﬁgr’rteric?\j(at\:anr;ZC:]:n;;emocilg\//gvggt velocity V, .particle cljiam'eteld, collision angle«, particle
which is similar to the effect of particle concentration. For ’ concentratiore, erosion timer and the property parameters
O ' of both the particle and tube materials, such as the hardness
example, the slopes of the curves n Fig. ga,_ where the and density. However, because the relative properties of the
wear is caused by thﬁ cuttmg—cr?]cklngr;] mechanl_sm lf)eca_u;]sqube and particle materials remain constant during the me-
?h:SZO;’ are gednherg y great;;r t. ant: ose mgl;g. 9b wit chanical erosion in the present erosion system, the ratios of
puttering-adhesion mechanism becausesur. the corresponding material parameters, such as the ratio of
the tube hardness to that of the particle, do not need to be
3.5. Evaluation of erosion wear regarded as the variables in the dimensional analysis. In ad-
dition, the environmental humidity and temperature in the
The above discussion has shown the mechanisms of thepresent erosion system are also constant, and thus, their ef-
boiler-tube deformation under mechanical erosion and the fects can be ignored. The dimensional formulae of the above
gualitative dependence of wear upon various erosion condi-variables are listed in Table 3, where only the particle den-
tions. Due to the complexity of the erosion process, it is dif- sity p and tube hardnedd are taken as the material vari-
ficult to get a theoretical solution to quantitatively describe ables because the former is related to the impact energy of
the variation of erosion wear. However, recent success in thea particle and the latter represents the plastic deformation
modeling of precision polishing of plastic lenses [18] using property of the tube material.
dimensional analysis, which also involves material removal The w-theorem of dimensional analysis can be used to
by irregularly shaped abrasives, suggests that it is possibleform all the independent nondimensional products. In the

to obtain an empirical relationship for an approximate eval-
uation of the boiler-tube erosion.
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Table 3

Dimensional formulae of the erosion variables

Erosion variable Symbol Dimensional
formula

Erosion wear (mass loss) & [M]

Erosion time T [T

Particle velocity \% [LT-Y

Particle concentration (mass of par- c ML~

ticles per unit volume in air-stream)

Particle collision angle o 0

Average diameter of a particle d [L]

Hardness of the tube material H ML-1T-9

Density of the particle material o [ML —9]

present case, as shown in Table 3, there are eight erosion

variables and three primary units that are mass [M], length
[L] and time [T]. However, the collision angle is al-

ready dimensionless. This means that there exist only four
independent nondimensional products that need to be con
structed from the seven remaining variables. A standard

dimensional analysis using the dimensional formulae in
Table 3 leads to
c d % )

=1 (G v v
—_— f —_— Y, Y, o
pd3 o t/H/p VH]p
wheref is an undetermined function. However, it is seen
from Fig. 3 that the relationship betweénand« can be
described by a polynomial. Thus Eq. (1) may be approxi-
mately expressed as

@

() () () (o) @

wherek, I, m, nanda; (i = 1, ..., n) are constants that
can be determined by the multivariable regression method.
A numerical calculation using the experimentally measured
data gives rise téd = 0.2,/ = -1, m = 2,n = 6,a0 =
—2.189x 1079, a3 = 2.221x 1078, ap = —4.169x 1078,

az = 2.145x 1078, a4 = 1.213x 1078, a5 = —1.540x 108
andag = 4.045x 10~°. The experimental data gather around
a straight line, as shown in Fig. 10, where the horizontal

axis is
| B 6
- (5)" ) (i) ()

Eq. (2) shows approximately the functional dependence of

the boiler-tube wear under mechanical erosion upon the ma-

jor erosion variables.

3.5.2. Relationship of wear with acoustic emission energy
From the point of view of monitoring the tube erosion of
a running boiler by the acoustic emission, it is important to
establish a direct relationship between the amount of weatr,
&, and the acoustic emission energy measuggdr-ig. 6 has
shown thatE, is indeed related to the erosion mechanisms

L. Zhang et al./Wear 250 (2001) 762-769
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Fig. 10. Master curve of erosion wear.

and thus by dimensional analysis a functional relationship
similar to Eq. (2) may also be possible. With the same con-
siderations in obtaining Eq. (2), all the variables in Table 3
can still be used provided thatin the table is replaced by
E,, that has the dimensional formula of [MI~2]. As a re-
sult, it leads to

c d 1% )

g8\ - s , O
(p WH/p VH/p
whereg is an undetermined function. Similar to Eg. (2), an
approximate expression of Eq. (3) may also be taken as

) (i) () (2)
@

wherekK, I’, i/, ” andb; ( = 1, ..., n') are constants
to be determined. Again, a numerical regression using the

En _
Hd® —

®)

Eq
Hd3

d
vH/p

1%
vH/p

c

(_

0

Dimensionless acoustic energy

1l L | S | L | R

10 100 300

Qx10%)

30

Fig. 11. Master curve of erosion energy.
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