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Abstract

The main objective of this work is to determine the various fundamental
paramctcrs involved in tho erosive wear process in 90° pipe bends, by a
stream of pneumatically conveyed suspensions of solid particles. TFrom
apprepriate analysis of the test data, a basis of correlation in terms
of the respective parameters has been established, from which the like-

lihood of erosion can be predicted.

In order to extend the potential range of variables involved in the mech-
anics of the erosion process, and to present results of practical value
to industry, two full scale pneumatic conveying test rigs were ultilised.
A low pressure test rig enabled detailed tests to be carried out in the
dilute phase range, whilst a high pressure test rig allowed tests well
into the medium phase range. The potential range of variables investi-

gated in this work was planned within the limits of each test rig.

The main variables investigated were: the inter~relating effect of particle
size on phase density, particle hardness, bend to pipe diameter ratio,
effect of phase density above a value of 8, and the corresponding inter-

relating effects of velocity and bend radius.

In all cases, the specific effect of each variable was analysed in terms
of the two primary erosion descriptors,viz mass eroded anddepth of penetra-
tion. The overall magnitude of these individual variables was separately
evaluated on the basis of bend performance, i.e. in terms of conveying
capacity and service life of the bends, from which the potential influence
of each variable, based on actual test conditions, could be assessed and

compared.

Whilst the premature failure of some of the bends tested was a recurring
feature throughout this work, a more significant feature, which hitherto
has not been reported elsewhere, is the phenomenon of rapid failure of
replacement bends. A number of potential factors have been identified. In
addition, the effect of particle degradation has been briefly considered,
and a number of definitive trends with regard to all the variables investi-

gated in this work, have been established.
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Chapter 1

Introduction to

Pneumatic Conveying




1.1 INTRODUCTION

Of all the various forms of bulk handling, the transport of dry bulk
materials in a gas suspension through a pipeline, normally termed
pncumatic conveving, is now widely accepted as a viable means of handling

a wide range of bulk solids. In the chemical industry, pncumatic conveying
is in fact the only acceptable means of handling toxic and hazardous
materials, particularly with regard to the recent introduction of the

Health and Safety at Work Act.

Since the first commercial application of pneumatic transport was
introduced in grain handling in 1892 (Bannister 1959), several different
systems have been developed and are now well established in a number of
industries such as mining, dredging, paper mills, flour milling, and
petrochemical (Zenz and Othmer 1960). New fields of applications now
include solid waste collzction and disposal (Hayden and Breidenbach 1971),
construction industry (Jones 1971), capsule transport (Simper and Baker
1973), tunnelling (Faddick and Martin 1978), sewage engineering (Maule

et al 1978), and fluidised combustion of coal (Thurlow 1978),.

Whilst much has been written on the theory of gas-solid suspension flow
in a pipeline, and despite numerous correlations which have been produced
for predicting the behaviour of two phase gas-solid suspension flow,
particularly pressure drop which is the most fundamental parameter for
design and operation purposes, no ﬁhiversally acceptable formulae have
yet been produced. This is primarily due to the complex mechanics involved
in particle-particle, particle-gas, particle-pipe interactions which are
difficult to isolate experimentally (Yang and Keairns 1976). Thus, to
arrive at an optimal design of a pneumatic conveying system, the design
approach is still largely based upon practical experience, and in this
respect, is an art rather than a science (Kraus 1965, Stoess 1970,

Mason and Stacey 1975, Scott 1978, Mason 1980).

1.2 ADVANTAGES

The principal reasons for selecting pneumatic conveying systems over other

forms of mechanical handling are briefly



1.2.1 Flexibility of application and installation,

The pneumatlic conveying pipolino is compact, and can be
quickly and easily installed along walls, cecilings or
underground in existing buildings. The system can be
designed to convey materials from and to any number of
feed points and can subscquently be modified or extended

to cater for changes in production requirements.

1.2.2 Comparatively reduced maintenance and labour costs.

A typical pneumatic conveying system contains few
working parts in continuous operation and, together with
valves and filter units, they can be concentrated at a
convenient position where they can be easily serviced,

thus reducing maintenance and labour costs.

1.2.3 Cleanliness and safety.

The materiai is transported in a totally enclosed,
airtight pipe. This means that the system can be
self-cleaning and so it can be used again for different
materials, without risk of contamination. There is no
wastage or spillage, thus health hazards due to dusty or

toxic pollutants are eliminated.

1.2.4 Relatively low capital costs and increased automation.

Whilst early pneumatic conveyors consumed more power

than conventional mechanical conveyors, there are now
several efficient and advanced systems which reduce

power costs considerably. By incorporating pneumatically
operated control valves and various signalling devices,
the conveying systems can be designed to operate
automatically, with no manual intervention and only

limited surveillance.

1.3 DISADVANTAGES

In any pneumatic conveying system, however, there are three main problems

which must be taken into account regarding the material to be conveyced:



1.3.1 Plant crosion,
The crosion of pipelines, particularly at pipe bonds,
is a major disadvantage when conveying abrasive products.
in industrial applications, wear in bends can be several
times grecater than in straight pipes. Erosion is a major
problem in the design and operation of equipment, partic-
ularly in the petrochemical industry, as well as in the
pneumatic stowing in coal mines and in the pulverised

fuel feed lines to boilers.

1.3.2 Product degradation.
Particle degradation can present a major problem when
conveying certain materials. In extreme cases,
degradation may be so severe that its flow character-
istics are totally changed. Certain friable materials
can nct be pneumatically transported, uunless the partial
degradation of the material is inconsequential to the

end use of the product.

1.3.3 Explosion and fire hazard.
Some materials, when mixed with air, are potentially
explosive and can be ignited due to the electrostatic
charge induced during conveying. This hazard can be
reduced considerably by ensuring that all piping
connections are properly earthed and explosion vents
provided in the system. However, it has been reported
(Stoess 1970) that certain combustible materials have
bcen conveved safely, and tests have shown that a local
explosion would not necessarily propagate through the

entire length of the system.

1.4 SCOPE OF WORK

The erosion of pipe bends, which is perhaps the dominant factor which
makes industry reluctant to install pneumatic conveying systems for
handling abrasive materials, is the main aim of this investigation.

The objective is to analyse thc effects of the parameters associated
with actual pipe bend erosion, in order to establish a correlation {rom

which the likelihood of erosion, and its extent, can be predicted.



Although the general problem of crosion has been investigated with specially
developed bench-type rigs (Chaptor Two), very little work has been carried
out on actual pipe bends, Whils% Mills and Mason (1976 to 1977, Chapter
Three), have probably carried out and published more work on the problem

of crosion in pneumatic conveying systems than any other workers in this
field, their research has been limited to a very narrow range of variables,
using a low pressurc conveying rig. This current programme is aimed at
extending their work and considering other variables which have not been

investigated and which are of direct relevance to industry.

Two existing full-scale pneumatic conveying plants have been used in this
work. One is a conventional low pressure rig which has seven 90o bends

in the 54 m long, 50 mm bore test section. This rig was used to investigate
the influence of particle hardness and the effect of particle degradation
caused by continuous recirculation of the material. An entirely new test l-~op
was incorporated into tkis plant and, together with the existing test loops,
the influence of bend radius was also investigated. An entirely unexpected
phenomenon of the rapid failure of replacement bends in the course of this
test series was observed, and the causes analysed. This effect has

hitherto never been reported and the results obtained are of direct import-

ance to industry, with regard to replacing worn bends with new ones.

A high pressure conveying rig, which could be linked up with three
existing different test loop configurations, was also utilised. With high
pressure air available, conveying was possible in a totally different mode.
Tests were carried out to investigate the influence of higher phase

densities, and correspondingly lower air velocities, using this rig.

1.5 PUBLICATION POLICY

It has been the author's intention to publish the work reported in this thesis

which are of direct relevance to industry. For this purpose, some of the work

presented here has already been presented at various conferences, and further

work will be offered for publication in the near future.

A paper, based on Chapters One, Two and Three, entitled "The Erosion of
Pipe Bends in Pneumatic Conveying Systems'" was presented at an Institution
of Mechanical Engineecrs Conference on 'New Developments in the Transport of

Particulate Solids' (1979). Full details of all the papers prescnted

arc given in Appendix C.



Chapter 2

A Literature Survey on

Solid Particle Erosion




2.1 INTRODUCT ION

Solid particles, entrained in a moving fluid, are a common occurrcnce
in many industrial processes. The impact of these particles, often at
high velocities, on a surface lcads to a form of wear categorisecd as

'solid particle erosion', or generally, 'erosion'.

Apart from pncumatic conveying systems, erosion also occurs in many
industrial operations. In the chemical process industry erosion is
particularly severe in the equipment used for the catalytic cracking
of 0il (Stoker 1949, Finnie 1959), and in coal gasification plants

(Hall 1974, Dapkunas 1879).

In power plants erosion frequently occurs in boiler tubes exposed to
pulverised fuel ash (Sterens 1949, Raask 1969), and on heat transfer
tubes resulting from jet impingement in fluidised bed steam generators

(Vaux and Newby 1978, Wood and Woodford 1979).

In turbomachinery erosion occurs in the compressor blades of gas turbine
engines in helicopters, hovercraft and VSTOL aircraft due to dust
ingestion (Montgomery and Clark 1962, Goodwin et al 1969), and in turbine
blades due to the presence of fly ash, which is formed as a by-product

in the combustion process (Grant and Tabakoff 1975, Tabakoff et al 1979).

Erosion is also a problem in industrial fan equipment, particularly in the
mining industry, due to abrasive dust particles in the environment

(Wallis 1975).

In the aerospace industry erosion is particularly sericus in rocket

motor tail nozzles, due to solid propellants (Neilson and Gilchrist 1268b,
de Morton 1977), and on missiles and rockets due to atmospheric particles
and rain droplet impacts encountered in hypersonic flight (Lorenz 1970,

Siegelman and Pallone 1978, Letson 1979).

On the credit side, erosion can be harnessed usefully, as in sandblasting,
shot peening, rock drilling (Finnie and Oh 1966), ultrasonic cleaning,
sputtering, spark machining (Precece and Macmillan 1977), and ion
implantation (Dearnaley 1980). Recently, a new technique of cutting
steel by adding airasives to the high pressure water jets, has becn

reported (Anon. 1980).



Thc common occurrence of erosion in such a wide and diverse range of
industrial situations is a matier of considorable cngineering and economic
importance. Erosion is a very cxpensive problem. About 8% of wear
cncountered in industry is due to erosion (Eyre 1078), and wcar as a

whole is perhaps the most predominant cause for mainterance breakdowns

in industry (Bahadur 1978).

Thus, it was the economic importance of wear in general, and crosion in
particular, that lcd to numerous studies of the mechanisms of erosion
from specially developed erosion testing apparatus during the past two
decades. These rigs were designed to simulate ercosion of a target
surface material by a stream of solid particles. Tests were carried out
under controlled conditions and the respective effects and influences

of the various particles and target materials over a range of particle
velocities and impingement angles were analysed. From these observations
several theoretical models were postulated, and empirical mathematical

expressions developed.

A survey of solid particle erosion literature by the author has revealed
that .the erosion process had been studied from several points of view

by different investigators. Some have been of a general nature, with a
view to gaining a better understanding of the basic operative mechanicms
of erosion, whilst others have been undertaken to satisfy a very specific

need for a particular application.

2.2 THE MECHANICS OF =ROSION

Solid particle erosion is a highly complex process. To date, there is
still no general agreement concerning the number and relative importance
of the various parameters, and to what extent each affects erosion. This
is due to the many interdependent variables which restrict any precise,
quantitative amalysis, and the resultant experimental data does not permit
any valid comparison and correlation between the data reported from

various sources,

However, considerable progress had been made in recent years in gaining

a basic understanding of the mechanics of the erosion process. The
paramcters of significance involved in solid particle erosion, determined
from analytical studies and bench type erosion tests (Tilly 1969, 1979,
Finnie 1972, Uucmois and Kleis 1975, Ruff and Weiderhorn 1979), arc also



of importance in the erosive wear process in pneumatic conveying (Mills and
Mason 1975)., They have also beon shown to be of importance in hydraulic
conveying (Truscott 1975). Thesc factors can be generally summarised into

three broad catcgories :-

2.2.1 Impacting Particle Parameters
2.2.1.1 Particle size,
2.2.1.2 Particle shape,
2.2.1.3 Particle hardness,
2.2.1.4 Particle friability,

2.2.2 Impact Parameters
2.2.2.1 Angle of impact,
2.2.2.2 Particle velocity at impact,
2.2.2.3 Particle rotation at impact,
2.2.2.4 Particle concentration,
2.2,2.5 Properties of the carrier gas,
2.2.2.6 Test temperature,
2.2,2.7 Duration of exposure.

2.2.3 Target Material Surface Parameters

.3.1 Surface properties,
.3.2 Surface hardness,
.3.3 Surface thermal properties,

.3.4 Surface strain rate sensitivity,

NN ONONN
NN N NN

.3.5 Surface stress.level.

With such an extensive range of potential variables, many of which are
inter-related, it is extremely difficult to isolate and investigate the
individual effects in detail experimentally. In most cases, only a few
parameters were considered, and others neglected. This probably explains
why many investigations contain general conclusions, based either on
limited research materials, or without considering all the factors

involved (Finnie 1972, Uuemois and Kleis 1975, Adler 1979).

Reviews of the current state of information on solid particl: erosicn
have appeared recently in several sources (Finnie 1972, Uuemois and Kleis
1975, Engel 1976, Preece and Macmillan 1977, Hutchings 1979b, Tilly 1979,
Ruff and Weiderhorn 1979, Adler 1979), and on erosive wear in pneumatic
conveying by Mills and Mason (1975). Togecther with earlier sources
(Finnie 1960, Wellinger and Uetz 1963, Finnie et al 1967, Tilly 1969),

the statce of understanding on solid particle erosion has been adequatcely

7.



reviewed. In this scction, thercforo, only the central fecatures of the
respective influences of the various paramelers which are likely to be

applicable to the erosion process in pneumatic conveying, are discussed.

2.2.1 Impacting Particle Parametors

Properties of the impacting particle, such as size, shape and
hardncss, are major indicators of the potential crosiveness of

the material to be conveyed.

Tilly and co-workers (Goodwin et al 1969, Sage and Tilly 1969,
Tilly 1969 and Tilly and Sage 1970) found that a critical
particle size exists, above which erosion is not influenced by
size, and this value appears to increase lincarly with velocity
(Fig. 2.1). Kleis (1969) also found a similar dependence with
larger particles . In addition, different materials were also
found to-eshibit different types of size dependence. However,
Tilly (1969) pointed out that there is also an 2:rodypamic
effect, where particles less than 20 um may be deflected around

the target without impacting (Fig. 2.2).

Particle shape and hardness are closely related. Sharp, angular
particles are potentially more erosive than rounded or spherical
particles (Finnie 1960, Tilly 1969) , and the hardest particles
tend to have the sharpest profiles. 1In tests on mild steel at

low velocities, 100 pum quartz was about ten times more erosive

than similarly sized glass spheres (Raask 1969). Tests carried

out on 11% chromium steel with sand at 130 m/s and 90O impact

angle by Goodwin et al (1969) confirm that erosiveness is dependant
upon hardness and, by inference, on sharpness. Mills and Mason
(1975) pointed out that sharpness can also vary with the history
of the product in pneumatic conveying. A recirculated or used material
will have a2 more rounded profile than a freshly prepared material
of the same composition. Wellinger and Uetz (1963) also found a
strong dependence of erosion on both particle hardness and
sharpness, Fig 2.3 shows that there is also a similar critical
particle hardness value above which erosion is not dependent on
particle hardness. A similar trend in the field of abrasive wear,
which is closely related to cerosive wear (Mills and Mason 1975) is
also reported by Khruschov (1974) and, in terms of a critical

particle size, by Rabinowicz et al (1961) and Nathan and Jones (19GG),
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using a rangc of abrasive grits on various metals and alloys.

The effect of particle fragmentation, and hence the degrec of
degradation, has received little attention apart from Tilly (1973),
who found that a major role in the erosion process is played by
particle fragmentation. -This process involves a threshold velocity
and particle size below which damage does not occur, and that it

is also dependent on the surface material. TFig. 2.4 (Tilly and

Sage 1970) shows that surface material could be an important factor
with regard to reducing particle degradation, particularly at pipe
bends in pneumatic conveying systems. This is important because
particle degradation can cause serious problems in pneumatic

conveying by virtue of the changes in particle shape and particle

size distribution. Apart from quality control with friable materials,
the increase in 'fines' can affect the flow characteristics of a
product. Degradation can change a free-flowing powder into omne

which can only be handled with difficulty, and is also

shown to be a factor in the premature failure in pipe bends (Mills

and Mason 1976¢). Uuemois and Kleis (1975) found that the abrasiveness
of the particles also depends to a considerable extent on the impurity

and water content.

Recent studies (Ives and Ruff 1978) have focussed attention on the
effect of particles embedding into surfaces due to particle
fragmentation upon impact during erosion. Examination of the

target material subsurface microstructure has revealed a significant
amount of particle embedding. This results in an initial 'incubation'
period before steady state erosion rate develops, and confirms the
incubation effect reported previously by Neilson and Gilchrist (1968a),

Behrendt (1970)(Fig. 2.5), and Tilly and Sage (1970).

2.2.2 Impact Parameters

The primary impact parameters which strongly influence the erosion
process are angle of impact and velocity. Comparatively small
changes in these parameters can produce significant variations in
the magnitude of erosion, whilst the other secondary parameters
such as temperature, properties of the carrier gas, etc., have

little effect.

.10,
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The variation of erosion with impact angle is perhaps the best starting
point to an understanding of tho mechanics of the crosion process. Tig.
2.6 shows the effects of impact angle and surface material. Maximum
erosion for aluminium occurs at around 200 and then falls to about onc
third of this value at normal impact. For aluminium oxide, erosion
rises monotonically to a maximum at 90° impact. The behaviour of
aluminium is typical of ductile metal and that of aluminium oxide of

a brittle material. These characteristic ductile and brittle modes

of erosion are well recognised in solid particle erosion literature.
However, not all materials strictly conform to these patterns; for
example, highly hardened carbon steels (Finnie 1960) and certain alloy
steels (Gulden 1979) may exhibit both types of behaviour. Also, under
certain conditions, a nominally brittle material may erode in a

characteristically ductile manner due to the particle size effect,

(Fig. 2.7) (Sheldon and Finnije 1966a).

The sharp distinction between these two different modes of erosion
indicates distinctly separate mechanisms of material removal in each
case. For ductile erosion the process is predomiuantly due to plastic
deformation, an for brittle erosion it is mainly due to the propag-
ation of fractures into the material surface. A characteristic
feature of ductile erosion is the presence of ripples on the surface
erosion pattern at low angles of impact (Finnie and Kabil 1965,

Sheldon and Finmnie 1966b).

In pipe bend erosion the magnitude of the influence of impact angle
is determined by the intersection of the path of the particle
trajectory preceding from the straight pipe to the outer bend wall
surface., This is, in turn, determined by the bend geometry, usually
defined in terms of bend to pipe diameter (D/d) ratio. The influence
of D/d on impact angle has been extensively investigated by Brauer
and Kriégql (1964, 1965a.,h), Kriegel (1970) and Glatzel (1977), and

will be discussed in detail in Chapters Three and Eight.

Of all the paramecters involved in the erosion process, velocity is
probably the most important. Numerous investigations have been carried
out on the effects of velocity, and over a range of velocities the

results can be expressed in the form -

n
erosion = constant V

where V is the particle velocity. The exponcnt, n, has been found

12,
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to vary from 2.0 to 3.4 for ductile metals, and from 2.0 to G.5 for
brittle materials. The substantial variation in the velocitly oxponont
is attributed to the wide varioty of experimental conditions under
which they werc obtained (Precece and Macmillan 1977) and also due to
the accuracy of the tegting facilities themselves (Wolak et al 1877,
Adler 1979). However, the general conscnsus of opinion is that, for

ductile materials the exponent, n, lies between 2.3 and 2.4 (Tilly

1879) and is shown to be independent of the type of material (Fig. 2.8).

However, detailed studies have found some dependence of the velocity
exponent on other inter-rclating parameters. Sheldon (1970) reported
that the velocity exponent for steel scemed to exhibit a size effect,
whilst copper and aluminium seemed to be independent of particle
size. Goodwin et al (1969) found that, for small particles, n is
equal to 2.0, but for sizes above 100 ym it is around 2.3, and this

increase is attributed to the degree of fragmentation.

From single particle impact studies, Sheldou and Kanhere (1972) found
a small difference in the velocity dependence of erosion between
uneroded and previously eroded surfaces. Hutchings and co-workers
(Winter and Hutchings 1974, Hutchings and Winter 1974, 1975) reported
that a threshcld velocity is required before material is removed

from the surface, and the mechanism of the removal process itself is
dependent on the particle shape, particle rake angle and particle
rotation at impact. The threshold velocity is also substantiated

by Ives and Ruff (1978) based on scanning and transmission electron
microscopy methods on stainless steel and copper specimens subjected

to erosion by 50 um angular A120 and glass particles at 59 m/s.

3
Ruff and Weiderhorn (1979) also reported that the velocity exponent

is dependent, to some degree, on impact angle ar- temperature.

The range of velocities used in these solid particle erosion tests,
generally :within 35 to 600 m/s, is well above the low range of
around 5 to 30 m/s encountered in typical pneumatic conveying
situations. A more suitable and convenient parameter for pneumatic
conveying is the conveying air velocity, rather than the particle
velocity. Particle velocity is essential in solid particle erosion
tests but, provided that for a given air velocity the particles are
accelerated to their terminal velocities, conveying air velocity is

a satisfactory substitute parameter (Mills and Mason 1975).

.14,
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Finnio (1962) rcportcd that tho erosion in a pipe is observed to
increase considerably with only a glight incrcasc in fluid vclocity,
and predicted that the velocity exponent in terms of fluid velocity,
is equal to four., This exponent is substantiated by Grant and
Tabakoff (1975) using quariz particles on an aluminium target, but
only at normal impacts, by taking the aerodynamic effects into
consideration. Laitone (1979) found the increasc in the velocity
exponent is a direct result of aerodynamic effects due to the
deflection of the particles around the target, as reported earlier

by Tilly (1969 ).

The effect of particle concentration has received little attention
apart from limited studies specifically carried out on gas.turbine
and aero engine erosion by Montgomery and Clark (1962), Wood and
Espenchade (1964) and Tilly and Sage (1970). In these studies,
particle concentration is expressed as mass of dust per unit volume
of‘suspension, or per unit area per second (Tilly and Sage 1970).
Conflicting results were reported and, as these were either due to the
narrow limits of particle concentration studied or within the ranges
of concentration, the concentration effect is negligible (Uuemois and
Kleis 1975). The effect of particle concentration is closely
related to the velocity, particle size and impact angle and, in
general, erosion is reduced as particle concentration is increaced

(Tilly 1979).

In pneumatic conveying Mills and Mason (1975) reported that particle
concentration is an important variable in the erosive process in

pipe bends and it is more convenient to use the term 'phase density',
which is the ratio of mass flow rate of material conveyed to the

mass flow rate of air. This is more appropriate to pneumatic conveying
situations, for it is a dimensionless quantity and its value remains
constant at any section of a pipeline, unlike particle concentration

which varies with density, and hence with air pressure.

Mason and Smith (1972) were probably the first to carry out industrially
orientated tests on pipe bend erosion to assess the relative effects

of velocity and phase density. 25mm and 50mm square section perspex
bends were subjected to erosion by a stream of pneumatically conveyed
suspensions of 63 um alumina particles. The flow and wear patterns
around the bend were visually observed and, instead of the usual

convention of measuring erosion in terms of mass or volume removod,

.16,



they expressecd erosive wear rate in terms of mass conveyed per unit
depth croded. They found that, over the range of velocitics
.investigatcd from 29 to 85 m/s, the erosive wear rate could be

expressed in the form -

225 1-36

erosion <« velocity x phase density—

This expression clearly showed that velocity and phase density

are inter-related parameters,

Mills and Mason (1976 to 1977) investigated the erosion of pipe bends
using a full scale test rig. Tests were carried out over a range of
air velocities from 15 to 32 m/s, and phase densities from 0.5 to
8.0. They found that the velocity exponent, in terms of mass eroded,
was consistently at 2.65 over this range of velocities. However, in
terms of conveyipg capacity, the exponent, based on depth of penetr-
ation, is 5.5. Since mass flow rate is directly proportional to
velocity, the exponent in terms of bend life is even higher, at 4.5.
The influence of phase density on erosion was found to be consider-
ably affected by the condition of the conveyed material. The overall

results of their work are discussed in detail in the next chapter.

Apart from these major parameters, which play a significant role imn
the erosive wear process in pneumatic coanveying, the other impact
parameters, such as properties of the carrier gas, temperature and
duration of exposure, have received little attention. Finnie (1972),
however, commented that these parameters have little significant

effect on the overall erosion process.

2.2.3 Target Material Surface Parameters

The effects of material properties on erosion have also been studicd
by numerous investigators in order to provide a basis of correlation
between the erosion resistance of a material to some form of

material property such as hardness or modulus of elasticity.

In Finnie's theoretical analysis of ductile erosion(Finnie 1958, 1960),
he predicts that the erosion resistance is inversely proportional to
the flow stress of the material, which is directly related to its
indentation hardness. Experimental results (Finnie et al 1967) for

a wide varicty of technically pure metals and heat treated steels

were given (Fig. 2.9). For pure metals, the volume removed was

.17,
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inverscoly proportional to the annesled surface hardness, and the bee
metals (Fe, Mo and steels) typically erode two to threc times more
rapidly than fcc metals of gimilar hardness. This wac attributed

to the presence of swmall amounts of impurities which raise the initial
yield stress, and thus the hardness, of bec metals. No increase in
the resistance to crosion was found when the stcels werc heat trcated
or by raising the hardness of fcc metals (Ni, Cu, Ag and Al) by cold
working (Fig. 2.10). This is in contrast to the work by Khruschov
(1957, 1962) on abrasion tests who showed that, whilst work hardening
had no c¢ffect on abrasion resistance, heat treatment of steels did
increase the resistance to some degree. However, the lack of

improved erosion resistance through cold working and heat treatment

of alloys was also substantiated by Smeltzer et al (1970).

Further work by Sheldon (1977) on other pure metals, aluminium and
copper-nickel alloys, found that a better correlation to erosion
resistance is the rmicro-indentation hardness based on fully wozrk
hardened surfaces rather than on annealed hardness (Fig. 2.11).
However, Ruff and Weiderhorn (1979) suggest a more suitable quantity
would be based on dynamic hardness, which is a more appropriate
variable for characterising the erosion of either ductile or brittle

materials,

Recent work by Raask (1979) on a range of commercially available
steels fourid that, for steel alloys, there was a non-linear inverse
relationship between the erosion wear rate and hardness (Fig. 2.12).
He suggested the use of refractory materials with low porosity and
strong grain to grain bond properties, to reduce erosion at oblique
angles of impact. A similar non-linear relationship for steels was

also reported earlier by Wood and Espenschade (1964).

p— )

In pneumatic conveying pipelines information of this nature on the
hardness of materials, should provide a reliable guide to the relative
erosion resistance of bend materials for the conveying of abrasive

products.

Other attempts to correlate erosion resistance have beca based on
the thermal-mechanical properties of the materials. Smeltzer et al
(1970) reported metallographic evidence of local melting at the
surface during erosion, and correlated erosion as a function of
melting temperature of the material, Ascarelli (1971) introduced a

thermal pressure quantity, being the product of thermal expansion
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coefficient, melting point of thoe matorial and bulk modulus, and

corrclated this quantity with the orosion data produced by Finnie

ct al (1967). Hutchings (1975) proposed that an

improver

correlaiion could be obtained by correlating volumetiric erosion witih

the product of specific hecat of the eroded surfacce, its dencity and

the temperature rise required for wmelting, and also replotted

Finnie's data to support his contention (Fig 2.13). Vijh (1976,

1978) postulated that an even better correlation would be one based

on the interatomic bond energy. Howecver, whilst

there is some

success with these corrclations based on pure metals, the predictive

ability of thesce parameters for alloys has yet to be investigated.

Brauer and Kriegel (19G5a) investigated the erosion of a variety of

ductile and brittle materials, and found that erosive wear can be

correlated to the elastic modulus of the materials (Fig. 2.14).

Other investigators proposed that the material behaviour during erosion

is unique, and that there exists no common material property such

as hardness or modulus of elasticity that can be

the erosion process. Thus, Thiruvengadam (19G6)

used to describe

introduced the

-concept of erogion strength to relate the erosion resistance of a

variety of engineering materials to the strain energy of the material

(Fig. 2.15), although the basis of his experimental evidence was

based on cavitation erosion. Kricgel (1968) proposed a quantity

called 'wear stress', which is not entirely unique but is a function of

yield strength and fracture strength of the material. However,

Sheldon (1970) pointed out that these correlations, which are

essentially based on strain energy, are only valid for comparing

ductile or brittle materials, but not one with the other.

Other material properties such as strain rate sensitivity and stress

level have received little attention, but Finnie

that residnal stresses had no effect on erosion,

(1972) reported

and Ruff andWiderhorn

(1979) stated that strain rate effects need further study.

2.3 THE MECHANISMS OF EROSION

To date several thcories on the mechanisms of ductile
proposed. These can be broadly classified (Hutchings
which are 'mechanical', in which impact stresses lead
fracture of the material and its consequent removal,

in which surface melting is postulated as a result of

.21,
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roloascd on impact, with metal being removed in the form of molten droplots.

2.3.1 Mechanical Theorics

FYoremost amongst the proponcents of mechanical theories is that of
Finnie (1958, 1960, 1972), who developed semi~cempirical models based
on the concept that a significant proportion of the kinetic energy

of each impactiing particle will be absorbed by the target material,
resulting in surface material rcmoval as a cutting or micro-machining
process. Whilst his theory successfully accounts for brittle crosion
(Sheldon and Finnie 1966b), his predictive model for ductile erosion
is valid for rigid particles greater than 100 uym and only at oblique
angles of impact, since his model postulated that no material

removal would occur at nermal impact. This was contrary to experimental
evidence and empirical correction factors were proposed to imnrove
the predictive ability of the model. Furthermore, his model predicts
that the velocity cxponent is equal to Z, which is again contrary

to experimental results. A modification of his original analysis for
a velocity exponent greater than 2 and variable with respect to

impact angle, was recently provided (Finnie and McFadden 1978).

Bitter (1963a, b) modified Finnie's analysis to account for the
erosion at normal impact. He hypothesised that an additional
mechanism apart from cutting wear was operative during erosion at
high impact angles (Fig. 2.16). This was termed deformation wear,
which is a process of strain hardening and subsequent embrittlement
of the ductile target. However, his model contains two important
wear descriptors which must be obtained experimentally. Neilson and
Gilchrist (1968a) further simplified Bitter's analysis and provided
a purely empirical scheme for fitting the experimental data. Again,
—=n

erosion tests must be performed to determine some of the parameters

involved in the models.

In contrast to Finnie's single stage micro-machining model, Tilly
(1973) proposed a two-stage erosion process based on single particle
impact studies. The first stage is the formation of an indentation
and possibly the removal of a chip of metal. The second stage is the
fragmentation of the particles upon impact, causing further material
removal by the scouring action of these fragments. Tilly found that,
although sccondary erosion caused by these fragments was at a minimum
alt low impact angles and maximum at normal impact (Fig. 2.17), it

does not fully account for the target volume loss at normal impact.
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Recent single particle impact studies by Hutchings and co-workers
(Hutchings 1974, 1977, Hutchings and Wintor 1974, 1975, Winter and
Hutchings 1975), have provided dotailed insights into the mechanism
of material removal. Using relatively large steel balls and

various irrcgular projectiles on a variety of ductile metals, they
identified two mechanisms‘of material removal, depending on the
particle shape and particlce rotation. Ploughing deformation has
been observed at oblique angles of impact by spherical or angular
particles which can lead to material removal. Cutting deformation
is exemplified only by the impact of angular particles and is further
categorised into Type Y or Type II cutting (Fig. 2.18). Type I
cutting occurs when a forward rotation is imparted to the particle
upon impact and Type II cutting when backward rotation occurred.
Type I cutting plays a predominant role compared to Type II cutting
which is a true machining process, and occurs only at a narrow range
of rake angle from 0 to —170. Based on metallographic studies of
the impact crater sites caused by ploughing and Type I cutting
mechanisms, they found that in both processes an overhanging 1lip
(Fig.2.18 ) is produced at impact and is subsequently removed by a
process of adiabatic shear., Finnie's analysis did not allow for
particle rotation and the conceptual model in his analysis would be
based on Type I cutting as defined by Hutchings. Hutchings pointed
out that all three forms of deformation are operative in multiple
particle impact erosion at low impact angles. However, Adler (1979)
comnented that Hutchings' models are highly idealised and require
further modifications before they may adequately reproduce the

volume removal rates as obtained in practice.

Head and Harr (1970) employed statistical techniques in their
development of predictive models of erosion. Dimensional aﬁiiysis

was used to identify the physical variables involved and empirical
models, based on their expcrimental data, were postulated. However,
its predictive ability under untried conditions is limited. Head

et al (1973) later modified the original model and introduced another
empirical variable but, due to the large number of parameters involved,
its application is relatively limited. Moreover, the model proposed
is simply a statistical correlation of experimental data obtained

without any provision for the mechanism of material removal involved.

.25,



0 : impact angle

B : rake angle

Ploughing D-formation

by a sphere

Type 1 Cutting
(Forward Rotatio

Type 11 Cutting
(Backward Rotation)

Impact Direction - Left to Right

FIG. 2.18 Modes of Material Removal according
to Hutchings and co-workers.

.26,



2.3.2 Thermal Mechanisms

Proponconts of thermal mechanisms of erosion tend to cmphasige tho
correlations observed between crosion rates and thermal propertics

of the material.

Smeltzer el al (1970) were amongst the first investigators to propose
predictive erosion models bascd on changes in the thermal regime of
the target material. Based on purportedly metallographic evidence

of the local melting point of several alloys at the target surface
during impact, they postulated that, in a general deformation process,
up to 95% of the external energy was dissipated by heating and
melting at impact, whilst the remaining energy produced mechanical
work. In addition, they estimated that the available kinetic energy
per impacting particle was sufficiently high to melt the volume of
material removed per impacting particle., Thus, on this basis, they
proposed two mechanisms of material removal; melting of the surface
followed by splattering of the molten material, and bonding of
solidified material to embedded particles which are removed by
subsequent impacting particles. Predictive modelc were developed
based on these thermal mechanisms, but erosion tests must be performed
to evaluate certain parameters involved in these models. Although
evidence of target melting was also reported by Jennings et al (1976),
they found that, in addition to thermal mechanisms, mechanical
mechanisms in terms of kinetic energy input are also operative in the
erosion process, although the relative contribution of each class of

mechanism to the total volume removal is unknown.

Ascarelli (1971) also introduced the concept of target melting as
suggested by Smeltzer et al (1970), but no specific mechanism of
material removal is postulated in his correlations, cxcept that the

melted material is removed by a stream of impinging particles.

Hutchings (1979b) commented that whilst some temperature rise in the
target material adjacent to the impacting particle must be expected,
he estimated that, if 80% of the kinetic energy of a 3.5g projectile
at 100 m/s is dissipated at impact on a mild steel target, the
temperature rise of the target would be about SOOOK. This rise is
high, but not grcat enough to cause local surface melting. Thus,

he postulated that the fundamental mechanism operative in ductile
erosion is primarily mechanical, with melting playing only a subsid-

iary role in aiding the material removal process.
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2.4 CONCLUSIONS

This brief literature survey on solid particle crosion clearly shows

that the mechanics of the erosioh process are highly complex., The majority
of these studics either seek to relate erosion, in terms of mass or volume
loss, to some particle and environmental parameters, or seek to relatc
erosion resistance of various materials to some simple material property
of the target material itself, Consequently, several mechanisms of
erosion have been postulated. It is obvious that there is no single or
universal mechanism of erosion which can adequately explain the phenomena

of material removal, and it is probable that several mechanisms arec

operative simultaneously in the erosion process.

Whilst much useful information has been obtained from these studies, their
applicability to predicting the erosion of pipe bends in pneumatic conveying
is strictly limited. Thus, there is a need for tests to be carried out
with an actual pneumatic conveying rig in order to investigate the erosive

wear process in pipe bends.

Some general tests on pipe bend erosion have been reported, but the results
obtained are restricted to specific purposes. Recently Mills and Mason
have carried out extensive tests on pipe bend erosion and their results,
together with the results of others in this field, are reviewed in the

next chapter.
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Chapter 3

A Literature Survey on

Pipe Bend Erosion




3.1 INTRODUCTION

In. the erosive wear process in pnoumatic conveying, a considerable number
of variables are involved. Whilst most of these variables are similar to
those involved in general solid particle erosion, there are considerable
differences between the importance and magnitude of the relative effcctls

of these variables in both processes. As mentioncd in the preccding
chapter, some parameters arc not applicable to pneumatic conveying whilst
others, which have little effect in other solid particle crosion situations,
play an important role in the erosive wear process in pneumatic conveying.
In addition, there is a group of variables specifically associated with
bend geometry and these have not been investigated in the more general

solid particle erosion studies.

Whilst information from general solid particle erosion studies helps in

the understanding of the erosion process, the mechanics of the erosive

wear process in pneumatic conveying is quite different. Thus, it is
appropriate to emphasise once again the factors which are primarily involved

in the pneumatic conveying erosion process in the following section,

3.2 THE FACTORS INVOLVED IN BEND EROSION

Erosion in pneumatic conveying systems occurs predominantly in pipe bends.
Mills and Mason (1975), in a comprehensive review of literature on erosive
wear in pipelines, have grouped these factors involved into three broad
categories. These are associated with the kinematic impact variables of

the impacting particles, properties of the surface material, and the geometry

of the bend.

3.2.1 Kinematic Faciors

These are associated with the crosive action of the

particles, which depends upon

3.2.1.1 Hardness and strength of the particles,
3.2.1.2 Particle rfize and shape,

3.2.1.3 Velocity of the particles,

3.2.1.4 Solids to gas ratio or phase density.
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3.2.2 Material TFactors

These arc associated with the erosion of a surface by the

particles, which depends upon:

3.2.2.1 Nature of surface,

3.2.2.2 Direction 0f the particle relative to impact.

3.2.3 Bend Geometry PPactors

These are assocliated wilh the geometry of the bend, which

can be varied in terms of:

.1 Shape and size of the pipe,
.2 Bend radius,

3.2.3.3 Bend angle,
4

3.2.3. Orientation of the bend.

The relative effects of the variables in the first two categories have
been investigated in detail from simulative studies carried out with
bench tvoe erosion apparatus. Those associated with bend geometrv can
onlv be satisfactorily studied from an actual pneumatic conveying test
rig. Whilst several predictive models have been postulated from numerous
solid particle erosion studies, there is relatively little information
regarding actual pipe bend erosion models. This lack of information

is primarily due to the inherent difficulty of obtaining sufficiently
accurate quantitiative data from iqdustrial plants (Mills and Mason 1975,
Truscott 1975). Although some studies have been carried out in the past,
there are still no general predictive bend erosion formulae available for

design purpoces.

3.3 FULL SCALE EROSION TESTS

The transport of solids by means of pipelines is usually economical if
large quantities of materials are conveyed continuously. To a large extent
the continuous flow of materials is highly dependent upon the service life
of the pipelines. Apart from the operational costs of running the systemn,
one of the major costs involved is the replacement of worn pipes and

bends, which may necessitate a partial or even complete shutdown of the
whole plant. As bends are a common feature of both pneumatic and
hydraulic conveying systems, and are particularly vulnerable to crosion,

a number of studiecs have been carried out recently on the mechanics of

bend erosion using full scale test rigs.
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Most of the early work on crosion was on hydraulic conveying, particularly
with regard to the {ransportation of abrasive slurries(Worster and Denny 19355,
Tu;caninov 1962, Braucr and Kricgel 19G4). Apart from the problem

of bends and pumps (Truscott 1972), there is also considerable wear in the
pipeline itself, duc to the enormous lengths and capacities of the
installations. Marcus (1980) reported that pipelines up to 1000 miles for
transporting coal, with a capacity of 25 million tons per year in a 38 inch
pipe, are presently being built in the United States. Although the flow
velocity in hydraulic conveying is generally not more than 3 m/s, which

is low compared to the range from 5 to 30 m/s in pneumatic conveying, the

erosion processes in both systems are closely related (Mills and Mason 1975).

3.3.1 Review of Experimental Studies

Apart from the recent work of Mills and Mason (1976 to 1977) which
is considered in detail in a later section, information regarding
experimental work on bend erosion in pneumatic conveying is relatively
limited. Table 3.1 lists the essential data obtained by some of these

investigators.

Dolganov and Stejnberg (1966) reported the wear of 45° and 90o bends

by a stream of highly abrasive ferrovanadium concentrates. They found
that, for the two phase densities considered, the specific erosion, in
terms of mass loss per unit mass of material conveyed, was approximately

double in 90O bends compared with those in 450 bends.

Kriegel (1970) carried out a series of tests on perspex pipe bends

and elbows. Steel sand was used as the conveyed material and the
relative effects of diameter ratios and bend angles were investigated.
In terms of diameter ratios (D/d), a maximum penetration rate was
found to exist at a D/d of 6.5 (Fig. 3.1). This is comparable to the
results reported earlicr by Brauer and Kriegel (1964) on hydraulic
transport of ore, where a pronounced maximum occurred at a D/d of

5.6, although the bends were of mild steel (Fig. 3.2). 1In both cases
either elbows or long radius bends were recommended in order to avoid
the rapid wear of bends with D/ds in this region. Kriegel (1970) also
substantiated the results reported by Dolganov and Stejnberg (1966)

on the influence of bend angle on erosion (Fig. 3.3).

Bikbacv et al (1972, 1973) reported a series of tests carried out
over a rangc of particle velocities and phase densities, on the

cffecet of bend radii on nenetration rate. For a constant D/d vparticle
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TABLE 3.1 Dctails of Empirical Data on Bend Erosion

-
*Dolganov Bikbacv Mason Mills
Source and *Kricgel ot ul and and *Glatzel
Stejnberg ate Smith Mason
(1966) (1970) (1972,1973) | (1972) (1975t01977) (1977)
3 1' 1 ’t 2y
Pipe diameter 50 ? 50 25;50 50 34
(d) - mm
biameter 7.2 0;4 to 13 | 4.8 to 18 | 20;12 5.6 0;3.7tol7
Ratio (D/d) ' ’ . > . ;3.7to0
d Angl
Bend Angle 45;90 15 to-180 90 90 90 90
(4) - deg.
Bend Wall
Thickness ? 4.5 ? ? 4.0 3.0
(s ) -— mn
w
Bend steel erspe 11 rspe ild steel <
Material e perspex alloys perspex mi stee perspex
Particle FeV steel quartz alumina sand cast
Concentrates sand shot
Particle
Shape ? (round) angular angular angular round
p .
article 20 to 200 ? 295 63 70 to 280 440
Size (d )-um
p
Particle
Density 4809 (7600) 2600 (4000) (2400 to 7570
(f%)—kg/m 2800)
Phase n
. 5.5;10 ? 0.57 to 4.35| 0.5;3.8 0.5 to 8.0 0.5 to 3.0
Density
Conveying
air velocity 28 ? 30.4t054.8 30;100 15 to 32 10 to 65
(ca) - m/s
*Source: Glatzel (1977)
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velocitv was found to havo a dominant effcct on nenetration rate
(Fig., 3.4). A formula for determining the site of maximum wcar,
which was found to be indevendent of vhase densitlv and varticle

velocitv, was also given.

Magon and Smith (1972), in contrast, revnorted the formation of nrimarv
and secondarv wear craters along the outer bend wall surface and

that deflection of the particles by thege wear pockets could cause
erosion of the inner bend wall surface (Fig. 3.5). They also found
that the mean wear ratc is influenced by phase density and velocity.
In a later paper (Arundel et al 1973), it was reported that a critical
phase density, in terms of relative wear rate, exists at a phase

density of 24, based on information obtained from industrial data.

Glatzel (1977) investigated the erosion of perspex pipe bends with a
view to developing a semi-cmpirical model for predicting the service
life of pipe bends. Two series of tests were carried out using cast
steel shot as the conveyed material. The first series of tests
consisted of determining the fundamental erosion quantities from
impact erosion of flat perspex specimens, such as depth of crater

and volume loss at various impact angles and particle velocities. In
the second series of tests, the erosion of perspex pipe bends with a
range of diameter ratios was investigated. The relative effects of
particle velocity ard particle concentration profiles in the bend
were determined. From both sets of results non-dimensional erosion
quantities were determined and, from these quantities, a non-dimensional

parameter for predicting the service life of pipe bends was developed.

3.3.2 Review of Industrial Studies

In this section some of the recent studies which have been carried out

in industry, although for a specific purpose, are briefly reviewed.

3.3.2.1 Bend Geomctry

As early as 1938, Schmidt suggested the use of elliptic
bends, with a long sweep at the upstream end and a short
radius at the downstream end, for minimising bend erosion.
From observations on bend wear profiles, Schmidt postulated
that such a design would ensure an elliptical erosion.
pattern, distributed over a wider surfacc area than in a

conventional bend, thus reducing erosion per unit surface.
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FIG. 3.4 Influence of Particle Velocity and
Phase Density on Bend Wear Profile.

Curve Velocity Phase Density
1 33.1 4,35
2 39.2 3.01
3 50.0 2.93
4 54.8 2.10

(Bikbaev et al 1973)

FIG. 3.5 Bend Erosion Pattern - After Some Wear

(Mason and Smith 1972)
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Zenz (Zenz & Othmer 1960) suggested a more practical solution
would be the use of 'squarc’ elbows oi~”Tees"ﬂ Some of the
impacting particles would fill up the blanked arm of the bend

and form a natural curvature, thereby shielding the bend against
the impinging action of tho following particles. Should blockage
occur, a plug in the blanked arm could be removed to facilitate

clearing.

Solt (1977) carried out a series of tests to investigate the
wear resistance of a variety of bend designs, using different
particles and a range of velocities. All the bends were of
aluminium in order to reduce the time required for failure.
"Tee'" bends were found to have a longer service life than all

the other bends.

The author has also tested a commercially available, proprietary
"Tee" bend with a recess in one end, and the results are

presented in the relevant chapters of this work.

3.3.2.2 Bend Liners

The recent development of a variety of commercially available
wear resistant lining materials has led to several reports on
their relative merits and applications in both pneumatic and

hydraulic transport systems.

Kut (1971) described the economic advantages of applying
epoxy coatings for protection against wear in pipelines, both

internally and externally.

Lehrke and Nonnen (1975) reported *he considerable reduction
of wear by applying fused-cast-basalt linings into the pipelines,

and quoted several successful industrial applications.

Olsen (1976) reported the superiority of fused-ceramic linings

as a wear resistant material compared to ordinary materials.

Yang et al (1979) reported tests on a variety of refractory
materials in a specially built, high temperature, dilute phase
conveying test rig. The relative wear resistance of these
materials was assessced in order of merit over a range of test

conditions.
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Several reports have appecared rocently on industrial tests
carriced out on different proprictary bends which have been

installed in the mining industry :-

Kostka (1978) and Faddick and Martin (1978) both described
tests on several 'Radmark' flatback and 'Esser' circular
segmentced bends, with a variety of replacable lining materials
such as Nihard and rubber, in the pneumatic conveying of
coarse gravel and tunnel muck respectively. Firstbrook (1980)
also reported tests on similar bends in a coal transport plant,
whilst Marcus et al (1980) reported similar tests in the

pneumatic stowing of waste rock in a gold mine.

In some of the above tests a special 'Radmark’ dirt box bend,
which is a bend-within-a-bend, has also been evaluated. The
relative merits of the various lini»g materials and the
different bend designs, however, are by no means conclusive yet
and further tests are currently in progress. An interesting
feature is that the authors all reported on the comparative ease
of replacing liners in the flatback bends compared to circular

.

bends.

3.3.3 Theoretical Investigations

Brauer and Kriegel (1964, 1965a, b) extensively investigated the
influence of diameter ratio (D/d) on erosion by using hoth hydraulic
and pneumatic test rigs. From detailed experimental studies of
particle trajectories, they found that the angle of impact (B) is
determined primarily by D/d. This is not to be cunfused with the
angle of attack (a), which is defined as the inclination between the
particle trajectory and the original flat surface, which remains
constant. The angle of impact (B) which is defined as the inclinaticn
between the particle trajectory and the eroded material surface,
will, over a period of time, vary from = o to 90o (Fig. 3.6).
For 90° bends the critical impact angle (@A) is given by

D/d - 1

D/d + 1 (3.1)

cos (§,)

This is applicable for a range of D/d where the angle of fraclure

(& ) coincides with critical impact angle (Q\). Within this range
24

of D/d the authors suggest that Ggshould be determined by the path
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FIG. 3.6 Variation of
Impact Angle with Time,

« : original impact
angle

/3: effective impact
angle after some
wear

(Brauer and Kriegel 1965 a)

FIG. 3.7 Relation between
Angle of Fracture (ég) and
Critical Impact Angle (SA).

(Kriegel 1970)

Fi1G. 3.8 Influence of
(D/d) on the variation
of angle of fracture ( Gg)

with bend angle ( Y ).

The horizontal lines
indicate the 'wear free'
bend angle range for the
stated values of D/d.

(Brauer and Kriegel 1965 a)



of the particle trajectory along ihe boundary of the inner bend radius

as shown in Fig., 3.7.

o]
For D/d greater than one, Gg is less than 90, The influence of

D/d in terms of § , and bend angle (y) is shown in Fig. 3.8. This

s
figurc shows the extent of the 'wear free' range of bend angle for

each D/d. without any effect on the estimated angle of fracturec (68).

Glatzel (1977) also investigated the influcnce of D/d and found that
Gg coincides with GA for D/d between 4 and 16. Glatzel was ablc to
determine the particle velocity (Wp) in his test rig by means of

high speed photography. Tests were carried out over a range of
velocities from 3.9 to 28 m/s, and D/d from O (pipe elbows) to 17.

In terms of non-dimensional volume erosion, the velocity exponent
varied from 3.1 for pipe elbows to a constant 2.3 for a range of D/ds.
In all cases these exponents are only valid for particle velocities

greater than 6 m/s (Fig. 3.9).

A semi-empirical model for determining the service life of pipe bends
is given by

* _ 1 .

tB = c* %, ¥ . (3.2)

( wpr Asw sinf )m

Rr ax
*

Rr
are the non-dimensioral particle velocity and concentration profiles

* *
where tB is the non-dimensional service life of bends, ﬁ) and C
r

*k
across the cross sectional area of the bend respectively, Asw is the
non-dimensional depth of erosion obtained from a flat plate specimen
under otherwise identical experimental conditions, and sin B is the

angle of impact, defined by the bend geometry.

Equation (3.2)an be rewritten mathematically