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Abstract 

Tho main objective of this w.ork is to determine the various fundamental 

parameters involved in tho erosive wear process in 90
° 

pipe bends, by a 

stream of pneumatically conveyed suspensions of solid particles. From 

appropriate analysis of the test data, a basis of correlation in terms 

of the respective parameters has been established, from which tho 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-relatihg 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 auddepth 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 ass-e'ssed 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 

pneumatic convevine, is now widely accepted as a viable means of handling 

a wide range of bulk solids. In the chemical industry, pneumatic 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 collection and disposal (Hayderi 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 universally 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.



1.2.1 Flexibility of application and installation.

The pneumatic conveying pipeline is compact, and can be 

quickly and easily installed along walls, ceilings or 

underground in existing buildings. The system can be 

designed to convey materials from and to any number of 

feed points and can subsequently 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 material 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 conveyed:
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1.3.1 Plan! erosion.

The erosion of pipelines, particularly at pipe bonds, 

is a major disadvantage when convevine abrasive products. 

In industrial applications, wear in bends can be several 

times greater 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 not be pneumatically transported, unless 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 

been conveyed 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 the effects of the parameters associated 

with actual pipe bend erosion, in order to establish a correlation from 

which the likelihood of erosion, and its extent, can be predicted.
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Although the general problem of erosion lias been investigated with specially 

developed bench-type rigs (Chapter Two), very little work has been carried 

out on actual pipe bends. Whilst Mills and Mason (197G to 1977, Chapter 

Throe), have probably carried out and published more work on the problem 

of erosion 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 pressure 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 90 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 this 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 Engineers Conference on 'New Developments in the Transport of

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

are given in Appendix C.
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Chapter 2

A Literature Survey on 

Solid Particle Erosion



2.1 INTRODUCTION

Solid particles, entrained in a moving fluid, are a common occurrence 

in many industrial processes. The impact of these particles, often at 

high velocities, on a surface leads to a form of wear categorised as 

'solid particle erosion 1 , or generally, 'erosion'.

Apart from pneumatic 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 oil (Stoker 1949, Finnic 1959), and in coal gasification plants 

(Hall 1974, Dapkunas 1979).

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 

inges-tion (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 serious in rocket 

motor tail nozzles, due to solid propellants (Neilson and Gilchrist 1968b, 

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 (Finnic and Oh 1965), ultrasonic cleaning, 

sputtering, spark machining (Preece and Macmillan 1977), and ion 

implantation (Dearnaley 1980). Recently, a new technique of cutting 

steel by adding abrasives to the high pressure water jets, has been 

reported (Anon. 1980) .
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The common occurrence of erosion in such a wide und diverse range oi' 

industrial situations is a matter of considerable engineering and economic 

importance. Erosion is a very expensive problem. About 8% of wear 

encountered in industry is due to erosion (Eyre 1978), and wear as a 

whole is perhaps the most predominant cause for maintenance breakdowns 

in industry (Bahadur 1978) .

Thus, it was the economic importance of wear in general, and erosion in 

particular, that led 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 erosion 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 mechanisms 

of erosion, whilst others have been undertaken to satisfy a very specific 

need for a particular application.

2.2 THE MECHANICS OF EROSION

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 analysis, 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 nechanics of the erosion process. The 

parameters of significance involved in solid particle erosion, determined 

from analytical studies and bench type erosion tests (Tilly 1969, 1979, 

Finnic 1972, Uuemois and Kleis 1975, Ruff and Weiderhorn 1979), arc also
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of importance in the erosive wear process in pneumatic conveying (Millu and 

Mason 1975) . They have also boon shown to be oi' importance in hydraulic 

conveying (Truscott 1975). These factors can bo gcncrall3r summarised into 

three broad categories :-

2.2.1 Impacting Particle Parameters

2.2.1.1 Particle sir.e,

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

2.2.3.1 Surface properties,

2.2.3.2 Surface hardness,

2.2.3.3 Surface thermal properties,

2.2.3.4 Surface strain rate sensitivity,

2.2.3.5 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 (Finnic 1972, Uuemois and Kleis 1975, Adler 1979).

Reviews of the current state of information on solid particl   erosion 

have appeared recently in several sources (Finnic 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). Together with earlier sources 

(Finnie I960. Wellinger and Uetz 1963, Finnic et al 1967, Tilly 1969), 

the state of understanding on solid particle erosion has been adequately
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reviewed. In this section, therefore, only the central features of the 

respective Influences of the various parameters which are likely to be 

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

2.2.1 Impacting Particle Parameters

Properties of the impacting particle, such as size, shape and 

hardness, 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 linearly with velocity 

(Fig. 2.1). Kleis (1969) also found a similar dependence with 

larger particles . In addition, different materials v/ere also 

found to-exhibit different types of size dependence. However, 

Tilly (1969) pointed out that there is also an s^rodynamic 

effect, where particles less than 20 ym 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. In tests on mild steel at 

low velocities, 100 ym 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 90 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 a 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 erosive 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 range of abrasive grits on various metals and alloys.

The effect of particle f ratfmentation, and hence the decree 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. Fig. 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 one 

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 19?6 C). 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.
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The variation of erosion with impact angle is perhaps the best starting 

point to an understanding o£ tho mechanics of Die erosion process. Fig, 

2.6 shows the effects of impact angle and surface material. Maximum 

erosion for aluminium occurs at around 20 and then falls to about one 

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
t

example, highly hardened carbon steels (Finnic 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 Finnie 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 predominantly due to plastic 

deformation, and 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 Finnie 196Gb).

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 v/all 

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 Kriegel (1964, 1965a,b), Kriegel (1070) and Glatzel (1977), and 

will be discussed in detail in Chapters Three and Eight.

Of all the parameters 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 -

erosion = constant V 

whore V is the particle velocity. The exponent, n, has been found
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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 velocity exponent 

is attributed to the wide variety of experimental ponditions under 

which they were obtained (Preece and Macmillan 1977) and also due to 

the accuracy of the testing facilities themselves (Wolak ct al 1977, 

Adler 1979). However, the general consensus of opinion is that, for 

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

1979) 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-relating parameters. Sheldon (1970) reported 

that the velocity exponent for steel seemed 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, Sheldozi 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 3974, Hutchings and Winter 1974, 1975) reported 

that a threshold 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 ym angular Al 0 and glass particles at 59 m/s.
2t o

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

is dependent, to some degree, on impact angle an* 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 satisCactory substitute parameter (Mills and Mason 1975).
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Finnic (1962) reported that tho erosion in a pipe is observed to 

increase considerably with only a slight increase in fluid velocity, 

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 quartz particles on an aluminium target, but 

only at normal impacts, by taking the aerodynamic effects into 

consideration. Laitone (1979) found the increase 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 increased 

(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 urn 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 removed,
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they expressed erosive wear rate in terms of mass conveyed per unit 

depth eroded. They found that, over the range of velocities 

investigated from 29 to 85 m/s, the erosive wear rate could be 

expressed in the form -

O O c ~~ 1   3 K
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 conveying capacity, the exponent, based on depth of penetr 

ation, is j.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 in 

the erosive wear process in pneumatic conveying, 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 studied 

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 variety of technically pure metals and heat treated steels 

were given (Fig. 2.9). For pure metals, the volume removed was
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inversely proportional to the annealod surface hardness, and the bcc 

motals (Fe, Mo and steels) typically erode two to three times more 

rapidly than fee metals of similar hardness. This was attributed 

to the presence of small amounts of impurities which raise the initial 

yield stress, and thus the hardness, of bcc metals. No increase in 

the resistance to erosion was found when the steels were heat treated 

or by raising the hardness of fee 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 effect 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 n:icro-indentation hardness based on fully work 

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 found 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).
_^n

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 been 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 tho material and bulk modulus, and 

correlated this quantity with the erosion data produced by Finnie 

ot al (1967). Hutchings (1975) proposed that an improved 

correlation could be obtained by correlating volumetric erosion with 

tho product of specific heat of the eroded surface, its density and 

the temperature rise required for molting, 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. However, whilst there is some 

success with these correlations based on pure metals, the predictive 

ability of these 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 used to describe 

the erosion process. Thus, Thiruvengadam (1966) introduced the 

-concept of erosion 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. Kriegel (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 (1972) reported 

that residual stresses had no effect on erosion, and Ruff andVfciderhorn 

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

2.3 THE MECHANISMS OF EROSION

To date several theories on the mechanisms of ductile erosion have been 

proposed. These can be broadly classified (Hutchings 1979b) into those 

which are 'mechanical 1 , in which impact stresses lead to deformation or 

fracture of the material and its consequent removal, and 'thermal', 

in which surface melting is postulated as a result of localised energy
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released on impact, with metal being removed in the form of molten droplets.

2.3.1 Me_ch_anjL cal TheorieV.

Foremost among?:t the proponents of mechanical theories is that of 

Finnic (1958, 1960, J972), who developed semi-empirical models based 

on the concept that a significant proportion of the kinetic energy 

of each impacting particle will be absorbed by the target material, 

resulting in surface material removal as a cutting or micro-machining 

process. Whilst his theory successfully accounts for brittle erosion 

(Sheldon and Finnie 1966b), his predictive model for ductile erosion 

is valid for rigid particles greater than 100 pm and only at oblique 

angles of impact, since his model postulated that no material 

removal would occur at normal impact. This was contrary to experimental 

evidence and empirical correction factors were proposed to improve 

the predictive ability of the model. Furthermore, his model predicts 

that the velocity exponent is equal to 2, 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,
_in

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 secondary erosion caused by these fragments was at a minimum 

at 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 studios by Hutchings and co-workers 

(HuLchinGs 1974, 1977, Hatchings and Winter 1974, 3975, Winter and 

Hutchings 1975), have provided detailed insights into the mechanism 

of material removal. Using relatively large r.tecl balls and 

various irregular projectiles on a variety of ductile metals, they 

identified two mechanisms of material removal, depending on the 

particle shape and particle 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 I 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 -17 . 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 lip 

(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) 

commented 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 analysis 

was used co identify the physical variables involved and empirical 

models, based on their experimental 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.
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2.3.2 Thermal Mechanisms

Proponents of thermal mechanisms of erosion tend to emphasise tlio 

correlations observed between erosion rates and thermal properties 

of the material.

Smellzer et al (1970) were amongst the first investigators to propose 

predictive erosion models based 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 models 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, except 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 500 K. This rise is 

high, but not great 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 erosion clearly shows 

that the mechanics of the erosion process are highly complex. The majority 

of these studies either seek to relate erosion, in terms of mass or volume 

loss, to some particle and environmental parameters, or seek to relate 

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 are 

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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3   * JNTRODUCTION

In. the erosive wear process in pneumatic 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 effects 

of these variables in both processes. As mentioned in the preceding 

chapter, some parameters are not applicable to pneumatic conveying whilst 

others, which have little effect in other solid particle erosion 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 Factors

These are associated with the erosive action of the 

particles, which depends upon :

3.2.1.1 Hardness and strength of the particles,

3.2.1.2 Particle Fize 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 Matoria1 _Fnc_L OJ_B_

These are 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 of the particle relative to impact.

3.2.3 Bend Geometry Factors

These are associated with the geometry of the bend, which 

can be varied in terms of:

3.2.3.1 Shape and size of the pipe,

3.2.3.2 Bend radius,

3.2.3.3 Bend angle,

3.2.3.4 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 industrial 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 purposes.

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 system, 

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 erosion, 

a number of studies 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 erosion was on hydraulic convoying, particularly 

with regard to the transportation of abrasive slurries(Worster and Denny 1955, 

Turcaninov 19G2, Brauer and Kricgel 19G4). Apart from the problem 

of bends and pumps (Truscott 3972), there is also considerable wear in the 

pipeline itself, due 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 90 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
o o

double in 90 bends compared with those in 45 bends.

Kriegel (197*0) 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 earlier 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). In 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 ranee of particle velocities and phase densities, on the

effect of bend radii on penetration rate. For a constant D/d particle
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TABLE 3.1 Details of Empirical Data on Bend Erosion

Source

Pipe diameter 
( d ) -- mm

Diameter 
Ratio (D/d)

Bend Angle 
Cy ) - deg.

Bend Wall
Thickness
(s ) - mm
w

Bend 
Material

Particle

Particle
Shape

Particle 
Size (d )-pm

Particle
Density 
(/> )-kg/m

Phase 
Density

Conveying
air velocity
(c ) - m/s 

a

*Dolganov 
and 

Ste jnbcrg

(196G)

50

7.2

45;90

9

steel

FeV
Concentrates

?

20 to 200

48 CO

5.5;10

28

*Kricgel

(1970)

?

0;4 to 13

15 to 180

4.5

perspex

steel
sand

(round)

?

(7600)

?

?

Bikbacv 
et al .

(1972,1973)

50

4.8 to 18

90

?

alloys

quartz

 

angular

295

2600

0.57 to 4.35

30.4to54.8

Mason 
and 

Smith

(1972)

25;50

20;12

90

?

perspex

alumina

angular

63

(4000)

0.5;3.8

30; 100

Mills 
and 

Mason

(1975tol977)

50

5.6

90

4.0

mild steel

sand

angular

70 to 280

_^n

(2400 to 
2800)

0.5 to 8.0

15 to 32

*Glatzel

(1977)

34

0;3.7tol7

90

3.0

perspex

cast
shot

round

440

7570

0.5 to 3.0

10 to 65

*Source: Glatzel (1977)
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velocity was found to have a dominant effect on penetration rate 

(Fie. 3.4). A formula for determining the site of maximum wear, 

which was found to he independent of phase density and particle 

velocity, was also criven.

Mason and Smith (1972), in contrast, reported the formation of primary 

and secondarv wear craters along the outer bend wall surface and 

that deflection of the particles by these wear pockets could cause 

erosion of the inner bend wall surface (Fig. 3.5). They also found 

that the mean wear rate 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-empirical model for predicting the service 

life of pipe bends. Two series of tests v/ere 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 and 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 Geometry

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 surface 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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Zcnz (Zonz & Othmcr I960) suggested a more practical solution 

would be the use of 'square' elbows o i- "Tees". 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 the 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 assessed in order of merit over a range of test 

conditions.
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Several reports have appeared recently on industrial tests 

carried out on different proprietary 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 

segmented 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 lining 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 +^e comparative ease 

of replacing liners in the flatback bends compared to circular
*

bends .

3.3.3 Theoretical Investigations

Brauer and Kriegel (1964, 1985a, b) extensively investigated the 

influence of diameter ratio (D/d) on erosion by using both hydraulic 

and pneumatic test rigs. From detailed experimental studies of 

particle trajectories, they found that the angle of impact ($) is 

determined primarily by D/d. This is not to be confused 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 inclination 

between the particle trajectory and the eroded material surface, 

will, over a period of time, vary from B= a to 90 (Fig. 3.6). 

For 90 bends the critical impact angle (6.) is given by
A

This is applicable for a range of D/d whore the angle of fracture

( <r ) coincides with critical impact angle (o.). Within this rangeg A
of D/d the authors suggest that <S should be determined by the path

G
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FJG. 3.6 Variation of 

Impact Angle with Time.

OC : original impact 
angle

8 : effective impact 
angle after some 
wear

(Brauer and Kriegel 1965 a)

FIG. 3.7 Relation between

Angle of Fracture (6 ) and
6

Critical Impact Angle (6.).
/»

(Kriegel 1970)

L

63 9C°

FIG. 3.8 Influence of 
(D/d) on the variation
of angle of fracture ( 5 )

g 
with bend angle ( y )•

The horizontal lines 
indicate the 'wear free 1 
bend angle range for the 
stated values of D/d.

(Brauer and Kriogel 1965 a)
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of the particle trajectory along the boundary of the inner bend nidi us 

as shown in Fig. 3.7.

For D/d greater than one, c$ is loss than 90 . The influence of
c>

D/d in terms of 6 and bend angle (y) is shown in Fig. 3.8. This
o

figure shows the extent of the 'wear free' range of bend angle for 

each D/d. without any effect on the estimated angle of fracture (<$„).
b

Glatzel (1977) also investigated the influence of D/d and found that

6 coincides with 6 for D/d between 4 and 16. Glatzel was able to 6 A
determine the particle velocity (w ) 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 0 (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

* * *
(C w H As sing )Rr pr w max

(3/2)

* * *
where t is the non-dimensional service life of bends, w and CB ' pr Rr
are the non-dimensional particle velocity and concentration profiles

* 
across the cross sectional area of the bend respectively, As is the

non-dimensional depth of erosion obtained from a flat plate specimen 

under otherwise identical experimental conditions, and sin 3 is the 

angle of impact, defined by the bend geometry.

Equation (3.2)can be rewritten mathematically into

4t M
* B ptR = ——— —— *- (3.3) 
t> ,2

TTd^ p S
p w

where
p s F 1 

= p w s . __ ——— _ ———— _ ———————— (34)
M (C w 4 As sin3 ) p Rr pr w max

Fig. 3.10 shows the results predicted by the model in equation (3.4) 

for a range of bend materials. Although the models provide satis 

factory agreement between calculated and experimental values, they 

involve rigorous mathematical treatment of the particle concentration

.39.
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and velocity profile terms. Furthermore, the predictive ability of 

the model is restricted to largo spherical particles greater than lOOym 

conveyed at low phase densities and high velocities.

Ryabov (1978) reported a formula for determining the service life of 

pipe bends, based on information obtained from pneumatic sand feeding 

rigs in locomotive service facilities. The formula is given by

j_ _ ^.

B 10 x 10~°y k vie kkkA (3 ' 5)
y w p r <j>

where h is the bend thickness, y is the material concentration by

weight, V is the conveying air velocity, and k , k , k , k and k,
y w p r q>

are the respective coefficients of concentration, wear factor, bend 

orientation, bend radius, and bend angle, and A is the coefficient 

of abrasiveness and particle size. However, no experimental evidence 

regarding its predictive ability is mentioned by the author.

Krasnov and Sharafiev (1978) reported industrial tests carried out 

to investigate the erosion of an inclined, descending, 200 mm 

pipeline, which was being used to convey a 3.2 mm aluminosilicate 

'catalyst. A simplified semi-empirical expression for predicting the 

probability of 'failure free 1 operation of inclined pipelines, in 

terms of penetration rate as a function of 'wear macrowaves' or 

surface ripples, was given.

Soo (1977, 1980) in a theoretical treatment of erosion proposed 

several mathematical models, in terms of dimensionless erosion energy 

quantities, which involve several energy and material property 

parameters which must be experimentally determiner!.

Yeung (1979) proposed that the relative erosion rate (E ) can benictx
expressed by

E = w3 Z T for large W, (3.6)
max :. L

o no
E = w Z_ for small W (3.7) 
max L

where W is the initial flow velocity of the mixture, and Z
L>

is the phase density.

While his models are in agreement with the experimental results 

obtained by Mason and Smith (1972), the theory and analysis behind 

the models also involves a rigorous mathematical treatment of the 

fluid dynamics of gas-solid flow in a curved pipe, together with



certain highly idealised assumptions. Furthermore, the models 

are only valid for dilute phase suspension flows.

3. 4 THE WORK OF MTI.LS _AND MASON (1976 to__l97? )_

In recent years Mills and Mason have carried out a major series of tests 

on a full scale pneumatic conveying rig to investigate the various 

parameters involved in the erosive wear of pipe bends. Sand of different 

particle sizes was conveyed on a batch type basis, at a range of conveying

air velocities and phase densities, through two horizontal loops in a 

rectangular configuration. The 90 bends tested at the corner of eacl 

loop were all of mild steel, 140 mm bend radius and 50 mm bore.

3.4.1 Effects of Phase Density

Their first series of tests was carried out to investigate the 

influence of phase density (the dimensionless ratio of the mass 

flow rate of solids conveyed to the mass flow rate of air used) on 

specific erosion (the mass eroded from a bend per unit mass of 

material conveyed). 70 ym sand was conveyed at a constant velocity 

of about 25 m/s at a range of phase densities from 0.5 to 8. Their 

results are presented in Fig. 3.11. Whilst this shows a definite 

trend towards a slight decrease in specific erosion rate with 

increasing phase density, the authors noticed that there was consid 

erable variation in bend wear profiles over this range.

Further tests were carried out to investigate this aspect of the 

erosion process and the results are presented in Fig. 3.12. For 

a given mass eroded, the depth of wear was found to increase quite 

considerably with increase in phase density. Penetration rate was 

shown to have an over-riding influence on erosion, over thaf^of 

mass eroded, in respect of the phase density of the conveyed product. 

The net effect is that the mass of product which can be conveyed 

through a bend before failure occurs actually decreases with increase 

in phase density. An analysis for evaluating the potential conveying 

capacity and service life of the bends in the form of a series of 

graphs was presented, based on empirical data for specific erosion 

and mass eroded to failure.

The authors also showed that increasing phase density has the effect 

of progressively increasing the pipe angle at which maximum erosion
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occurs (Fig. 3.13), and that a progressively narrower path cut.s 

through the bend (Fig. 3.14). A log plot of Fig. 3.11 indicated that 

the variation of erosion with phase density could be modelled as

-0.37 
erosion re phase density

However, further analysis based on 230 iim sand suggested that the 

phase density exponent is considerably affected by the condition of 

the conveyed product. It varies from -0.16 when fresh to -0.38 for 

the worn and degraded sand at the end of the test programme. In 

terms of individual values, plotted on the same basis, the exponent 

showed an even more dramatic change from -0.16 to -0.73. The authors 

suggested that particle shape or sharpness might be responsible for 

this uncertainty regarding the actual value.

3.4.2 Effects of Conveying Velocity

In their secord series of tests to investigate tne influence of 

conveying velocity, 230 ym and 70 ym sand was conveyed at a range 

of velocities from 15 to 31 ni/s and 25 to 31 m/s respectively, 

both at a constant phase density of 2 throughout the series.

In terms of the mass eroded from the bends, the authors found that 

the variation of specific erosion with velocity could be expressed 

by

2.65
specific erosion a velocity

and the same velocity exponent was obtained with recirculated sand, 

as shown in Fig. 3.15. Further tests by the authors showed that, 

for a given mass eroded, the depth of penetration of the particles 

into the bend wall surface also increased as the conveying velocity 

increased. As a result, less mass is required to be eroded before 

failure occurs. Consequently, bends v/ill fail in an even shorter 

time than that predicted by specific erosion rates alone.

The authors suggested a modified power law relationship, in terms of 

actual pipe bend failure, in which the erosion rate is given by :

4 5 
pipe bend erosion a velocity

Curves for evaluating the conveying capacity and service life of 

the bends with respect to velocity for a given set of conditions 

were also presented.
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3.4.3 Effects of Particle Sizo

For this investigation four batches of sand of different mean 

particle size were conveyed at a constant velocity of about 26 m/s 

and phase density of 2 throughout.

The mean specific erosion: values obtained by the authors were found 

to be remarkably consistent for each of the four different particle 

size batches tested. However, in terms of individual results, there 

was considerable scatter with the 70 ym sand as compared with the 

280 ym sand (Fig. 3.16). This degree of scatter was attributed by 

the authors to be a contributing factor in the premature failure of 

bends.

In terms of penetration rate, particle size was shown to have a 

significant effect (Fig. 3.17). Observation of the bend wear 

profiles by the authors indicated that the increase in penetration 

rate with smaller particle sizes was due to a much narrower cut 

through the bend (Fig. 3.18),resulting in a lower mass eroded at 

the point of failure than with larger size particles.

From an analysis of the influence of particle size on bend life 

the authors suggested conveying materials of large particle size 

from an erosion point of view. It was shown that a four-fold 

reduction in bend life and conveying capacity could result when 

conveying 70 ym sand compared with 280 ym sand.

Particle size was also shown "to have a marked effect on the 

appearance of the eroded surfaces as well as an important factor 

in particle wear and degradation.

3.4.4 Premature Failure of Bends
^^i

An analysis of the factors influencing the premature failure of a 

number of pipe bends was discussed by the authors and was reported 

to be dependent upon a number of combinations of variables. Low 

conveying velocity, high phase density, fine powders and worn or 

rounded particles were considered to be the most significant factors, 

However, the authors also mentioned that there was a considerable 

element of unpredictability which must be taken into account 

regarding the effect of these combined variables.

The sources of these premature bond failures were attributed by the 

authors to the combined effects of the fine powders being influenced

.47.
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considerably by the secondary flows induced by the bends, and the 

resulting impact angle of the partJclos in terms of maximum 

penetration and maximum mass eroded.

3.4.5 Influence of_ Other Variables

In the work carried out by the authors, a single batch of sand 

was used for a series of tests. With constant recirculation, some 

of the results obtained were considerably influenced by the subse 

quent change in particle shape, due to wear and degradation of the 

conveyed product.

Although, in terms of specific erosion, less mass was eroded with 

worn and degraded sand than with fresh angular sand, in terms of 

penetration rate, the situation was markedly reversed (Fig. 3.19). 

The large degree of scatter for the worn sand was considered to be 

partly responsible for the premature failure of some of the bends.

The influence of particle shape was closely related to velocity. 

Bends were observed to fail relatively rapidly when worn sand was 

conveyed even at low velocities. This was attributed to a change 

in the nature of the erosion process, below a certain transition 

velocity, as a result of the change in particle shape.

The degradation of the particles was considered to be mainly caused 

by the bends, whilst the magnitude of the problem was mainly 

influenced by the conveying velocity. The authors suggested the 

problem could be overcome considerably by using a dense phase 

conveying system.

3.5 CONCLUSIONS

The limited predictive ability of erosion in actual pipe bends, based on 

information obtained from numerous solid particle erosion studies, has 

led several recent investigations using full scale test rigs. These were 

used to provide a more realistic evaluation of the study of the mechanics 

of the bend erosion process.

Tests have also been carried out on a variety of proprietary bends, and 

with a range of lining materials. Although these may have solved specific 

erosion problems, they have contributed little to a better understanding 

of the erosion problem. Industrial data has also proved to be of limited 

value, for little correlation has been obtained between service data and 

experimental test results.
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While a number of semi-empirical and theoretical bend erosion models 

have been postulated, their predictive ability is only applicable to 

specific conditions. This is primarily duo to a certain number of highly 

idealised assumptions involved in the analysis.

Recently, Mills and Mason have published a major series of papers on the 

erosive wear of pipe bends, but their results have been limited to the 

effects of phase density : conveying velocity and particle size, and to 

relatively narrow ranges of these variables. Furthermore, their work has 

been based only on one particular material conveyed, i.e. sand, and on 

bends with a single diameter ratio of 5.6. Whilst their work has consi 

derably contributed to our knowledge of the erosion process in pipe bends, 

further work is still necessary. On the basis of their work, another major 

programme of tests was undertaken to investigate the influence of other 

variables involved, for a better understanding of the mechanics of bend 

erosion process, and to present results of practical value to industry.
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4 • * INTRODUCTION

The need for full scale tests, in ordor to provide a better understanding 

of the mechanics of the bend erosion process in pneumatic conveying, and 

to present results of practical value to industry, has been clearly 

demonstrated by tl\e work presented in the preceding chapters. Thus, in 

the work carried out by the author, two existing, separate full scale 

test rigs were utilised. Each of these rigs, because of its design 

capability, was used separately for a specific programme of tests, and 

the respective function and operation of both rigs is briefly described 

below.

4 • 2 LOW PRESSURE RIG

3This consisted of a blow tank of about 1 m capacity, with a similarly

sized hopper mounted on load cells vertically above. Air was supplied
3 by a Roots type blower capable of delivering about 0.07 m /s at a pressure

of 2 bar absolute. A smaller sized blow tank was incorporated as a loading 

facility for charging the rig with new material, which could be discharged 

later via a short conveying line into an off-loading hopper. Fig. 4.1 

is a photograph of this plant, and Fig. 4.2 shows its diagrammatic layout. 

A full description of this rig, including plant operation, control and 

instrumentation, is given in Mills (1977).

4.2.1 Operation and Control

Briefly, it was a batch type system with the material being conveyed

from the blow tank, through the test loops and into the receiving
3

hopper. With a capacity of about 1 m , it allowed up to 1.5 tonnes

of material to be conveyed in one cycle. For each test run, the 

powder mass flow rate was continuously monitored by a recording 

instrument via the load cells. The conveying air mass flow rates 

were metered by two rotameters in the inlet line to the blower, and 

another rotameter in the off-take to atmosphere line. Thus, both 

phase density and conveying air velocity could be quickly and easily 

obtained, and start-up and shut-down transient effects were limited 

to a few seconds.

4.3 HIGH PRESSURE RIG

3
This consisted of a 1.13 m blow tank capable of working up to a maximum

pressure of 7 bar absolute. Oil-free air was supplied by a reciprocating

.51.



FIG. 4.1 Low Pressure Rig Plant 
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compressor to the bottom plenum chamber, and tho material was convoyed via 
a discharge pipe passing through an aperture at the top dished end of tho 
bl'ow tank, and into the test loops. A similarly sized hopper, mounted on 
load cells, was located vertically above the blow tank. The material could 
also be loaded and discharged by using the charge/discharge facilities as 
in the low pressure rig. Fig. 4.3 is a photograph of this plant, and 
Fig. 4.4 shows its diagrammatic layout. A full description of this plant, 
including operation, control and instrumentation, is given in Waghorn (1977)

4.3.1 Operation and Control

This was also a batch type system, with the material being discharged 
directly into the test loops and returning to the hopper. The powder 
mass flow rate was obtained from the integrated outputs of the load 
cells, whilst the air mass flow rates to the blow tank (fluidising 
air) and conveying line (supplementary air) were metered by calibrated 
choked flow nozzles, in order to avoid flow measurement errors due to 
pulsations in the flow. By selecting the appropriate flow nozzles, 
and by presetting the upstream air pressure by simply adjusting a 
valve in the off-take air in the air receiver, the total air mass

•

flow could thus be predetermined. A range of total of air mass flow 
rates, from a minimum of about 0.0060 kg/s (2.5 m/s) to a maximum 
compressor output capacity of about 0.1100 kg/s (45 m/s) could be 
achieved. The mass input into the hopper and the pressure in the 
blow tank could also be monitored by a UV recorder. This was done 
by feeding the output signals from the load cells and a calibrated 
pressure transducer in the blow tank to the UV recorder Thus, 
a complete record of the blow tank pressure and the powder mass flow 
rate over a conveying cycle could be obtained. A sample trace is 
shown in Fig. 4.5. The two traces in this figure show the blow tank
pressure (Porri ) rising to a steady state, whilst the mass of solids BT
(m ) into tne hopper increases steadily until all the material ins
the blow tank has been fully discharged. At this stage the blow tank 
pressure rapidly reduces to its original pre-conveying value, and 
the conveying cycle is completed.

4.4 TEST LOOPS

4.4.1 Low Pressure Rig

The test section consisted of two horizontal loops in a rectangular
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FIG. 4.3 High Pressure Rig Plant
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configuration, with a 90 bond at each corner. This allowed a set 

of seven identical bends to be tested simull uneously (Fig. 4.G). 

Each loop consisted of two 5.4 m pipe runs and two' 8.2m pipe runs, 

giving a total of 27.2 in per loop. A 50 mm bore pipeline was used 

for the test loops, and the test bends were easily fitted and removed 

from the loops by means of screwed union couplings.

This particular test section, however, was only suitable for testing 

bends with diameter ratios (D/d) of 5.6 and 4. In order to test bends 

with a larger D/d, a new separate test line faciltiy was especially 

designed by the author to be incorporated into this rig (Fig. 4.7). 

This new test section also consisted of a double loop, but in a 

figure of eight configuration, v/ith a 90 bend at each corner. Due 

to the limited laboratory space available, the length of each pipe 

run was severely restricted, but the minimum length was riot less than 

3 m, which is an adequate acceleration length for fully established 

flow to be achieved from one bend to the other (Rose and Duckworth 

1969) . The total length of this test section was 37 m and bends 

with a D/d of 12 were tested in this configuration.

4.4.2 High Pressure Rig

The test section consisted of a single loop of 42 m total length, 

having three identical 90 bends with a D/d of 24 at each corner. 

The possibility of incorporating either one or both loops in the 

low pressure rig to this single loop, enabled up to 11 bends, with 

a range of D/d, to be simultaneously tested over a range of phase 

densities and velocities. Fig. 4.8 shows the possible test loop 

configurations and the location of individual test bends in the 

respective test sections. Thus, the first test section consists of 

the original single loop, with bends 1, 2 and 11 only. The second 

test section consists of bends 1,2,3,4,C, 10 and 11 in that order 

with a total length of 69 m. The third test section consists of 

all the bends from 1 to 11, with a total length of 96 m. Bend 

number 10 was a proprietary 90 'Booth 1 bend.

4.5 TEST BENDS

o All the bends tested in this work were 90 bends and of 50 mm bore. The

commercially available bends, with D/d of 5.6 and the two larger, specially 

pulled bends with D/ds of 12 and 24, were of mild steel. The two smaller 

bends, with D/ds of 4 (elbows) and 2.4 (Booth bend), were of cast iron.
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2 Tho material hardness of these bends were very similar, with 1138 kg/mm
2 

for the mild steel bends and 154 kg/mm for the cast iron bends. Fig.

4.9 shows the test bends whilst Fig. 4.10 is a schematic diagram of the 

Booth bend.

The surface erosion patterns of some of these test bends, which have been 

holed in the course of the investigations, are shown in Fig. 4.11. 

Included in this figure are some of the reinforced bends which were not 

monitored in the erosion studies. These had a 12 mm backing plate welded 

to the outer bend and have also been holed during the work carried out 

by the author. Fig. 4.12 shows the erosion pattern of the Booth bend 

after some 75 tonnes of various materials had been conveyed over a range 

of test conditions.

4.6 EROSION MEASUREMENT PROCEDURE

Prior to the start of each test programme, all the bends were painted with 

a reference number, corresponding to those indicated in Figs. 4.6, 4.7 

and 4.8, and a reference letter indicating a particular test set. After 

each -individual or a set of test runs, the bends were removed, cleaned and 

inspected visually for any sign of wear being established along the outer 

bend wall. The bends were then weighed individually on a beam balance to 

determine the mass of metal eroded. The use of this particular beam 

balance, however, was limited by its maximum capacity of 2 kilograms and 

was thus restricted to bends with D/ds of 5.6 and 4 only. For the larger 

and other heavier bends, a more versatile digital measuring instrument 

was obtained and utilised. The mass loss, over a total amount of material 

conveyed per run, gives the specific erosion in terms of mg/kg or g/tonne 

of the particular bend.

The variation of penetration rate, in terms of depth of penetration per 

unit time or mass conveyed, is also an important parameter in bend erosion, 

This quantity is primarily determined by measurements of. the bend wall 

thickness. Fig. 4.13 shows the three bend wall thickness measuring 

devices used by the author in this work. The two dial gauge calipers, 

A and B, were specially designed to record the outer bend wall profiles 

of bends with D/ds of 5.6 and 4 respectively. For measurements of the 

two long radius bends and the Booth bend an ultrasonic digital thickness 

meter was specially acquired by the author for this purpose. This was 

due to the impracticability of using a dial gauge caliper for these bends
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in contrast to the accuracy and versatility of usinc the ultrasonic 

thickness meter, with a simple probe, for determining the wall thickness 

of such bends.

At the end of each test series some of the bends, including those which 

failed, were cut into two. This enabled a more detailed inspection of 

the wear profiles to be made, and also the position of maximum wear to 

be accurately determined. The wall thickness of these 'cut 1 bends could 

also be cross-checked by means of a micrometer.

4.7 THE TEST MATERIALS

Five different materials were used in this investigation. These were 

two grades of sand, hydrate alumina, calcined alumina, pulverised fly ash, 

and fluidised bed ash (Fig. 4.14). The bulk properties of these materials 

are presented i*i Table 4.1 and further details of these material properties 

are given in the relevant chapters. These materials were all used in the 

investigations carried out in the low pressure rig. For tests carried out 

with the high pressure rig, pulverised fly ash was the material primarily 

used to establish the range of conveying capacities of this particular rig. 

In the test programme itself, however, sand with a similar mean particle 

size was used in the investigation.
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TABLE 4.1 Material Bulk Properties

Material

Sand

Sand

Pulverised 
Fly Ash

Calcined 
Alumina

Hydrate 
Alumina

Fluidised 
Bed Ash

-

Mean

Particle

Size

clp - urn

250

70

70

75

75

1350

Particle

Density

3kg/in

2600

2472

1726

3342

2450

2470

Bulk

Densi ty

3
kg/m

1400

1242

708

831

1275

1390

*Particle

Hardness

2
kg/mm '

1200

1200

480

2100

150

2030

^Particle

Shape

Angular

ii

Spherical

n

ii

Irregular

* See Chapter 7 for details
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Chapter 5

Experimental 
Programmes



5 •* INTRODUCTI ON

The two test rigs used by the author Jn this work were designed to operate 

under quite separate conveying conditions. The low pressure rig was 

essentially designed to convey mat.erial in a dilute phase mode, whilst 

the high pressure rig, with a much higher pressure available, was designed 

for dense phase conveying. Fig. 5.1 shows the conveying characteristics 

of pulverised fly ash obtained from these two rigs. The data in the 

lower half of this figure was based on results obtained with the low 

pressure rig whilst those in the upper half were from the high pressure rig. 

Thus, it can be clearly seen that, whilst the low pressure rig can only 

operate in the dilute phase regime, with a maximum density of about 10, it 

is possible to convey materials in the dense phase regime, with phase 

densities of over 100, with the high pressure rig. As the pneumatic conveying 

potential of a product in a pipeline is given by the conveying characteristics 

for a given product/pipeline situations, the experimental programmes in this 

work, were accordingly based on the ultilisation of -i-hese two separate test 

rigs. Further details with regard to the operational range of these two 

systems are given in Mills and Mason (1979 b, 1980). 

5.2 LOW PRESSURE RIG EXPERIMENTAL PROGRAMMES

The first series of tests, which was basically introductory, was to 

investigate in more detail some of the results obtained by Mills and 

Mason (1976 to 1977), particularly with regard to the effects of phase 

density and particle size. In the tests carried out by these authors, 

70 ym sand was used as the conveyed material and an analysis of bend 

life was produced. In order to examine the validity of their analysis 

and to establish its applicability for a range of particle sizes, 250 ym 

sand was conveyed over a similar range of phase densities and the 

experimental results obtained were compared (Chapter 6).

The second programme of tests was concerned with the influence of particle 

Hardness on erosion. Although several studies have been carried out on 

the effect of material hardness, little information was available regarding 

the effect of particle hardness on pipe bend erosion. Four materials apart 

}~rom sand were freely available to the author and an analysis of the data 

of this investigation is given in Chapter 7.

The next programme of tests was to investigate the influence of bend 

geometry, which is primarily the bend to pipe diameter ratio (D/d) parameter. 

Since erosion occurs predominantly in pipe bends, bend radius is a factor 

that is usually taken into account when designing systems for convoying

.71.
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abrasive products. However, little information is available for design 

purposes regarding 1 he influence of D/d on erosion. To help rectify 

this situation a programme of tests was carried out. In order to extend 

the range of D/ds, a new test loop for accommodating bends with a larger 

D/d was specially constructed. An analysis of the influence of D/d on 

bend erosion is presented in Chapter 8.

In the course of this particular investigation an entirely unexpected 

phenomenon of the rapid failure of replacement bends was observed by 

the author. It was found that, when the failed bends v/ere replaced by 

new bends, these new bends failed in a shorter period of time than the 

original bends that they were replacing, and by sand which had already 

been recirculated many times. This was even more interesting as the 

other remaining, unreplaced, original bends were still in service. The 

causes of this rapid failure of the replacement bends were investigated and 

are reported in Chapter 9.

5.3 HIGH PRESSURE RIG EXPERIMENTAL PROGRAMME

With the availability of a very much higher air supply pressure with this 

rig, it was proposed that a programme of tests should be carried out to 

investigate the effect of dense phase conveying on erosion. This 

particular work on the dense phase regime would considerably extend the 

work on the influence of phase density carried out with the low pressure 

dilute phase blow tank system presented in Chapter 6.

Conveying at a much lower velocity is also possible at higher phase 

densities and so it was proposed to investigate the influence of conveying 

air velocity over a much wider range. To a large extent this would auto 

matically be achieved with this rig, for with high pressure or depose phase 

conveying over a long line in three loops (Fig. 4.8),the total pressure 

drop would be such that a large variation in velocity would be obtained.

Furthermore, with the possibility of incorporating the two loops in the 

low pressure rig to the existing single loop in this rig, the influence 

of a range of D/ds could also be assessed.

Whilst a maximum phase density of about 140 was possible witli pulverised 

fly ash (Fig. 5.1), only a limited amount of erosion was measurable with 

this particular material. Thus, it was proposed to use similar sized 

sand, because of its availability and abrasiveness, for this programme of 

tests.
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From preliminary conveying cllaractoristic tests of sand in this particular 

system, it was found that its convoying behaviour was completely different 

from that of pulverised fly ash. For sand, a minimum conveying velocity 

of about 15 m/s was necessary in order to prevent saltation and consequently 

blockages, irrespective of the total length of pipeline. This meant that 

the conveying line pressure drop for this particular system could not be 

less than about 0.8 bar.

Thus, this particular requirement restricted any possibility of conveying 

sand in a dense phase mode. In fact, a maximum phase density of only 

about 22 was achieved and this programme was modified accordingly. A 

series of tests was then proposed at constant phase densities of 10, 17 

and 22 and the results over this restricted range of phase densities was 

analysed and presented in Chapter 10. In terms of penetration rate, 

however, it was found, that this range of phase densities was adequate, for 

the results showed that the penetration rate reaches a maximum at a phase 

density of less than 10 for this particular conveyed material, i.e. sand.

5.4 TEST DATA

Over the period of investigations carried out by the author, some 250 

test runs were made, covering a range of test conditions. A list of 

all the tests is given in Table 5.1. All the particular conveying 

conditions, such as material used, its mean particle size, phase density, 

conveying velocity, etc., are given. This table serves as a reference 

to the work carried out, in chronological order, and gives some idea of 

the range of tests and scope of the work.

Table 5.2 gives a complete list of the erosion data of all the bends 

tested, in terms of mass eroded, at the end of each programme of tests. 

Table 5.3 is basically a further extension of Table 5.2 and gives the 

data of bends which failed in the course of each test programme in more 

detail. This table, for reference purposes, lists the particular bend 

number, its conveying conditions, mass eroded and the position of failure. 

Further details of all the bend tests in each respective test programme 

are given in the relevant chapters.
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Chapter 6

The Influence of 

Phase Density - I



G.I INTRODUCTION

The first investigation carried out in this work was on the influence of 

phase density on erosion. In the work carried out by Mills and Mason 

(1976 to 1977), phase density was found to be one of the more important 

parameters in the erosive wear process of pipe bends in pneumatic 

conveying, whilst some important trends regarding the effect of this 

parameter, particularly with regard to specific erosion and depth of 

penetration, were observed by the authors, definitive conclusions remained 

to be drawn. This was primarily due to their limited experimental data. 

In order to extend and substantiate their work further, and to provide 

a correlation of their analysis with regard to particle size, a 

programme of tests was carried out by the author. Sand with a mean 

particle size of 250 ym was conveyed over a similar range of phase 

densities at a constant inlet velocity of about 25 m/s, and the exper 

imental restilts obtained are analysed and presented in this chapter.

6.2 REVIEW OF PREVIOUS WORK

The effect of phase'density on erosion has received comparatively little 

attention until recently. From the general solid particle erosion 

studies, particle concentration, which is similar to phase density, has 

been found to have relatively little effect. The general consensus of 

opinion from these studies is that erosion is only very slightly reduced 

as particle concentration is increased.

From full-scale experimental studies, Mason and Smith (1972) found that 

phase density and velocity are inter-related parameters, whilst Bikbaev 

et al (1972, 1973) reported that a predominant effect on penetration 

rate was primarily due to velocity. Glatzel (1977) carried out a series 

of tests over a relatively narrow range of phase densities, but the 

specific effect of phase density was not investigated. Instead, his 

primary objective was to determine the particle concentration profiles 

over this range of phase densities, which were essential elements in 

his predictive bend erosion model.

Mills and Mason (1976 to 1977) are probably the only researchers who 

have specifically investigated the influence of phase density in detail. 

Their results were briefly reviewed in Chapter 3 and so, in this section, 

only their more relevant findings are discussed in detail.

.78.



In their first series of tests (1976a), about 0.750 tonnes of 70 ym sand 

was conveyed over a range of phase densities from 0.5 to 8. The convoying 

air at inlet to the pipeline wrfs maintained at a constant value of about 

25 m/s throughout the test series. In terms of specific erosion for this 

range of phase densities they found that

-0.37 
erosion a phase density

This was determined at the end of a long programme of tests. In a further 

series of tests carried out with 230 ym sand at phase densities of 1, 2 

and 4 (1976b), however, they analysed the data during the course of the 

tests and found that on an accumulative basis the phase density exponent 

varied from -0.16 to -0.38. In terms of individual test values the 

exponent showed an even more dramatic change, from -0.16 to -0.73. In both 

cases the magnitude of the effect of phase density was attributed to the 

condition of the conveyed product. The authors suggested that, although 

particle size appeared ^o have little effect on the variation of specific 

erosion (1977b), particle shape or sharpness was a more likely cause of the 

exponent variation.

The authors also found that the mass eroded was not proportional to the 

depth of wear over this range of phase densities (1977a, b). Although, 

in terms of specific erosion, less mass was eroded as phase density was 

increased, in terms of depth of wear, penetration rate was found to 

increase correspondingly. Thus, in terms of bend life, the combined net 

effect was that increased phase densities would result in a decrease in 

the mass of sand that could be conveyed before bend failure occurred 

(1977c).

However, the magnitude of this effect was considerably influenced by the
_^*t 

reliability of their experimental data. In both programmes of tests the

authors noticed that there was a considerable degree of scatter, particularly 

with respect to the specific erosion values. This scatter increased as 

the phase density was increased (1977a, b) and was considerably greater 

for the 70 ym sand than for the 230 ym sand. It was this degree of 

scatter which was primarily responsible for premature failure of bends 

(1976 c).

Furthermore, the same batch of sand was conveyed over the whole range of 

phase densities without any systematic chronological order in terms of a
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particular phase density. In the tests carried out with the 230 urn yunri 

the effects of velocity and phase density were both investigated in the 
safne programme. Thus, this lack of systematic testing probably accounts 
for the wide variation of the phase density exponent obtained in their 
work.

6 . 3 EXPERIMENTAL PLAN

In order to avoid the problems of premature bend failure associated with 
the finer 70 yra sand, 250 urn sand (Fig. 6.1) was used in this programme. 
The particle size distribution of this sand, before and after each test 
series, is shown in Fig. 6.2. The use of this larger size sand, which is 
essentially conveyed over a similar range of phase densities, would also 
enable the author to correlate any inter-relating effects of particle 
size with respect to phase density.

About 0.750 tonnes of sand was used for each test series at a given phase 
density and the sand was recirculated within each test series. To ensure 
a uniform set of test conditions, and in order to provide reliability of 
the test data, a fresh batch of similar sized sand was used for each 
series of tests.

Four series of tests were carried out, corresponding to the four test 
phase densities of 1, 3, 5 and 7. A similar constant inlet conveying 
air velocity of about 25 m/s was maintained throughout the test series, 
thus providing a basis for direct comparison with the results obtained 
by Mills and Mason (1976a, b). The sequence of tests was carried out 
in a chronological orde'r as tabulated in Table 5.1. At phase densities of 
1 and 3 both test loops with seven test bends were utilised, and at phase 

densities of 5 and 7 a single loop with three test bends was used. In 
all cases the test bends were of mild steel with a constant diameter ratio 
of 5.6.

6.4 BEND WEAR RESULTS AND DISCUSSION

After each test run, all the bends were removed and the relevant meas 
urements were recorded. This process was generally repeated until at 
least two of the seven test bends in the double loop failed, and one 

in the case of the single loop. In pipe bend erosion situations, the
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FIG. 6.1 Photomicrograph of Sand
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service life of a bend is determined by the time required for the conveyed 

material to penetrate the thickness of the bend and so it is the penet 

ration rate, rather than the specific erosion, which is the dominant 

factor. Thus, in this programme of tests the depth of wear of all the 

bends was carefully monitored. Since mass eroded is not proportional to 

the depth of penetration (Mills and Mason 1977a), analysis based solely 

on mass eroded can produce totally misleading results.

In the following analysis the two important bend erosion descriptors, 

viz. mass eroded in terms of specific erosion and depth of wear in terms 

of penetration rate, are discussed separately. The comparative experimental 

data obtained by Mills and Mason (1976a, b, c, 3977a, b, c) is also 

discussed, together with the author's work, in the following sections.

6.4.1 Specific Erosion Analysis

The experimental results, in terms of mass eroded for all the test 

bends, are presented graphically in Figs. 6.3 to G.6. These are 

plots of erosion, on an accumulative basis, against mass conveyed 

for each bend tested at a given phase density, and show how the 

erosion varied'with each batch of sand conveyed, and hence with 

respect to time.

An interesting feature of these curves, with the exception of those 

at a phase density of 3, is the small degree of scatter over this 

range of phase densities. This observation is in direct contrast 

to that reported by Mills and Mason (1976b, c) based on 70 urn sand 

results, which showed that the degree of scatter increased as phase 

density was increased. They attributed this phenomenon partly to 

the velocity effect in the test loop and partly to the fact that 

small particles will be influenced by the turbulence and eddies 

generated by bends in the pipeline. As phase density is increased 

there is a" corresponding increase in pressure drop which causes a 

variation of velocity from bend to bend. Although part of the 

scatter of results shown in Figs. 6.3 to 6.6 can be attributed to 

this velocity effect, part is also due to some other cause, and the 

author considers particle degradation to be responsible. The 

effect of velocity was reviewed in Chapter 3 and from this it is 

assessed that at phase densities of 1, 5 and 7, the scatter of the 

results in excess of the velocity effect is ±9%, 16% and 17% 

respectively, but at a phase density of 3 it is 128%. Thus, by
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superimposing the scatter of results in Figs. 6.3 to 6.6 und by 

isolating the velocity effect from particle degradation effect for 

.the 250 ym sand, it can be seen that the degree of scatter, partic 

ularly at a phase density of 3, is largely due to particle 

recirculation.

The first bend to fail at this phase density of 3 was after some 

18 tonnes of sand had been conveyed, compared with 7, 12 and 13 tonnes 

at phase densities of 1, 5 and 7 respectively. From Fig. 6.4 it can 

be clearly seen that there was already a marked scatter of results 

after only 10 tonnes of sand had passed through the bends, and this 

scatter of results continued to increase to the end of this test 

series. From the particle size analysis (Fig. 6.2), the mean particle 

size at a phase density of 3 (curve C) was reduced by some 50 ym to 

about 200 ym . This reduction was some 10% greater than those at the 

other phase densities. In addition, there was a 15% increase in the 

'fines' produced at the end of the test series for a phase density 

of 3, compared with only 7% at the other phase densities. Thus, it 

is probably this increase in 'fines' due to particle recirculation, 

combined with the velocity effect, that accounts for the scatter 

of results at the phase density of 3.

This large degree of scatter and consequent premature bend failure, 

both of which are primarily associated with the finer sand, will be 

examined further in Chapters 8 and 9, when 70 ym sand will be used 

in the investigations. The magnitude of the influence of particle 

degradation on erosion is also considered in more detail in Chapter 

7, when fluidised bed ash with a mean particle size of 1350 ym 

was reduced by 50% to 650 ym after 21 runs and had only been conveyed 

a distance of about 1100 m.

Hence, in this work, with respect to particle size effects for the 

range of phase densities considered, no appreciable increase in the 

scatter of results was observed as phase density was increased when 

larger size particles were conveyed. The degree of scatter in the 

experimental results and consequent premature bend failure, is prim 

arily attributed to the presence of 'fines' which are particularly 

associated with smaller particles, as suggested by Mills and Mason 

(1976c) .

Since there was a considerable variation in the total number of runs, 

from 10 to 30 over the range of phase densities tested, there is a
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need to evaluate the erosion data based on a common factor. It 

was decided to use the erosion values, in terms of both mass eroded 

and depth of penetration, from all the bends based on the first 

six batches conveyed. This would also provide a direct basis for 

comparison with the experimental results presented by Mi]Is and 

Mason (1976a, b, 1977a).

Fig. 6.7 shows the influence of particle size on phase density in 

terms of erosion with respect to time. Whilst the rate of erosion 

for the 70 ym sand clearly tended to decrease with respect to time, 

for the 250 ym sand this appears to be to the contrary. However, for 

both particle sizes a definite trend towards decrease in erosion 

with increase in phase density is clearly shown. In terms of 

particle size effect the erosion rate for the 250 ym sand was 

approximately double that for the 70 ym sand, corresponding to the 

same phase density.

A log plot of the specific erosion results is presented in Fig. 6.8. 

Also included in this figure are the slopes obtained by Mills and 

Mason (1976a, b) ii-om their work with 230 ym (-0.16) and 70 ym 

'(-0.37) sand. • In order to fully evaluate the influence of phase 

density on specific erosion, and to assess the effects of particle 

recirculation in this analysis, the experimental results of five test 

sets, corresponding to the first ten runs at each particular phase 

density tested in this work, are presented. These slopes clearly 

show that specific erosion decreases as phase density is increased, 

but for the 250 ym sand, although the slopes indicate that there is 

a definite trend towards a change from -0.33 to -0.47 due to particle 

recirculation, this change is not as dramatic as that reported by 

Mills and Mason for their 230 ym sand (1976b). In fact, in terms 

of individual values, the slopes for the 250 ym sand remained remarkably 

consistent at around -0.42 compared with a change from -0.1C to -0.73 

for the 230 ym sand! The discrepancy between the slopes obtained 

for the 250 and 230 ym sand, which were essentially within the same 

particle size range, is explained by the fact that the slopes for the 

230 ym sand were based on results which were obtained over a range of 

test conditions, i.e over different combinations of velocity and 

phase density, and so proper comparison between the slopes of these 

two materials are not appropriate.
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Whilst the slope for the 70 urn sand (-Q.37) was within tho ranfc of 

values for the 250 uin sand, correlation in terms of phase dcnsitv 

with respect to particle KJ^ZO based on these two materials is not 

reliable. This was due to the considerable degree of scatter in 

the results for the 70 urn sand and so the accuracy of this slone 

is questionable. Further work is necessary with a wider rancre of 

particle sizes over this ranee of phase densities before any 

definitive influence of the inter-relating effect of particle size 

on phase density can be assessed.

On the basis ol results obtained in this work (Fie. 6.8). the 

influence of phase density on specific erosion is eiven by :-

-0.33 
erosion = phase density

for reasonably fresh sand. The actual value of the exponent is 

dependent to some degree on the condition of the product, as was 

also previously observed by Mills and Mason (1976b).

6.4.2 Penetration Rate Analysis

After each test run the wear profile along the outer wall of each 

test bend was recorded by measuring the minimum wall thickness 

every five degrees around the bend. In this way the point of 

maximum wear, which will ultimately determine the point of failure 

of the bend, could be located and monitored continuously ever the 

entire test series.

Thus, for each test phase density, a set of results in terms of 

the variation of minimum bend wall thickness against the mass eroded 

from the bends, corresponding to each particular test run, was obtained. 

However, presentation of data in this form could give misleading 

impressions. This was due to the slight deviation of the irrftial 

bend wall thicknesses, caused by the extrusion process in manufacturing 

the bends. Hence, the experimental data was replotted by taking a 

datum of zero wear and expressing the results in terms of maximum 

depth of penetration instead, as shown in Fig. 6.9.

The four heavy lines represent the mean slopes of the experimental 

results at each phase density in this work. The six light lines 

included in this figure were replotted from data based on 70 ym sand 

obtained by Mills and Mason (1977a).
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Comparison of the slopes between these two sets of data clearly y 

the marked influence of particle size as welJ as phase density, on 

penetration rale. The depth of wear is clearly not proportional to mass 

eroded, particularly for the finer sand. In order to examine the 

penetration rate effects in more detail, the gradients of all the 

slopes in this figure were determined and the penetration rates, in 

terms of maximum depth of wear per unit mass eroded, are presented in 

Fig. 6.10.

This figure clearly shows the magnitude of the influence of particle 

size on phase density with respect to penetration rate. Whilst the 

70 ym sand shows a marked increase in penetration rate as phase 

density is increased, the 250ym sand hardly shows any significant 

increase over a similar range of phase densities. At a phase density 

of 1, both showed a similar penetration rate of about 50 ym/g, but 

as the phase density is increased to 7 they differ by a factor of 

about 4.

An interesting feature in this figure is the trend of the curves, 

particularly for the 250 ym sand, below the range of phase densities 

investigated. For the 70 ym sand extrapolation of the curve clearly 

shows that there would be no penetration rate when no material is 

conveyed, as expected. However, for the 250 ym sand there appears to 

be a threshold phase density below which penetration rate increases 

rapidly to a value of about 50 ym/g as phase density is increased to 

1, and the penetration rate value remains relatively constant beyond 

this range of phase densities. Thus, it would appear that there is 

a transition effect with regard to particle size i:? terms of phase 

density on penetration rate. This is an interesting aspect of the 

inter-relating effect of particle size on phase density that warrants 

further investigation with a range of particle sizes conveyed over 

a wider range of phase densities, in order to determine the transition 

effect fully. Similar transition effects with regard to certain 

variables have also been reported by Goodwin et al (1969) on the 

inter-relating effect of velocity and particle size, and by Mills and 

Mason (1976b, 1977c) on the inter-rolating effect of velocity and 

particle shape.

Although the penetration rate is expressed in terms of the mass eroded, 

this figure would also show a very similar relationship in terms of 

mass conveyed over this range of phase densities. Thus, in terms of

.94.



200

Il50
O

CD 
\

E
13

100
rtfcr
c
O

CL 50J

0 0

70jum Sand

250jum Sand

A 6 
Phaso Density

8

~l

10

FIG. 6.10 Influence of Particle Size on the Variation of 

Penetration Rate with Phase Density.

.95.



potential service life, the influence of particle size over this range 

of phase densities is clearly evident. Bends will fall faster at 

higher phase densities when smaller particle sized products are conveyed, 

and also fail after a much lower tonnage had been conveyed compared 

with larger sized materials of similar particle hardness conveyed under 

essentially similar conditions. This aspect of the problem will be 

considered later in this Chapter.

6.4.3 Surface Erosion Profiles

The large difference in rates of penetration within a range of 

particle sizes has been explained previously by Mills and Mason 

(1977a, b), in terms of impact angle effects. Three basic stages 

of erosion, based on observations of the surface erosion patterns and 

wear profiles of bends eroded by 70 ym and 230 ym sand, were found

to be dependent upon the impact angle. Briefly, for maximum volume
o

removal, the impact angle at which this occurs IP about 20 , for

maximum depth of wear it is about 55 , and both are at a minimum at 

normal impact. The occurrence of the particular stages of erosion 

was primarily related to the erosive wear process in the bend itself. 

For bends eroded by the 70 ym sand a stepped erosion pattern was 

observed, compared with a fine rippled pattern produced by the 230 ym 

sand. The increase in penetration rate as phase density is increased 

for the 70 ym sand was attributed by these authors to the formation 

of steps, which rapidly increase the effective impact angle from 

about 20 initially to about 45 , which corresponds to an increased 

penetration rate. For the 230 ym sand, in the absence of any such 

steps the impact angle remains unchanged at about 25 , which 

corresponds to a region of maximum erosion rate, but little significant 

increase in penetration. Examination of the surface erosion patterns 

of the bends eroded by 250 ym sand in this work largely confirms 

these observations. Fig. 6.11 shows the erosion pattern of one of the 

bends which failed at each particular test phase density. At the two 

lower phase densities, ripple patterns which are characteristic of 

ductile material erosion are clearly observed. At the two higher 

phase densities, some form of stepped pattern is observed. However, 

this was not prominent compared with a depth of some 2mm in the steps 

which was commonly observed in the 70 ym sand erosion patterns 

(Mills and Mason 1977b).
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Tho pronounced tracking of the erosion pattern across the bend, 

particularly at the higher phase densities, indicated considerable
»

swirling flow in the bond. Mills and Mason (197Gc) reported that 

these erosion tracks were a characteristic feature of premature 

bend failure when 70 ym sand was used. However, in this work these 

erosion tracks were probably due to the misalignment of the 

particular bend in the tost loop.

The relatively limited increase in penetration rate as phase density 

was increased for the 250 urn sand (Fig. 6.10) can be further explained 

by comparing the bend and pipe wear profiles presented in Figs. 6.12 

and 6.13. Both figures clearly show that, for a constant mass of 

20 g eroded from each bend, there is a considerable increase in the 

depth of wear over this range of phase densities for the 70 ym sand 

compared with the 250 ym sand. Whilst the position of maximum wear 

in terms of bend angle remains fairly constant at 33 and 42 for 

the 70 and 250 ym sand respectively, there is a significant 

difference in terms of pipe angle. For the 70 ym sand the pipe angle 

at which maximum erosion occurs progressively increases above the 

centre line of the pipe (Fig. 6.13), whilst for the 250 ym sand it 

appears to remain fairly constant at about 30 below the centre line.

These respective bend and pipe wear profiles also serve to explain 

the particle size effect on phase density with respect to both mass 

eroded and depth of wear. For the finer 70 ym sand, erosion occurs 

over a concentrated region and, as phase density is increased, this 

eroded region turns into a shallow valley which gets progressively 

steeper and consequently erodes to a greater depth in the process. 

However, for the larger sand erosion is spread over a wider range 

of both bend and pipe angle, and this erosion crater appears^,to 

increase as phase density is increased, thereby limiting any 

corresponding increase in depth of wear, as shown in Fig. 6.10.

6.5 BEND LIFE ANALYSIS

In order to determine the influence of phase density on bend life, 

the experimental data presented in both specific erosion and penetration 

rate analyses must be incorporated with the actual erosion results 

obtained from a pneumatic conveying system. Mills and Mason (1977a) 

have presented an analysis of bend Ijfe in terms of phase density, and
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in this section a similar procedure is adopted. For comparison purposes 

the results of their analysis, based on 70 ym sand, are also included.

For the purpose of determining the conveying capacity and service life 

of bends it is necessary to obtain a relationship between the actual

mass eroded at time of failure (E, ), and phase density (()>). This
bi

particular relationship for the 250 ymsand used in this work is given in 

Fig. 6.14. This graph shows the ultimate effect of phase density on the 

erosive wear of pipe bends and, together with the results for the 70 ym 

sand, the influence of particle size over this range of phase densities 

can also be seen. The two curves clearly show a definite trend towards 

a decrease in the mass of metal eroded from the bends at the time of 

failure as phase density is increased. A log. plot of the results for 

the 250 ym sand in this figure indicated that, over this range of phase 

densities, the erosive wear of bends with this particular sand can be 

represented by :

_ ̂£

Mass eroded at failure <* (Phase density) 

From a linear regression analysis of the relevant experimental results,
«

the above expression can be given by :-

Ebf = 95 ' 5 ( 4)) ~ 0 ' 2°e < 6 - 1)

From Fig. 6.8 the variation of specific erosion (e) with phase density 

(<}>) is given by :-

—y
Specific erosion « (Phase density)

The phase density exponent was shown to be dependent upon the condition 

of the product, and this varies from -0.33 to -0.47 for the 250 ym sand. 

In order to present a more representative set of evaluations it was decided 

to use the exponent based on Test Set 3, i.e. -0.43. This decision was 

largely due to a.very similar exponent of -0.42 which was consistently 

obtained in terms of individual test values. Thus, from a similar linear 

regression analysis of the relevant experimental data, the above expression 

can be given by :-

(e) = 12.9 (4>)~° t43 g/tonne (6. 2)

In the analysis given by Mills and Mason (1977a), they chose an exponent 

based on the results with 230 \\m sand rather than from the 70 ym sand,

.101.



100

80

60
O

Oa.
* 40

Q) 

O 

LJ

ffi 20

0
0

250 urn

70 urn

Experimental Data 

This work 

Mills and Mason (1977 a)

2 3 A 5 
Phase Density

7 8

FIG. 6.14 Influence of Particle Size on the Variation of

Mass Eroded to cause Bend Failure with Phase Density

.102.



duo to tho uncertainly with regard to its actual exponent. Furthermore. 

they showed that particle size had little effect on the variation of 

specific erosion (1976c, 1977b) , thus justifying 1heir selection of the 

particular exponent of -0.16 compared with -0.07 for the 70 um sand. 

However, their observation was based on the results of a range of 

particle sizes ataphase density of 2 only. From Fig. 6.8 it can be seen 

that, at higher phase densities, there is a considerable increase in the 

variation of the specific erosion with respect to particle size. Thus, 

the reliability of their analysis, based solely on the exponent obtainod 

from the 230 ym sand results, is questionable.

The mass of sand that can be conveyed through these bends before failure

occurs (M ) , is given by :- 
s

Substituting the appropriate equations into this expression gives :-

0 23
M = 7.40 (<{>) ' (6.3) 
s

A graphical representation of this equation is given in Fig. 6.15.

For the service life of the bends, the conveying time to bend failure 

(Ai ) is given by :-

M M
A S SAT, = — = ——— 
bf m <bm 

s Y a

An air mass flow rate of C.071 kg/s was required in order to achieve an 

air velocity of 25 m/s in the 50 mm bore pipeline in this work. Thus, 

substituting the appropriate values into the above expression gives :-

ATbf = 28.95 (4>)' h (6.4) 

A graphical representation of this equation is given in Fig. 6.16.

The sets of curves in Figs. 6.15 and 6.16 clearly show that the influence 

of particle size on phase density is considerable. In Fig. 6.15, for the 

70 ym sand, the overriding influence of penetration rate over that of 

mass eroded, as phase density is increased, results in a definite decrease 

in the amount of sand that can be convoyed through the bends before 

failure occurs. However, for the 250 ym sand, due to the relatively
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insignificant increase in penetration rate over a similar range of phase 

densities, no such overriding effect was observed. Thus, as specific 

erosion decreases as phase density is increased, there is a corresponding 

increase in the amount of sand that can be conveyed before failure occurs. 

Experimental data given in Table 5.3 confirms the curvo obtained in Fig. 

6.15 for the 250 pin sand.

In Fig. 6.16 the influence of phase density on the service life of bends 

is represented. The information in this figure is particularly useful 

for the pneumatic conveying engineer with regard to the influence of 

particle size on phase density when designing systems for conveying a 

variety of different sized products. Since the mass conveyed is directly 

proportional to phase density, a decrease in the service life of bends 

with increase in phase density is expected. However, the particle size 

effect on phase density clearly shows that, at higher phase densities, 

up to a fourfold increase in bend life is obtained when larger sized 

material is conveyed, compared with a smaller sized similar material.

6.6 CONCLUSIONS

The main feature of this work on the influence of phase density on erosion 

is in highlighting the significant inter-relating effect of particle size 

on phase density. From the analyses of erosion in terms of both specific 

erosion and penetration rate, definitive trends with regard to particle 

size effect have been established. The magnitude of this particle size 

effect on phase density is clearly demonstrated in the bend life analysis.

It has also been shown that particle degradation, due to the continuous 

recirculation of the product, has a marked influence on erosion over 

this range of phase densities. The influence of particle degradation 

will be considered in more detail in the next chapter. Although in this 

work the only substantial degradation of the particles occurred at a phase 

density of 3, there was a matching increase in the scatter of the results. 

The degree of scatter has been reported to cause premature bend failures 

when finer particles are conveyed, and this is an area that is further 

examined in Chapters 8 and 9, when 70 ym sand is used.

Whilst it has been reported that, in order to reduce erosion, abrasive 

materials should be conveyed at higher phase densities, the results in 

this work clearly show that particle size effects should be fully taken 

into account before making such a decision. Although the finer 70 pm
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sand results clearly show an overriding effect of penetration rate as 

phase density is increased, this is not the case for the larger 250 urn 

sand. It appears, therefore, that il may not be necessary to convey 

certain large particle sized abrasive materials in the dense phaso mode 

only in order to reduce erosion.

It is obvious that much further work is needed in order to investigate 

the overall influence of particle size on phase density. In this work 

the velocity was essentially held constant and, since velocity is an 

important parameter in terms of both specific erosion and penetration rate, 

it is necessary to carry out a series of tests with a range of particle 

sizes and velociries,in order to determine the extent of the influence of 

particle size on phase density.
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Chapter 7

The Influence of 

Particle Hardness



7 • l INTRODUCT J ON

The hardness of particles is a major factor in determining the potential 

crosiveness of a particular conveyed product. From the review of the general 

solid particle erosion literature in Chapter Two, however, it is clear that 

the specific influence of particle hardness has received relatively little 

attention. Th.is lack of consideration of the particle hardness effect is 

perhaps not surprising, since in most of these studies usually only one type 

of particle, chosen for its abrasiveness, is used as the conveyed material 

in investigations on the effects of other variables.

In the full scale pipe bend erosion studies a lack of information on particle 

hardness also exists. Whilst dilute phase convej7 ing systems are generally 

designed to handle non-abrasive products, dense phase systems allow the 

possibility of conveying a wide range of abrasive materials. With such a 

variety of products, ranging from non-abrasive grass seeds to highly abrasive 

alumina powders, which can now be successfully transported pneumatically in 

pipelines, there is a need for information regarding the influence of particle 

hardness on erosion. Thib information is necessary because a knowledge of 

its effect on erosion is essential, particularly at the design stage of a 

system, since it provides an indication of the need to take steps to avoid 

excessive abrasion and erosion of key system components apart from pipe 

bends. Thus, a programme of tests was specifically carried out by the 

author to investigate the influence of particle hardness on erosion and the 

results are reported in this chapter.

7.2 REVIEW OF PREVIOUS WORK

Wellinger and Uetz (1963) carried out a series of tests to investigate some 

of the general aspects c f. both abrasion and erosion. A sand-blast type 

tester was used to study the erosive wear process of a number of materials, 

each subjected to erosion by a stream of particles, ranging from chalk to 

silicon carbide. They found a strong dependence of erosion upon the 

hardness of the target materials in relation to the hardness of the impacting 

particles (Fig. 7.1). Apart from the size and shape of the particle itself 

and impact angle, the magnitude of erosion also depends to a large extent on 

the difference between the hardness values of the material and particle. The 

curves in Fig. 7.1 for steels clearly show that there is a threshold value 

of particle hardness beyond which erosion is decreased or remains relatively 

constant.
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Tilly and co-workers (Goodwin et al 19G9, Tilly and Sugo 1970) used a 

whirling arm erosion rig to Jnvestigalc the effects of particle hardness. 

The particles used were natural and industrial sand with varying degrees of 

hardness depending upon the quartz content, all within a similar particle 

size range of between 125 to 150 ym. The erosiveness of these particles 

was measured by testing an 11% chromium steel plate at a constant velocity 

of 130 m/s. The results (Fig 7.2) showed that erosion is related to 

particle hardness by a simple powerlaw relation :-

o . o
specific erosion = constant (H ) ° (7.1)

2
where H = particle hardness in kg/mm .

Whilst this confirms that erosiveness is dependent upon hardness, and by 

inference on sharpness, it is also closely related to particle shape which 

can also vary with the history of the particle.

Mills and Mason (1977c) have investigated the influence of particle shape 

using similar sized 70 ym fresh and worn sand of a constant hardness value 

and confirmed that the degree of erosiveness also depends to a large extent 

upon the shape. Whilst sharp, angular, fresh sand was more erosive than the 

smooth, rounded, wor/i sand, ?_n terms of depth of wear, the penetration rate 

for worn sand is much greater. Combined with the inter-relating effects 

of secondary flows and other variables, premature bend failures were found 

to occur more readily with worn sand. However, the magnitude of the effect 

of particle shape on erosion has not been assessed due to the difficulty of 

quantifying a precise shape factor value for these particles.

Apart from these relatively limited erosion studies on the effect of particle 

hardness, Khruschov (1957, 1962, 1974) also obtained comparatively similar 

curves to those shown in Fig. 7.1 in the field of abrasive wear. His 

experimental data was based on a range of metallic and non-metallic materials 

abraded by a variety of abrasives of varying hardness. It was found that Lhe 

relative wear, defined as the ratio between the linear wear of a test specimen 

to that of a standard material, is dependent upon the correlation between the

hardness of the abrasive (H ) and the hardness of the test material (H ).
a m

If H is less than or equal to II , no wear was observed. If H is more than 
am a

1.7 times H , the amount of wear is not influenced by the value of H . If 
m a

H lies between the above ranges of values, wear is then found to be linearly
Si

proportional to H . In terms of relative wear resistance, which is the
£L

reciprocal of relative wear, Khruschov found that there is a correlation 

not only between the hardness values of the abrasive and surface material,
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but also between the physical properties of the material and the abrasive. 

However, Richardson (1967, 1968), from similar abrasive tests on a wider 

range of metais and abrasives, discovered thai the relative wear

resistance for hard abrasives, defined when its hardness value (II ) exceeds
a

its maximum strained hardness value (H ), is not a general property of the 

material itself, but is specific to the particular material only. 

Angus (1979) reported that in the case of metals, an important factor in 

determining the abrasion wear resistance is the work hardenability of the 

metal itself, rather than the initial hardness.

7.3 EXPERIMENTAL PLAN

The expression in equation 7.1 on the relation between erosion and particle 

hardness was based on results obtained from a bench type erosion testing 

apparatus. As mentioned in Chapter Three, the erosive wear process generated 

in these'bench type rigs does not fully simulate the conditions encountered 

in an actual pipe bend. Therefore, the applicability of this particular 

expression to model bend erosion is strictly limited. Furthermore, the 

experimental data shown in Fig. 7.2 was only based on one particular type 

of particle, with a narrow range of hardness values and particle size, as 

well as at a test velocity which is well beyond the range normally encountered 

in a typical pneumatic conveying situation.

Thus, in order to carry out a thorough investigation into the effects of 

particle hardness on bend erosion, a programme of tests was specifically 

planned for this purpose. Five batches of materials with a range of 

hardness values, viz. sand, calcined and hydrate alumina, pulverised fly 

ash (p.f.ash) and fluidisert bed ash (f.b. ash) were used. The sequence of 

test programmes was carried out in a chronological order as presented in 

Table 5.1. In order to maintain uniformity of the test conditions for 

comparison purposes, and to provide proper control of other variables 

associated in this work, it was decided to convey the materials at a constant 

phase density of 3 and to maintain a mean conveying air velocity in the test 

loops of about 25 m/s throughout the entire test programme. Each test material 

was then recirculated batchwise under similar conveying conditions within 

each test series. The variables associated with the bends were all held 

constant. For tests with p.f. ash, hydrate alumina and f.b. ash, the elbow 

bend at the end of the outer loop preceded by bend number 7, was replaced 

by a special Booth bend (D/d of 2.4) which is designated as bend number 10 

as shown in Fig. 4.6. No erosion was found in this particular bend in 

tests with p.f. ash and hydrate alumina, and the only significant, erosion
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occurred when f.b. ash was used (Table 5.2). The limited erosion results 

of this particular bend are discussed in relation to the effect of diameter 

ratio on phase density in Chapter Ten.

7.4 PARTICLE CHARACTERISTICS

Although it is the effect of particle hardness that is investigated in this 

work, it is difficult to isolate this particular variable completely from 

other variables associated with the particles, such as size, shape, 

frangibility, moisture content and velocity. Whilst velocity is relatively 

easy to isolate and control as a separate variable, as discussed in the 

next section, the other particle variables are virtually impossible to 

isolate in tests of this magnitude, particularly when up to three-quarter 

tonnes of a material is used.

7.4.1 Test Materials

The general bulk properties of the test materials were presented in 

Table 4.1. Photomicrographs of these materials, before and after 

each test series, are shown in Figs. 7.3 to 7.7, and the corresponding 

particle size disfributiors are presented in Figs. 7.8 to 7.12.

The various batches of sand used in this work were obtained from British 

Industrial Sand at Redhill, Surrey. For this particular programme 

Grade HH sand was used, which was stated as being fine but with no quoted 

mean particle size value. This was obtained by the author by means of 

sieve analysis and was found to be 70 vim. The two grades of alumina 

powders were obtained from BA Chemicals Limited of Gerrards Cross, 

Buckinghamshire. The calcined alumina is produced by calcining aluminium

hydroxide at temperatures above 1200 C to produce alpha alumina (Al 0 )
& o

which is the stable form of anhydrous alumina. It has a crystalline 

structure and occurs naturally as corundum which is primarily used as an 

abrasive. due. to its extreme hardness and resistance to wear and 

abrasion. It is also used as refractory material and a ceramic due to 

its outstanding electrical and electronic properties. The dried hydrate 

of alumina is produced from bauxite by the Bayer process. It also has a 

crystalline structure and is chemically known as aluminium trihydrate 

(Al 0 3H 0) or more commonly aluminium hydroxide (Al(OH) ). It is
^L \J £J \J

primarily used in the manufacture of aluminium sulphate or other aluminium 

compounds and in the production of catalysts. Hydrate alumina occurs 

naturally as gibbsite, which is the principal alumina constituent in 

tropical bauxites and has a very low hardness value.
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(a) Fresh

(b) Used

FIG. 7.3 Photomicrograph of Sand
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(a) Fresh

(b) Used

FIG. 7.4 Photomicrograph of Pulverised Fly Ash
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(a) Fresh

(b) Used

FIG. 7.5 Photomicrograph of Calcined Alumina 
Magnification x 45

.115.



-a?



(a) Fresh

(b) Used

FIG.7.6 Photomicrograph of Hydrate Alumina 
Magnification x 45
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(a) Fresh

(b) Used

FIG. 7.7 Photomicrograph of Fluidised Bed Ash 
Magnification x 25
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Tho p.f. ash was obtained from n local coal-fired power station and tho 

f.b. ash was obtained from an experimental plant in Scotland.

7.4.2 Particle Size

In Figs. 7.8 to 7.12 the particle size distributions of the respective 

test materials arc presented. These wore obtained by sieving a 50 g 

sample of the material taken before and after each test series, or test 

set in the case of f.b. ash, from the receiving and off-loading hoppers. 

Although the recognised method of obtaining truly representative samples 

is from a moving stream of particles (Alien 1975), this was not possible, 

for a sampling device was not incorporated into the test loop. Thus con 

siderable care was taken to ensure that proper representative samples 

were obtained. Apart from f.b. ash, the size distribution of these 

fresh powders were comparatively similar, with r.bout 20% greater than 

100 ym and about 20% less than 45 yn, and ^ mean particle size between 

70 and 75 ym. The size distribution of p.f. ash and the alumina powders 

were further analysed by means of a wide angle photosedimentometer, and the 

resulting respective mean particle sizes, in terms of Stoke's diameters, 

were comparable to those obtained by sieving.
«

Whilst there was no appreciable decrease in the mean particle size of 

these fine materials, there was a considerable increase in the 'fines' 

in tests with sand. The percentage of particles below 45 ym rose from 

less than 20% to over 35% in this particular test series. As explained 

earlier in the previous chapter, it was the presence of 'fines', together 

with the effect of secondary flows in the bend, that are largely 

responsible for the scatter of results, and consequently premature bend 

failure. Two bends failed prematurely in tests with sand and this 

aspect of premature bend failure will be discussed 'n more detail in 

Chapters Eight and Nine when similar sized sand is used in the invest 

igation of the influence of bend radius.

The fresh f.b. ash encompassed a wide range of size distribution, with 

about 10% greater than 4mm and 10% less than 500 ym. This large size 

distribution, however, did not present any operational problems with 

regard to conveying. The inclusion of f.b. ash in this programme of tests 

was primarily to provide some erosion data on the secondary effect of 

particle degradation. As can be seen from Fig. 7.12, the mean particle 

size of this material progressively reduced to about 650 ym in the course 

of this test series. This reduction was regularly monitored and the
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effect of particle degradation on erosion is discussed separately in n 

later section in this chapter.

7.4.3 Particle Shape

From the photomicrographs in Figs. 7.3 to 7.7, it can be seen that the 

sand particles are basically angular, whilst p.f. ash and the t\vo grades 

of alumina are spherical , and the f.b. ash irregular. Apart from this 

simple visual particle shape classification, a more detailed classif 

ication based on a simple technique given by Riley (1977) is presented
-3 3 

in Fig. 7.13. Briefly, about 4 x 10 mm of the particles were weighed

and poured into a measuring cylinder and filled with water to a certain 

level. After mixing, the particles were allowed to settle out for about

30 minutes, and the sedimentation volume (V ) was then accurately
s

measured. The measuring cylinder was then dropped 100 times from a 

height of 10 mm and the tapped sedimentation volume (V ) measured. The
T*

plot of the change in volume against the ratio of the change in volume 

(Fig. 7.13) shows the variation of shape of these particles. For the p.f. 

ash and the two grades of alumina, ethylene glycol was used as the 

liquid medium. For f.b. ash the particles were obtained from the sample 

at the end of the test series. This was mainly due to the presence of 

large size particles in the other samples which will not settle uniformly, 

thus making accurate readings difficult. The results in this figure 

experimentally confirm the visual observations of the shapes of these 

test materials. Apart from this, simple categorisation of particle 

shapes, no attempt has been made to quantify a specific shape factor 

value for these particles. This was due to the difficulty of selecting 

a true standard sample against which the shapes of the other samples 

could be compared, particularly from a batch of over 500 kg.

7.4.4 Pgrticle Hardness

The hardness value of particles is usually expressed as a Moh's number
2 

obtained by scratch tests, or in terms of kg/mm based on Vickers

diamond pyramid micro-indentation tests. For comparison purposes,

the hardness values of the test materials in this work are expressed in

Vickers units.

While the hardness values of calcined alumina (corundum), hydrate 

alumina (gibbsite) and quartz/sand are easily obtained from standard
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reference materials handbooks, those of p.f. ash and f.b. ash must be 

obtained empirically. Briefly, five bakolite moulds were all drilled 

to a depth of 10 mm and all the test materials were carefully compacled 

into each mould. A layer of wax was smeared onto the top of the mould;;, 

and polished in the normal manner as for metallographic examination. 

These were then placed in a Vickers microindentation testing instrument 

and the resulting measured hardness readings recorded. To a large extent 

the accuracy and reliability of the hardness readings was considerably 

influenced by the degree of compaction (Hirschhorn 1969) , and care was 

taken to ensure that all the specimens were equally compacted by applying 

a similar constant pressure. For calibration purposes, the two grades 

of alumina and sand, with a known hardness value, were also similarly 

tested and the resulting measured values compared, as shown in Fig. 7.14. 

By comparing these measured and actual hardness values the actual 

hardnesses of the other materials was thus obtained. It should be noted 

that all these hardness values are nominal and are sxibject to a large 

degree of deviation. Even amongst the published data there is a wide 

variation of the values obtained and Cooling (1965) has summarised the 

various sources of discrepancy into those due to instrumental errors and 

those due to specific properties of the material itself.

In the calibration graph in Fig. 7.14, reference values of 150 and
2 

2100 kg/mm for hydrate alumina and calcined alumina was decided upon

by the author. The hardness value for gibbsite varies slightly from
2 

about 100 to 200 kg/mm (Kretz 1973), but for corundum it varies from
2 

as low as 1765 (Wellinger and Uetz 1963) to over 2750 kg/mm (Young and
2 

Millman 1964). However, a mean value of about 2100 kg/mm has been

reported by several sources (Tabor 1951, Mott 1956, Cooling 1965, 

Rabinowicz 1966) for corundum.

For sand the actual hardness depends upon the quartz content. Goodwin
2 

et al (1969) found that it varied from about 450 to 2000 kg/mm , whilst
o

Rabinowicz (1966) quoted a value of 800 kg/mm . The hardness of quartz
2 

itself varies from 800 (Tabor 1951) to 1560 kg/mm (Young and Millman

1964) , and for quartz sand Wellinger and Uetz (1963) and Khruschov (1974)
2 

both reported that it varied from about 1000 to 1250 kg/mm . It was
2 

decided by the author to select a value of 1200 kg/mm for the sand

particles used in this work because of its high degree of erosiveness.

The use of pulverised coal as fuel in the power industry has led to 

several recent erosion studies due to p.f. ash (Sterens 1949, Fisher 

and Davios 1949, Raask 1969, 1979, Tabakoff et al 1979). Raask reported
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tests on the erosion of boiler tubes and in pneumatic feedlineg trans 

porting pulverised coal and ash. Ho found that whilst the bulk of p.f. 

ash consists of spherical glassy particles similar to those shown in 

Fig. 7.4, which causes comparatively little erosion, the crosiveness of 

p.f. ash is predominantly due to the presence of small quantities of 

unfused quartz and other irregularly shaped agglomerates of sintered

ash particles. The hardness value of these glassy particles was estim-
2 

ated to lie between 550 to 600 kg/mm which was comparable to the value
2 

of about 500 kg/mm obtained by the author- The f.b. ash also consists of

a variety of mineral matter, ranging from millimeter sized clinker to 

fine ash particles (Fig. 7.7). No published hardness value of f.b. ash

is available in the literature, but from the hardness measurements made
2

by the author, it was estimated to have a mean value of about 2000 kg/mm .

7.4.5 Moisture Effects

In tests with the highly abrasive calcined alumina material the test 

series had to be terminated after only ten batches had been conveyed 

through the test bends. This abrupt stoppage was primarily due to the 

effect of moisture on this particular batch of calcined alumina powder- 

After ten runs its moisture content was found to be over 5%, compared 

to less than 0.5% for the other test materials, including hydrate alumina. 

This tenfold increase had a dramatic effect on its flow properties. 

After the tenth run, the material was completely unable to flow out of 

the blow tank, despite repeated attempts to force it out by pressurising 

the blow tank to over 1 bar compared to a normal pressure of about 

0.4 bar.

Stepanoff (1969) reported that the presence of moisture leads to 

cohesion between the particles and adhesion between the particles and
~p>

the container walls or ducts, which may retard or stop the flow of materials 

under certain conditions. These forces cause the particles in the 

material to bind together to form a 'cake', thereby preventing any flow 

out of a container.

The hygroscopic nature of this particular batch of calcined alumina was 

primarily due to the presence of transition alumina elements. These 

were produced as a result of calcining aluminium hydroxide at temper 

atures of about 1000 C. which is insufficiently high to give complete 

transformation to the inert stable alpha form. These transition 

aluminas are hygroscopic and can absorb up to 6% moisture in free air
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(Craig 1980). However, sufficient erosion data had been obtained 

with this material and the results are evaluated together with those 

from the other test materials.

7 . 5 VELOCITY EFFECTS

As mentioned in Chapter 4, fine control of velocity in the low pressure rig 
was achieved by regulating the off-take to atmosphere valve to ensure the 
required volumetric air mass flow in the test loops. The velocity estimated 

in this case, as in all the analyses reported in this work, was that of 
the conveying air and not that of the particles. In full scale pipe bend 
erosion investigations of this nature, and also similarly in industrial plant 
pipeline situations, considerable difficulty, particularly with regard to 
instrumentation, would be encountered in measuring particle velocity. 
Provided that, for a given air velocity, the particles are accelerated to 
their terminal velocity, air velocity is a suitable substitute parameter 
for the purpose of analysis (Mills and Mason 1975). In all cases the test 
bends followed sufficiently long straight pipe runs to ensure that even the 
largest particles were accelerated to their terminal velocity.

However, it should be noted that in a gas-solid suspension flow, since the 
particles are carried through the pipe by a stream of gas, the solJd 

particle velocity (U ) is always less than the carrier gas velocity (U ),
r &

and U will only approach U under certain conditions (Goldberg and P g
Boothroyd 1969). Furthermore, in a horizontal pipe flow, the solid 

particles, depending on the particle properties, the fluid properties and 
the conveying velocity, may bounce between the pipe walls, roll or slide 
at the bottom of the pipe, or be suspended completely in the conveying 

fluid medium (Boothroyd 1971, Yang et al 1973). In addition, in the bend 
the particles may be deflected from the outer to the inner bend wall due 
to the formation of an erosion crater and proceed in a zig-zag pattern in 
the bend (Mason and Smith 1972), thereby experiencing acceleration and 
deceleration forces which are difficult to quantify due to the change in 

particle direction (Yang and Keairns 1976). Thus, precise measurement of 
particle velocity is extremely difficult when, in addition, parameters 

such as an appropriate shape factor and the coefficients of friction and 

restitution are not readily available (Scott 1978), particularly the 
coefficient of restitution which has been shown to be of paramount 

importance in determining particle velocity accurately (Whceldon and 
Williams 1980).
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Furthermore, in a gas-solid suspension flow there will be a drop in 

pressure and hence a variation in velocity along the length of the 

conveying pipe. In a constant bore pipeline velocity will increase due 

to the expansion of air as a result of this gradual pressure loss. 

However, in the measurements obtained in this work the maximum and 

minimum velocity values were within ±10% of the mean of about 25 m/s for 

all the bends tested in both loops.

For the sand, p.f. ash and the two grades of alumina, it has been 

estimated by the author, based on a semi-empirical correlation given by

Leva (1959), that the slip velocitv ratio (U /U ) is consistently around 0.8.
P g

Thus, in view of the accuracy of

the correlation which is subject to wide variation, it is reasonable to 

consider the air velocity value as a satisfactory substitute parameter.

In the .case of f.b. ash, a similar estimation showed that the slip velocity 

ratio corresponding to the mean particle size of 135C ym in the first test 

run was 0.56. However, due to its large mixed sized distribution, ranging 

from 10% over 4000 and 10% below 500 ym, the corresponding ratios were 

0.40 to 0.68. Thus, not only is the mean particle velocity considerably 

less for these coarse particles, as would be expected, but there is also 

a considerable variation with regard to the individual particles within this 

size distribution. At the end of this test series after 21 runs, the mean 

particle size had been reduced to 650 ym , with about 15% greater than 1400 

and 15% less than 45 ym. The corresponding slip velocity ratios were 0.65 

for the mean and 0.56 and 0.84 for the upper and lower sized particles. 

With such a large variation in the slip velocity ratios there would also 

be a similar variation in terms of individual particle terminal and salt 

ation velocities. From correlations given by Leva (1959), the terminal 

velocity for the largest particle (5600 ym) was about 18 m/s and its

corresponding saltation velocity given by Matsumoto(1977) was about 11 m/s. 

Zenz (1964) is the only investigator to provide an empirical method by 

which the saltation velocity of a mixed particle sized distribution could 

be estimated. However, from his analysis, the saltation velocity for the 

largest particle was about 4 m/s, which is some 60% less than that 

predicted by Matsumoto's correlation. It should be noted that this 

apparently large difference is hardly surprising since these values were 

obtained from one of a number of velocity correlations. Accurate deter 

mination of the saltation and other particle velocity values is extremely
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difiicult and often conflicting, duo to tho presence of a variety of 

correlations which are currently available in gas-solid suspension flow
%

literature (Duckworth 1971, Yang et al 1973, Jones and Leung 1978,

Wheeldon and Williams 1980). However, in this work, with a conveying

air velocity of about 25 m/s, it is reasonably safe to assume that all

the individual particles are being accelerated to their terminal velocities.

Thus, for comparison and analysis purposes it is reasonably vali dto consider

the conveying air velocity value only.

7.6 BEND WEAR RESULTS AND DISCUSSION

7.6.1 Introduction

In this programme of work, with the exception of hydrate alumina, 

both the specific erosion rate and penetration rate have been 

recorded for each of the test materials. In the case of hydrate 

alumina no erosion was observed in any of the seven test hends. 

In fact, there was an appreciable increase in the weight o± each 

test bend (Table 5.2). This increase was due to the deposition 

of the hydrate alumina particles onto the surface of the outer 

bend wall (see Fig. 7.27a). A similar situation has also been 

observed in some of the general solid particle erosion studies 

(Chapter 2), but these studies showed that, after an initial 

'incubation 1 period, during which the mass of the specimen 

increased slightly due to particle impaction, erosion then pro 

ceeded normally (see Fig. 2.5). However, in this work, after 

some 6 tonnes of hydrate alumina had been conveyed through the 

bends, there was still no erosion. This lack of erosion is

primarily attributed by the author to its low hardenss value of
2 -^ 

150 kg/mm , which is comparable to the surface hardness of the
2 test bend material itself, which is 158 kg/mm . As mentioned in

the brief literature review earlier, Khruschov (1957) found that from 

abrasive wear tests there would be no wear if the hardness of the 

abrasive particles is equal to or less than the hardness of the 

surface material. It appears, therefore, that a similar situation 

also exists in erosion tests. Hence, in the following sections, 

no further reference is made to this particular test material.
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7 . G . 2 Specif i c Ero si on _Aii; i ] y s is

The experimental erosion data for all 1 he individual bends tested in 

this programme of work are given :i n Tables 5.2 and 5.'3. Those wero 

the total mass eroded at the end of each test series, and the corres 

ponding erosion data, on an accumulative basis, is presented graphically 

in Figs. 7.15 to 7.17.

As mentioned earlier, two bends failed prematurely in tests with sand. 

These were bends 3 and 7 as shown in Fig. 7.15. Bend 3 failed after 

only 4.1 tonnes had passed through and bend 7 after a further 1.5 

tonnes. These failed bends were immediately replaced by new, unworn 

bends which, in fact, failed in an even shorter time than the original 

bends that they were replacing, whilst the rest of the original bends 

were still in service. This rapid failure of replacement bends has 

a considerable effect on erosion analysis and will be discussed in the 

next two chapters. In this work, for comparison purposes with the 

other test materials, only the erosion data ba^ed on the original 

seven bends is considered, and for the sake of clarity the curves for 

the replacement bends are omitted from this figure. Since the first 

two bends failed prematurely, this series of tests was continued until 

a further bend failed. This was bend 5 which failed after some 9 

tonnes had been conveyed.

In Fig. 7.16 the experimental erosion data of both p.f. ash and f.b.

ash is presented. The set of curves along the abscissa were from

tests with p.f. ash and these hardly showed any significant erosion

compared with those of f.b. ash. This limited erosion is expected,
2

due to the relatively low hardness value of p.f. ash (480 kg/mm ),
2

compared to f.b. ash (2030 kg/mm ). Apart from the relative

inter-relating effects of size and shape, the two sets of curves in 

this figure clearly demonstrate the specific influence of particle 

hardness on tne magnitude of erosion.

In Fig. 7.17 the curves for calcined alumina clearly show a distinct 

trend towards an increase in erosion rate, compared to a gradual 

decrease in erosion rate observed for the other test materials over 

a similar range of tests. Apart from the hardness, size and shape 

effects, this increase in erosion rate is apparently due to the 

specific effect of moisture, which was found to increase tenfold to 

over 5% in the course of this particular test series. Whilst the
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effect of moisture- has received relatively little attention in the 

general solid particle erosion literature, it has been reported by 

Wellinger and Uelz (3963) and Kleis (1969) that erosion increases 

as moisture is increased and a similar effect has also been reported 

in the field of abrasion studie's by Rabinowicz (1966) and Lassen-Basse 

(1975). As mentioned earlier, this increase in moisture also led to an 

unexpected stoppage of this particular test series and no further tests 

were carried out after some 6.7 tonnes of calcined alumina had -been 

conveyed through the bends.

A common feature of the curves in these figures is again the scatter 

of results. Whilst the magnitude of the degree of scatter gives an 

indication of the repeatability of the erosion data, it also provides 

an indication of an element of unpredictability in the erosive wear 

process in pipe bends. With such a large number of bends, the scatter 

of results Ic unavoidable and in an industrial plant situation this 

scatter of results clearly demonstrates the limitations of predicting 

precisely which bend will fail, except that it will fail randomly.

As mentioned in the preceding chapter, the causes of the scatter of 

results were partly attributed to particle degradation and partly to 

velocity effects around the bends. The velocity effect has been shown 

to a certain extent to be predictable and in this work, since all the 

tests were carried out at a constant phase density of 3, the pressure 

drop, and hence velocity, in the bends were approximately the same 

for every test. Therefore, it is possible to isolate the scatter of 

results due to velocity affect in each test series without the need 

to normalise the results in Figs. 7.15 to 7.17.

However, the effect nf particle degradation on the scatter of results 

is not so predictable. For sand, although the mean particle size was 

reduced slightly from 70 to 64 pm, the percentage of 'fines' below 

45 um increased by a factor of about 1.5 to over 30% after only 6 

runs. This increase in the 'fines', combined with the influence of 

secondary flows, has been shown to be predominantly responsible for 

premature bend failures. In the case with sand, without considering 

the two premature bend failure results, after 13 runs there is a varia 

tion in the scatter of results by a factor of 3:1.

. 136.



For calcined alumina there was also n slight decrease Jn the moan 

particle size, with a corresponding increase from 17 lo 21% in the 

'fines' below 45 vim. However, apart from the result of bend 1, the 

scatter of results is very much less compared to those of sand over 

a similar number of runs.

For p.f. ash there was virtually no change in its particle size distr 

ibution after 18 runs and the results are fairly consistent. In the case 

of f.b. ash however, the effect of particle recirculation on the scatter 

of results is clearly evident as shown in Fig. 7.16. Prior to the 

start of this test series, sieve analysis (Fig. 7.18) showed that only 

1.4% of the particles were less than 45 ym. At the end of this test 

series, after 21 runs, this had risen to over 14%. However, this 

dramatic increase in the 'fines' produced a variation in the scatter 

of results by a factor of only 1.5:1. This apparently limited scatter 

of results, despite the increase in 'fines' is largely attributed 

to the presence of a considerable number of large sized particles. 

Whilst the mean particle size had been reduced from 1350 to 650 yrn, 

over 70% of the size distribution at the end of this test series was 

still over 300 urn, and it is the presence of these relatively large 

particles that limits any potential increase in the scatter of results 

due to the 'fines'. A similar effect has also been reported by Mills 

and Mason (1977 b, c, 1979 a), who showed that the scatter of results 

decreased as particle size was increased.

Apart from the scatter of results predominantly due to the presence 

of 'fines' in the test materials, the variation in the value of 

particle hardness does not appear to have any significant effect in 

this respect.

In order to evaluate specific erosion values, and for comparison 

purposes, the values of the total mass eroded from each test set were 

determined. Each test set consisted of 3 test runs and therefore 

the values for each test set have the accumulative value of 3 

consecutive test runs. In Fig. 7.19 the specific erosion values of 

3 test sets, comprising the first 9 test runs, are presented. These 

values correspond to the particle hardnesses of the four test materials 

respectively. The vertical line of values indicates the upper and 

lower estimations within each test set, and the location of the symbol 

indicates the mean. In all cases the limit of the values in each
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vertical line clearly reflects the scatter of results shown curlier, 

particularly for sand.

However, in terms of particle hardness effects, the results in Fig. 7.19 

clearly show that there is a threshold value of particle hardness, above 

which erosion is not influenced by the hardness of the conveyed material, 

Whilst no attempt has been made to join tho mean values in thin figure, 

it can be clearly seen that the trend of the results is similar to that 

shown in Fig. 7.1, obtained from erosion rip; studies. From the data in

this figure it appears that, in terms of specific erosion, materials
2with hardnesses greater than about 1000 kg/mm , would not be substant 

ially more erosive than the sand particles. Comparison of the erosion
2 2 results between p.f. ash (480 kg/inm ), sand (1200 kg/mm ) and calcined

2 
alumina (2100 kg/mm ) clearly confirms that, since size distributions

and test conditions are essentially identical, hardness is closely 

inter-related with shape, and the magnitude of erosion is considerably 

influenced by both as reported earlier by Goodwin ot al (1969) and 

Mills and Mason (1977 c).

Apart from demonstrating the inter-relating influence of particle
«

hardness and shape on erosion, the results in Fig. 7.19 also show 

the effect of particle size, particularly with regard to f.b. ash. 

While the mean particle size of fresh f.b. ash was 1350 ^m, it 

reduced to 1200, 1050 and 1000 urn corresponding to test sets 1, 2 

and 3 (Fig. 7.12) respectively. This reduction obviously has a 

significant effect on erosion, but over this range of tests the 

overall mean specific erosion values (see Fig. 7.31) are still 

comparable to those of sand and calcined alumina. Mills and Mason 

(1979a) reported that, in tests carried out at a constant phase 

density of 2, the results for sand with a range of particle sizes, 

show that erosion is essentially constant. The erosion data in this 

work (Fig. 7.19) from tests carried out at a constant phase density 

of 3, also confirms that at low phase densities erosion is substant 

ially independent of particle size. In Chapter 6, however, the 

results obtained by the author show that there is a considerable 

variation in erosion with respect to particle size at higher phase 

densities.

A continuing feature of the work on erosion is the transitional effects 

with regard to certain inter-relating variables. The results in
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Fig. 7.19 were based on the erosion of mild steel bends with a constant 

material hardness. In Fig. 7.1 the curves clearly show the inter 

relating effect of surface material and particle hardnesses on the 

magnitude of erosion. Apart from the dependence of a critical hardness 

value on this inter-relating hardness effect, the threshold value also 

depends considerably on velocity. Although the results in Fig. 7.19 

were from tests at a mean conveying air velocity of about 25 m/s, it 

appears that there is a transition effect with regard to velocity on 

the critical particle hardness value in terms of specific erosion, and 

further tests with a range of velocities would be necessary in order to 

determine the magnitude of this transition effect on critical particle 

hardness.

7.6.3 Penetration Rate Analysis

In contrast to the scatter of erosion results in Figs. 7.15 to 7.17, 

the corresponding dai,a in Figs. 7. 20 to 7.22, in terms of the 

variation of maximum depth of penetration with mass eroded, shows a 

remarkable degree of consistency in comparison. No attempt has been 

made to draw lines through the points plotted in these figures since 

there is little scatter in the data, and all the results clearly fall 

within a band. The individual experimental points for each bend tested 

within each test series are identified by the same symbols as used in 

the previous figures and so these plots show the penetration history 

of each individual bend in terms of the maximum depth of penetration 

by the particles into each bend. The experimental results of p.f. ash 

are not included in any of these figures due to the small depth of 

penetration in relation to the scale of those of the other test materials,

For comparison purposes the mean slopes of the experimental data in 

Figs. 7.20 to 7.22 are given in Fig. 7.23. The gradients of these 

slopes clearly show that, apart from the relatively limited effect of 

particle hardness, the magnitude of penetration rate in terms of ym/g 

eroded, is substantially influenced by the shape and size of the 

particles.

Perhaps more useful representations of penetration data are those 

given in Fig. 7.24, which show the variation of penetration wear rate 

in terms of mm/tonne, with the hardness values of the test materials, 

including p.f. ash. These are the results of the first three test
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sets, and again, as in Fig. 7.19, no attempt has been made to join 

thG mean values of each test sot. The trends of these mean values 

also show that there is a threshold value of particle hardness abovo 

which penetration is not influenced by hardness. The similarity of 

results in Figs. 7.19 and 7.24 clearly has important implications for 

the pneumatic conveying engineer. Both figures show that there is 

a definite trend towards a critical hardness value beyond which 

both erosion and penetration are relatively independent of particle 

hardness and the magnitude of this value is considerably influenced 

by the inter-relating effects of shape, size and velocity of the 

particles as well as the hardness of the bend material itself.

7.6.4 Bend Life Analysis

A prime obj^°tive of the investigation in this work v/as to provide 

an analysis from which the likelihood of erosion could be predicted 

from the results of certain variables and, in this section, the 

specific influence o.f particle hardness on erosion is considered.

As explained in the preceding chapter, it is possible to determine 

a relationship in terms of conveying capacity and potential service 

life of bends by combining the experimental data on both specific 

erosion and depth of wear.

7.6.4.1 Calculation Procedure

A log plot of specific erosion results in Fig. 7.19 shows

that, over this range of hardness values considered, from
2500 to 2100 kg/mm , particle hardness (H ) is related to

P 
specific erosion (e) by a simple power law relationship:-

e oc (Hp) y
From Fig. 7.25, the hardness exponent corresponding to the 

experimental data in test sets 1, 2 and 3 is 1.57, 1.59 and 

1.84 respectively. The slight variation in the value of 

the exponent clearly indicates the influence of product 

condition to a certain extent on the magnitude of erosion. 

Since in most industrial plant operation situations it is 

unlikely that the material is conveyed more than once 

through the pipelines, it can be seen from Fig. 7.24 that
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the exponent, is fairly constant, and for the purpose of this 

analysis it was decided by the author to consider the value 

of 1.57 corresponding to tost set 1, which is based on the 

results of a relatively fresh set of materials.

Hence, from a linear regression analysis of the relevant 

data, the above expression can be given by :-

~5 1 ^7
e = 6.25 x 10 (H ) ' g/tonne (7.2)

P

In order to determine the conveying capacity of bends, the

variation of mass eroded at the time of failure (E ) with
bf

respect to particle hardness (H ) is required. In tests
P 

with sand three bends failed with a mean value of 60 g, and

with f.b. ash two bends failed with a mean value of 73 g. 

Substituting the appropriate values, the relationship between 

E and H can be expressed by:-

Ebf = 4.27 (Hp )°' 37 g (7.3)

It should b6 noted tnat the accuracy of the numerical values

in the above expression is subject to some variation. Two

of the three bends which failed in tests with sand, as

mentioned before, failed prematurely. The rapid failure of

these bends, with corresponding lower values of mass eroded

at point of failure (Table 5.3), has a consequjnt effect on

the overall mean value. Furthermore, in tests with f.b. ash

the overall mean value at failure is also affected, to some extent,

by the size effect, although it has been shown that at low phase

densities there is no significant variation in terms of specific

erosion. In tests with p.f. ash and calcined alumina, no bends

failed. Although the relationship between EL and H is
b± p

determined on the basis of the limited experimental results 

of two materials only, it is unlikely that there will be any 

significant variation of the numerical values in the above 

expressions, such that it would alter the magnitude of these 

expressions completely.

The conveying capacity of bends, in terms of the mass of 

material that can be convoyed through the bends before failure
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(M ), is given by :-'
M = —— tonne 
s c

Substituting the appropriate equations into this expression 

yields :-

M = O.G8 x 10 5 (H )~ 1 ' 20 tonne (7.4) 
s p

A graphical representation of this expression is given in 

Fig. 7.26.

In terms of bend life, using the relationship

M
ATbf = 4~m~ h

a

where AT = the conveying time to bend failure, and 

substituting the appropriate values into this equation gives :-

ATU.P = 2 - 78 x iO5 < H )~ 1 ' 20 h (7.5) bf p

A graphical representation of this expression is given in 

Fig. 7.27.

The set of curves in Figs. 7.26 and 7.27 shows the influence of 

particle hardness on the conveying capacity and service life 

of bends in an actual pneumatic conveying situation. Both 

curves provide a real basis on which the performance of bends, 

under otherwise identical conveying conditions, in respect of 

particle hardness, should be compared.

The trend of the curves in both figures definitely indicates 

the existence of a critical hardness value in which there is 

a significant change in the performance of bends over the---' 

range of particle hardnesses considered.

2For materials with a hardness value less than about 1000 kg/mm

there is a definite increase in the amount of material that

can be conveyed through the bends before failure occurs, and this

increases exponentially as the hardness of the material is

decreased. In contrast, for materials with hardness values 

above this critical value bends will not fail as rapidly as the 

hardness values of the materials are increased progressively. 

The apparent lack of deterioration of the performance of bends as 

the hardness of the material is increased well beyond this critical

.150.



100 r

Cc o
80

Q>

60

O
o» 
_a

T3

Q>

S 40 
O

o
Z3 

T3
O
i_
Q.

20
to

0
0 1000 

H _ kg /mm'
2000

FIG. 7.26 Influence of Particle Hardness on the Conveying

Capacity of Bends.

.151.



100

80

JZ

I

Q) 
CD

60

o
Q)
<4— 
'Jj

c 40
Q)

20

0
0 1000 2000

H, kg/mnY

FIG. 7.27 Influence of Particle Hardness on the Service Life

of Bends.

.152.



hardness value clearly reflects the trend of the results In 

Figs. 7.19 and 7.24 on the influence of particle hardness on 

both erosion and pcnelration.

7.6.4.2 Influence of Other Variables

As mentioned earlier, apart from the difficulty of isolating the 

inter-relating effects of shape and size from hardness, the 

magnitude of erosion is also considerably influenced by velocity 

and the hardness cf the bend material itself.

To a certain extent, however, the inter-relating effects of 

these variables are predictable. Apart from the obvious change 

in the magnitude of the values in Figs. 7.26 and 7.27, the 

shape of the curves would not be significantly altered and both 

would still indicate a critical hardness value which, of course, 

will vary with the magnitude of the effect of both velocity 

and hardness of the bend material. Further work over a range of 

velocities and bend materials with different hardnesses, possibly 

incorporating various bend lining materials, is required in 

order to establish the range of transitional values with respect 

to particle hardness, and this is an area that warrants further 

investigation.

7.6.5 Surface Erosion Patterns

Fig. 7.28 (a to e) shows typical erosion patterns of one of the bends 

eroded by each respective test material. The five bends in this figure 

correspond to bend 6 as indicated in Fig. 4.6, so the conveying 

conditions in each of these bends are identical.

The lack of erosion due to hydrate alumina is clearly shown by the 

deposition of these particles onto the surface of the bend (a). The 

smooth profile and the absence of any noticeable erosion scouring 

marks in the bend eroded by p.f. ash (d) reflect the very limited 

erosion and penetration data of this particular test material. By 

contrast, the characteristic stepped erosion patterns, although not 

so pronounced in this particular bend, are clearly visible in the 

bend eroded by sand ( c ), and a similar pattern is observed more clearly 

in the bend eroded by calcined alumina (b), particularly the appearance 

of erosion ridges. The absence of any such erosion patterns in the 

bend eroded by f.b. ash (e) clearly reflects the characteristic size
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effect, and the trucking of tho erosion patterns across this bond 

indicates the considerable presence of 'fines' in association with 

swirling flows.

The influence of particle hardness on mass eroded and depth of wear 

can be observed more clearly in Figs. 7.29 and 7.30 in terms of bend 

and pipe wear profiles. Once again, owing to the lack of any comparable 

data in tests with p.f. ash, only the respective wear profiles of sand, 

calcined alumina and f.b. ash are shown.

For a constant mass eroded from each bend of about 27 g, the curves 

in both figures clearly show the limited effect of hardness in terms 

of depth of penetration. Whilst there is some 75% difference between 

the hardnesses of sand and calcined alumina, there is hardly any 

appreciable difference in the depth of penetration between these two 

materials. With a higher hardness value, combined with the effects of 

moisture and shape, the curves for calcined alumina should show a 

greater depth of penetration compared to those for sand. However, 

the similarity of results in terms of depth of penetration for these 

two materials clearly shows the limited effect of particle hardness 

over the range of hardnesses considered.

In the case of f.b. ash the shape of the wear profile curves in both

figures clearly demonstrates the over-riding effect of particle size

over that of particle hardness.- Furthermore, the position of

maximum wear in terms of pipe angle substantiates further the size effect,

which shows that as particle size is increased, the position of

maximum wear and hence failure progressively decreases below the centre

line of the pipe due to the increasing gravitational effect.

However, to a large extent the wear profiles in these figures are 

quite misleading, since they correspond to a certain constant amount 

of mass eroded. A more representative comparison of the penetration 

data over a range of constant mass eroded would be from the slopes 

presented earlier in Fig. 7.23. The slopes in this figure incorporate 

the individual wear profiles in Fig. 7.29 and clearly show that the 

depth of penetration is not proportional to mass eroded and, in terms 

of particle hardness, confirm the existence of a critical hardness 

value beyond which both erosion and penetration are relatively 

independent of particle hardness, as shown in Figs. 7.19 and 7.24.
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7 • 7 EFFECT OF PARTICLE^DEGRADATION 

7.7.1 Introduction

When a single batch of material is recirculated continuously through a 

pipeline there will inevitably be some degradation of the particles. 

To a certain extent the degree of degradation, when accompanied by a 

substantial change in the overall size distribution, cnn present 

difficulties in defining the characteristics of the gas-solid flow and 

predicting the pressure drop.

Whilst it has been generally well recognised that there is a distinct 

difference between the transport characteristics of coarse and fine 

particles (Boothroyd 1971), there are some conflicting observations on 

the relative effect of particle size on pressure drop. Pinkus (1952), 

from tests with 240 and 440 ym sand particles, found that prssure drop 

increases as particle size is increased and a similar observation has 

also been reported by Rao and Ghosh (1967) from tests with a variety 

of different sized seed grains. However, a majority of the more recent 

studies (Chari 1971, Mason and Boothroyd 1971, Scott 1978, Wheeldon and 

Williams 1980) reported that, under certain conveying conditions, pressure 

drop increases as particle size decreases. A general explanation of this 

behaviour, according to Velayudhan et al (1970), is that as particle size 

is decreased there is a corresponding increase in particle velocity. 

As frictional loss may be represented by an equivalent coefficient of 

friction term, it has been reported by Clark et al (1952), that the 

coefficient of friction is related to particle velocity by a parabolic 

function. From this it follows that, when particle velocity is increased, 

the equivalent friction coefficient increases, which results in a 

corresponding increase in pressure drop. Furthermore, it has been 

reported by several sources (Richardson and McLeman 1960, Doig_a,nd Roper 

1963, Boothroyd 1971, Duckworth and Chan 1973) that finer particles 

are more susceptible to electrostatic charge and, consequently, increase 

in pressure drop. This whole picture is further confused by the drag 

reduction generated by very small particles, as reported by some authors. 

However, Huff and Holden (1965), from tests with a range of coal particles 

from 50 to 250 ym, found that at sufficiently high velocity, pressure 

drop remains constant, irrespective of particle size, although as pipe 

diameter is increased, the pressure drop for the larger particles is 

correspondingly much higher than for the smaller particles. Chowdhury 

et al (1967), from similar tests, although with a wider range of coal

.158.



particles from 100 to 500 pm, found that at a constant velocity and phase 

density, pressure drop is initially independent of size up to about 250 ]im, 

beyond which it varies directly with particle size. Jn this work with 

fluidised bed ash, apart from the velocity effect, there was no significant 

increase in the conveyjng line pressure drop over the range of tests, 

despite a reduction in the mean particle size of some 50%. The lack of 

any increase in pressure drop is probably related in some way to the 

overall effect of the wide spectrum of size distribution of this f.b.ash 

material.

7.7.2 Review of Previous Work

Apart from some general limited studies on the breakage of coal 

(Hunter 1975, Sproson et al 1976), information on the specific subject 

of particle degradation of pneumatically conveyed materials is very 

limited. In the field of the general solid particle erosion studies, 

Tilly and co-workers (Goodwin et al 1969, Tilly and Sage 1970) are 

probably the only researchers who have investigated the effect of 

particle degradation on erosion in detail. Their results appear to 

show that it is necessary to exceed threshold conditions for fragment 

ation to occur (see Fig. 2.4), and the degree of fragmentation is 

dependent upon the type of target material as well as velocity.

Mills and Mason (1976b, 1978) have carried out limited studies on 

the effect of particle degradation on bend erosion. Theyreported that, 

apart from the difficulty of isolating a number of variables involved 

in the mechanics of product degradation, it can be essentially reduced 

to those associated with pipe bends and conveying distance. From their 

limited experimental results on 70 and 230 ym sand particles, they 

found that in both ca^es there is an initial high erosion rate followed 

by a gradual reduction and then a steady slow decrease in the mass 

eroded per batch conveyed (see Fig. 7.31 for the 230 ym sand results). 

Apart from a marked increase in the 'fines', they commented that the 

magnitude of degradation is likely to be considerably influenced by 

both particle velocity and phase density.

The experimental results obtained from the tests with f.b. ash in this 

work provide an opportunity for a more complete analysis of the effect 

of particle degradation on both erosion and penetration and, in the 

following section, the relative effects of these two parameters are 

discussed.
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7.7.3 Effeojt^_jpi \_ Erosion and Penetration Results

Fig 7.31 shows the influence of continuous rocirculation of f.b. ash on 

the mass eroded from the bends. Also included on this figure, for compa 

rison purposes, are the results for 70 urn sand from this work and 230 inn 

sand from the data of Mills and Mason (1977c). Apart from the marked 

effect of particle recirculation on erosion, the curves in this figure 

also show, more importantly, the additional inter-relating effects of 

particle size and hardness.

A feature of these curves is the initial high value of erosion, which 

shows a remarkable degree of consistency irrespective of particle size 

or hardness. However, as particle recirculation is increased there is 

a steady, progressive increase in the variation of erosion between these 

different sized materials. The trend of these curves clearly shows that, 

over a number of runs erosion is only relatively independent of both size 

and hardness when the material is relatively fresh, and care must be 

taken when attempting to apply the various erosion expressions available, 

which are usually only applicable under certain conditions.

The effect of particle degradation on the magnitude of specific erosion 

is demonstrated in Fig. 7.32. The two curves represent the plots of the 

mean values of erosion in terms of g/tonne, which corresponds to the 

respective initial value of mean particle size obtained in Fig. 7.12. 

The upper curve refers to the variation of accumulative erosion valuos, 

whilst the lower curve refers to the corresponding individual values 

per test set and the vertical line indicates the extent of maximum and 

minimum range of values per test set. In both cases the trend of the 

curves definitely shows that there is an initial rapid decrease in erosion 

from test sets 1 to 4, corresponding to a reduction in the initial mean 

particle size from 1200 to 900 un , and then followed by a gradual rate 

of decrease. Although this particular test series was terminated after 

21 runs, the slopes of the curves appear to indicate that any further 

reduction in particle size of this test material v/ould have no further 

effect on specific erosion. A similar trend is also observed with 

regard to penetration in terms of mm/tonne.

Perhaps a more useful representation of the data on the effect of 

particle degradation is shown in Fig. 7.33. The plots in this figure 

are obtained by taking the accumulative values of both erosion and 

penetration at test set 1, corresponding to a mean particle size of 1200 |im 

as the datum. By subtracting these values from the following consecutive:
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accumulative values in tost sots 2 to 5, tho respective changes in the 

specific erosion and penetrative wear rate values arc obtained, as shown 

in Fig. 7.32. The two curves in this figure, therefore, refer to the 

variation of ?. change in the value of erosion and penetration corresponding 

to a similar change in the initial mean particle size.

In both cases the curves clearly show that over this range of initial 

mean particle sizes there is a dramatic increase in the rate of change 

in both erosion and penetration, and this rate of increase is initially 

proportional to the rate of particle degradation. It appears that there 

is a certain threshold value of initial mean particle size beyond which 

both erosion and penetration remain relatively constant and are unaffected 

by any further degradation of the particles. Apart from the inter-relating 

effects of velocity and bend material, the results on Fig. 7.33 show that 

there is a direct relationship between mass eroded and depth of wear to 

the amount of particle degradation, particularly in the early stages of 

recirculation.

To a large extent the data in Figs. 7.32 and 7.33 incorporates the 

subsidiary effect of 'fines' and it is not possible to determine directly 

the effect of 'fines' on the magnitude of either erosion or penetration 

due to the large mixed size spectrum of this material. Further work is 

obviously necessary, preferably with a narrow range of particle sizes, 

in order to determine the effect of particle degradation in terms of 

the percentage of 'fines' on both erosion and penetration.

7.8 CONCLUSIONS

From the experimental results on the influence of particle hardness presented 

in this chapter ,it has been established that there is a definite trejid towards 

a critical hardness value beyond which both erosion and penetration remain 

relatively independent of particle hardness. To a certain extent this 

critical hardness value is considerably influenced by the inter-relating

effect of velocity, but it is unlikely to vary very much from a value of
2 about 1000 kg/mm .

Whilst the value of particle hardness is shown to be a major factor in 

determining the potential erosiveness of a particular conveyed product, the 

magnitude of the degree of erosiveness is also dependent upon the shape and 

size of tho particles. To a certain extent, the magnitude of erosion also 

depends upon the difference between the hardness values of the conveyed 

product and the bend surface material, as well as upon the conveying air
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velocity itself.

On the basis of the results of the material used in this.work it has been 

shown that, under similar conveying conditions, the results with sand 

represent the critical maximum limit in terms of both erosion and penetrat 

ion, and therefore; in terms of plant life. Materials with hardness values 

well beyond that of sand would not necessarily be more erosive.

The effect of particle degradation on erosion has been tentatively 

considered in tests with f.b. ash material. It has been shown that there 

is an initial direct relationship between specific erosion and penetration 

wear rate to the degree of degradation, until a stage is reached beyond which 

both erosion and penetration remain relatively constant, irrespective of any 

further degradation of the product.

Apart from an increase in 'fines' further work is necessary in order to 

fully establish the extent of the effect of 'fines' on erosion.
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Chapter 8

The Influence of Pipe Bend 

Diameter Ratio ( D/d )



8.1 INTRODUCTION

In the majority of bend erosion studies the groups of variables associated 

with the kinematic properties of the impacting particles and the properties 

of the surface materials have been extensively investigated. The group of 

variables associated with bend geometry has, however, received comparat 

ively little attention.

Of all the variables involved in bend geometry, such as bend orientation, 

bend angle, and diameter ratio (D/d), it is the last variable that is the 

most important factor. As reported in Chapters 2 and 3, apart from 

velocity, the magnitude of erosion is predominantly influenced by the angle 

of impact. In a pipe bend this impact angle is determined primarily by its 

diameter ratio, and hence can be varied by bend radius.

Whilst bend radius is usually taken into account when designing systems 

for conveying abrasive products, only limited quantitative data regarding 

its.influence on bend erosion is currently available. Therefore, in order 

to provide additional practical information of direct relevance to industry, 

a test programme was specifically carried out to investigate the influence 

of bend radius in terms of the D/d parameter, and the results obtained are 

analysed and discussed in this chapter.

8.2 REVIEW OF PREVIOUS WORK

Apart from the work of German investigators (Brauer and Kriegel 1964, 1965a,b, 

Kriegel 1968, 1970, Glatzel 1977, Glatzel and Brauer 1978), other sources of 

experimental information on the specific influence of D/d on bend erosion in 

pneumatic transport are relatively limited (Bikbaev et al 1972, 1973, Mason 

and Smith 1972). In Chapter 3 the work of these investigators was briefly 

reviewed and in this section the various effects associated with the 

specific influence of D/d are discussed in more detail.

- 8.2.1 Effect of Impact Angle

As mentioned in section 3.3.3, the angle of impact in bend erosion 

does not remain constant, but is variable over a period of time, 

corresponding to the rate of formation of an erosion crater. At any 

stage of the erosive wear process this angle of impact is referred to

as the 'effective impact angle' or (8 ) where the subscript B identifies
B

.the particular site of erosion, as shown in Fig. 8.1. The effective 

impact angle should not be confused with the 'impact bend angle' or

(6 ) which is measured along the radius of the bend to the point of B
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FIG. 8.1 Location of Maximum Wear and Site of 
, Impact in a Bend.

.167.



impact, B. This impact bend anglo is identical to the particle impact 

angle (a) which is defined as the inclination between the tangent to 

the bend surface and the particle trajectory. The location of 

maximum wear and subsequent position of failure is determined by the 

intersection of the projected path of the particle trajectory preceding 

from the straight pipe run to the outer bend radius. The location 

of this intersection is, in turn, dependent upon bend geometry. 

The effect of this variation of effective impact angle over a period 

of time has been clearly demonstrated by the work of Mason and Smith 

(1972) (see Fig. 3.5). They showed that in a bend with a large D/d, 

erosion first occurred at a low impact bend angle of about 20 . As an 

erosion crater is gradually established the effective impact angle 

increases correspondingly and consequently leads to a deflection of 

the particles in a zig-zag pattern in the bend. As a result, secondary 

and terti&xy wear craters may be created in the inner and outer bend 

surfaces, and may also lead to erosion in the following straight pipe 

run before the particles are properly re-entrained in the gas stream. 

However, apart from these visual observations, no attempt was made to 

assess the influence of the variation of effective impact angle on 

the magnitude of erosion.

Mills and Mason (1977 b) have provided an explanation for the differing 

rates and patterns of penetration, in terms of three basic stages of 

erosion which are dependent upon the effective impact angle (see also 

section 6.4.3.). Briefly, in a new unworn bend, initially the effective 

angle of impact is low and erosion, in terms of mass eroded, is relatively 

high. This is referred to as primary wear stage, which takes place over 

a wide range of bend angles. As the effective impact angle is gradually 

increased due to the formation of a stepped.erosion crater, the rate of 

erosion is decreased, corresponding to an increase in penetration rate. 

This stage is referred to as secondary wear, and takes place over a 

relatively narrow range of bend angles. From the work of Brauer and 

Kriegel (1963) and Krasnov and Zhilinskii (1973), the effective impact 

angle for maximum penetration is about 55 . For a reinforced bend,

or a bend with a very thick wall, secondary wear will phase itself out
o

when the effective impact angle reaches 80 to 90 , at which both

erosion and penetration rates are at a minimum, and this stage is 

referred to as tertiary wear. In all cases the magnitude of both erosion 

and penetration is shown to be directly influenced by effective impact
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angle. However, apart from this explanation, experimental evidence on 

the variation of effective impact angle with both erosion and penetration 

rates has not been provided.

8.2.2 Location of Maximum Wear

From detailed experimental studies of particle trajectories in a bend, 

Brauer and Kriegel (1965 a,b) found that the location of maximum wear, 

and ultimately position of failure, is at a point A as shown in Fig. 

8.1. The site of failure is described by the impact bend angle, and 

at this particular point is referred to as the 'critical impact angle 1 

or (5 A ). In terms of bend geometry, this angle is given by equation
A

3.1, which can be alternatively expressed as :- 

sin (6.) = /I -fD/d -
|_D/d + i

Glatzel (1977) found that the curve in the above expression is applicable 

for bends with a range of D/ds from 4 to 16 only. This was based on 

a series of tests on perspex bends eroded by 440 ym cast shot particles 

over a range of phase densities and velocities and substantiates the 

results of Bikbaev and co-workers (1972, 1973) who earlier reported that 

the position of maximum wear is independent of both of these parameters 

from tests with 295 ym quartz particles on various alloy bends with a 

range of D/d from 4.8 to 18. An expression for locating the position 

of maximum wear in terms of bend geometry has also been provided by 

these workers, and this expression is essentially similar to equation 

8.1.

The experimental data of Mills and Mason (1976d, 1977 a,b), although 

based on mild steel bends with a single D/d of 5.6, also confirmed that 

the position of maximum wear and failure in relatively independent of 

phase density, velocity and particle size, but only in terms of impact

bend angle. The position of maximum wear was found to lie consistently
o between an impact bend angle of about 30 to 40 . In terms of pipe

angle, however, the position of maximum wear varies considerably over 

this range of parameters.

8.2.3 Effect on Penetration

The influence of D/d on penetration rate, in terms of yra/h, has been 

investigated by Brauer and Kriegel (1964). Mild steel bends with a 

range of D/ds from 3.3 to 9.1, were subjected to erosion by the
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hydraulic transport of 110 jim iron ore concentrates. In terms of D/d 

a pronounced maximum penetration rate was observed at a value of 5.6 

(see Fig. 3.2). Kriegel (1970) also reported that -a similar relationship 

exists in pneumatic conveying. From tests with a range of perspex bends 

eroded by steel sand particles, he found that maximum penetration 

occurred at a D/d of 6.5 (see Fig. 3.1). Glatzel (1977), however, 

reported that a maximum exists at a D/d of 4 from tests with a similar 

range of perspex bends, but eroded by 440 ym cast shot particles. He 

commented that the difference in the critical value of D/d was largely 

attributed to different test conditions.

In order to avoid this rapid wear situation, either long radius bends 

or elbows are recommended. Mehring (1971), from industrial data, 

suggested that bends with D/d in excess of 24 are desirable in practice 

for handling abrasives. However, the work of Mason and Smith (1972) 

clearly cautioned against the use of bends with too large values of 

D/d, due to the possibility of the formation of several wear craters 

caused by the deflection of particles in a long radius bend.

8.2.4 Effect- of Velocity

The specific influence of velocity on D/d has also been investigated 

by Glatzel (1977). As he was able to determine the velocity of 

particles accurately in his test rig, tests were carried out over 

a range of particle velocities and D/ds. In terms of non-dimensional 

volumetric erosion, a velocity exponent of 3.1 for pipe elbows, and 

a constant 2.3 for other bends was obtained (see Fig. 3.9). The 

difference in value between these two exponents was attributed to the 

higher angle of impact in elbows. Since perspex exhibits a semi-ductile

brittle behvaiour, it wr.s found from bench tests on flat plate perspex
o 

specimens that maximum erosion occurred at an impact angle of about 45 .

The corresponding angle of impact in elbows was about 50 , which 

explained the higher exponent value for elbows. However, to a first 

approximation, Glatzel showed that the mean velocity exponent over this 

range of D/ds is 2.9, and could be considered HS independent of D/d.

Mason and Smith (1972) obtained a value of 2.25 from tests on perspex 

bends with D/ds of 12 and 20, subjected to erosion by fine alumina 

particles. Mills and Mason (1976 b) obtained a value of 2.65 from 

tests with mild steel bends with a single D/d of 5.6 and sand over
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a much wider range of test conditions. Whilst quantitative comparison 

between these exponent values is not possible, since the values obtained 

by Mason and co-workers were based on convoying air- velocities, the 

velocity exponent values from these sources appear to lie within a 

similar range. Hence, it appears that velocity hap no substantial 

effect on the magnitude of erosion in terms of D/d.

8.2.5 Effect on Bend Life

Glatzel (1977) has provided semi-empirical models for determining the 

service life of pipe bends. These models include the specific effect 

of bend geometry in terms of impact angle (3) (see equations 3.2 to 

3.4). Although satisfactory agreement between calculated and 

experimental values was provided by these models, they involved 

rigorous iterative mathematical computation of the other inter-related 

terms which must be evaluated corresponding to each value of g. 

Furthermore, these models were based on certain highly idealised 

assumptions and consequently are only applicable under certain conveying 

conditions, such as for particles over 100 ym conveyed at low phase 

densities and high velocities.
•

Ryabov (1978) has also reported a formula, for determining the service 

life of pipe bends (see equation 3.5). It includes the various 

parameters associated with bend geometry such as bend angle, bend 

orientation and bend radius in terms of the appropriate coefficient 

factors. However, no experimental evidence regaruing its predictive 

ability is given and, in addition, no information on how to determine 

these bend geometry coefficients or other coefficients in this formula 

is provided.

8.3 EXPERIMENTAL PLAN

8.3.1 Introduction

Although it has been clearly shown that bend radius, in terms of the 

D/d parameter, is also an important factor in bend erosion, the 

magnitude of this influence is, to a considerable extent, directly 

associated with the inter-relating effect of effective impact angle. 

Whilst the dependence of erosion upon impact angle is well recognised, 

• the corresponding dependence of erosion and penetration upon the 

variation of impact angle over a period of time has received very 

little attention.
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While a few models have been developed from those experimental studies, 

the specific influence of bend radius on bond performance cannot be 

evaluated directly. The D/d parameter in these models is represented 

by some other related quantity, which cannot be isolated and considered 

separately from the other inter-relating variables. In addition, the 

applicability of these models is strictly limited to certain test 

conditions.

Therefore, in order to provide additional experimental information 

regarding the specific influence of D/d pn terms of bend life analysis, 

and to investigate in more detail the variation of effective impact 

angle upon the magnitude of both erosion and penetration rates, a 

programme of tests was specially planned for this purpose.

8.3.2 Test Bends

Three sets of bends with D/d of 4, 5.6 and 12 were used in this invest 

igation (see Fig. 4.9). The bends with D/d of 4 were cast iron

elbows and the others were mild steel. The material hardness,of these
2 2bends was comparable, with 154 kg/mm for the iron elbows and 158 kg/mm

for the mild steel bends.

The selection of the range of D/d to be investigated in this work was 

largely dependent upon the existing test facility and laboratory space 

considerations. As explained in Chapter 4, the existing test section 

was designed for testing seven identical bends wich D/d of 5.6. Whilst 

these bends can be easily removed and replaced with the same number of 

elbows, by means of fitting a short stub at each end of the elbow,, for 

bends with a larger D/d ratio a new test section had to be constructed. 

The dimensions of this new test section, and consequently the possible 

range of D/ds, were primarily determined by both minimum acceleration 

length requirements and available laboratory space limitations. In order 

to provide as wide a test range of D/ds as possible, this new test 

section was specially designed by the author to accommodate seven 

identical bends with D/d of 12 in a figure of eight configuration 

(see Fig. 4.7).

It was felt that this limited range of test D/ds from 4 to 12 would 

be adequate, since experimental results from Brauer and Kriegel (1964) 

and Kriegel (1970) have shown that maximum penetration occurs at a D/d 

of between 5 and 7. Therefore, it was not necessary to consider
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bonds with a value of D/d well beyond tho range tested. However, 

in tests with elbows, a special Booth bend with D/d of 2.4 was also 

included and later, in tests using the high pressure rig, the 

experimental data of the three large radius bends with D/d of 24 can 

also be incorporated into this work for comparison purposes. Therefore, 

provisions were made by the author to extend the range of D/d invest 

igated in this work if warranted.

8.3.3 Control of Variables

As the variable investigated in this work is the D/d parameter, and in 

order to isolate the influence of this parameter from the other erosion 

parameters, it was necessary to maintain uniformity of test conditions 

throughout these test programmes.
»

About 750 kg of sand, with a mean particle size of 70 ym v/as used as 

the conveyed material. Its particle size distribution, before and 

after each test series, is presented in Fig. 8.2. The same batch of 

sand was recirculated batchwise until at least two of the test, bends 

failed. This was then replaced by an equivalent batch of similar sized
*

fresh sand prior to the next test series. For comparison purposes, and 

to provide proper control of the other variables associated in this 

work, it was decided to convey sand at a constant phase density of 3 

and to maintain a mean conveying air velocity in the test loops of 

about 25 m/s for each set of D/d tested. As explained in the previous 

chapters, the velocity recorded throughout this work is the conveying 

air velocity. As air is not incompressible there will be an 

expansion of air as pressure drops along the conveying line, but the 

maximum and minimum estimated velocity between the first and last 

bend in each test section was within t 10% of the mean of about 25 m/s 

for each set of test D/d.

8.3.4 Test Programmes

Three sets of tests, corresponding to each set of D/d tested, were 

carried out in a chronological sequence as presented in Table 5.1.

The first test series was on bends with D/d of 5.6. A large part of

the experimental results has already been presented and discussed in

'the preceding chapter in terms of particle hardness effects. Some

of this information, with specific reference to D/d effects, will
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again be reproduced in this chapter for comparison purposes.

The second test series was on elbows with D/d of 4. As mentioned 

earlier, a proprietary Booth bend with D/d of 2.4 was also included 

and designated as test bend number 10 (see Fig. 4.6). Twenty-six 

test runs were carried out'within this test series. As no appreciable 

erosion was observed for this Booth bend, compared to the elbows 

(Table 5.2), the limited results of this particular bend will be 

discussed in Chapter 10 in terms of the effect of D/d on phase density.

The third and last series of tests was on the long radius bends with 

D/d of 12. These were specially pulled bends from standard 50 mm bore 

straight pipe runs. As a result, the mean thickness of these bends 

was only about 3.2 mm compared to 4.0 mm for the other two commercially 

available test bends and elbows.

As mentioned in section 4.6, the mass eroded from these different 

bends is readily obtained by means of an electronic balance. However, 

because of the different bend radii, the wear profiles of these bends 

can only be determined with special instruments. For bends with D/d 

of 4 and 5.6, the wear profiles were recorded by specially designed 

dial gauge calipers. For the larger bends with D/d of 12, and for the 

Booth bend, an ultrasonic thickness meter was used.

8.4 BEND WEAR RESULTS AND DISCUSSION 

8.4.1 Introduction

A continuing feature throughout this work is the premature failure of 

bends. Mills and Mason (1976 c) have analysed some of the factors 

•involved and concluded that the primary source of these premature 

bend failures can be directly attributed to the combined effects of 

fine powders being influenced considerably by secondary flows induced 

in the bends. The magnitude of rapid and premature bend failure was 

shown to be dependent upon a critical combination of certain variables, 

but an element of unpredictability must also be taken into consideration,

In this programme of tests a similar situation was also observed. A 

number of bends with D/ds of 5.6 and 12 failed prematurely compared 

to a solitary elbow (Table 8.1 and Figs. 8.3 to 8.5). With the 

exception of the failed elbow which was replaced by an ordinary bend 

with D/d of 5.6, the prematurely failed bends in the other two test
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TABLE 8.1 Erosion Data for Original Dends Tested

Bend Number

1

D/d = 4

Total Mass 
Eroded (g)

Number of __
£t\)Batches

Mass 
Conveyed 19 . 43 
(tonne)

Conveying
_ . ... ^7 . DZTime (h)

Specific 
Erosion 1.08 
(g/tonne)

Erosion 
Rate (g/h)

Maximum 
Depth of 
Penetration 
(mm)

Penetration 
Wear Rate 0.08 
(mm/tonne)

Penetration 
Rate (mm/h)

Velocity at 
Bend (m/s)

Pressure at . „_ 
Bend (bar abs)

23 4 *5 6 *7

15 21 36 136 32 142

26 26 26 25 26 12

19.43 19.43 19.43 18.23 19.43 8.93

•i 

27.62 27.62 27.62 25.82 27.62 12.25

0.77 1.08 1.85 2.03 1.65 4.70

0.54 0.76 1.30 1.39 1.16 3.43

1.3 1.8 1.7 4.0 3.0 4.5

0.07 0.09 0.09 0.22 0.15 0.50

0.05 0.07 0.06 0.15 0.11 0.37

22.8 23.4 24.0 24.6 25.5 26.1

1.25 1.21 1.18 1.15 1.11 1.08

* Failed bends I Mass Eroded at Failure
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TABLE 8.1 Continued

Bend Number

+*3 *5 +*7

D/d =5.6

Total Mass 
Eroded (g)

26 39 151 47 170 63 158

Number of 
Batches

13. 13 13 13 13 8

Mass
Conveyed
(tonne)

9.75 9.75 4.10 9.75 9.37 9.75 5.62

Conveying 
Time'(h) 14 ..08 14.08 5.33 14.08 13.45 14.08 8.00

Specific 
Erosion 
(g/tonne)

2.67 4.00 12.44 4.82 7.47 6.46 10.32

Erosion 
Rate (g/h)

1.85 2.77 9.57 3.34 5.20 4.47 7.25

Maximum 
Depth of 
Penetration 
(mm)

1.2 1.8 3.9 2.1 3.9 3.1 4.0

Penetration 
Wear Rate 
(mm/tonne)

0.12 0.18 0.95 0.22 0.42 0.32 0.71

Penetration 
Rate (mm/h)

0.09 0.13 0.73 0.15 0.29 0.22 0.50

Velocity at 
Bend (m/s)

Pressure at 
Bend (bar abs)

23.3 23.7 24.4 25.0 25.8

1.28 1.25 1.21 1.18 1.14

26.4 27.3

1.11 1.07

* Failed bends
+ Replacement bend also failed

IMass Eroded at Failure
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TABLE 8.1 Continued

Bend Number

1 *2 3 +*4 5

D/d = 12

Total Mass 
,,.,,. 45 188 60 181 68 Eroded (g)

Number of 
D . . 20 17 20 14 20 Batches

Mass 
Conveyed 15.00 12.50 15.00 9.99 15.00 
(tonne)

Conveying 20.00 16.75 20.00 13.48 20.00 
Time (h)

Specific 
Erosion 3.00 7.02 4.00 8.11 4.53 
(g/tonne)

Erosion 2 ^ . 
Rate (g/h)

Maximum 
Depth of

. .. * . J. O.O ^ . JL <J . A £, , £iPenetration 
(mm)

Penetration 
Wear Rate 0.14 0.26 0.14 0.32 0.15 
(mm/tonne)

Penetration 0>20 u Q ± 
Rate (mm/h)

p61^ f 23-2 23.7 24.3 24.9 25.8 Bend (m/s)

Pressure at M 4 
Bend (bar abs)

+*6 *7

180 173

14 7

10.35 4.60

13.88 6.38

7.73 15.97

5.76 11.44

3.4 3.2

0.33 0.70

0.24 0.50

26.4 27.1

1.11 1.08

* Failed bends
+ Replacement bend also failed

I Mass Eroded at Failure
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D/ds were immediately replaced with new, similar sized bends. These 

new replacement bends in fact failed even more rapidly, whilst the 

remaining worn, original bends were still in service. Up to a two-fold 

increase in both erosion and penetration rates was obtained from 

replacement bends with D/d of 12, and about one and a half fold 

similar increase in the case of replacement bends with D/d of 5.6. 

These rapid rates of both erosion and penetration obviously have a 

dramatic effect on the overall results. Hence for comparison purposes, 

and unless otherwise stated, the analyses in the following sections 

will be restricted to the experimental results of the original seven 

test bends for each set of D/d tested. The specific effect of 

replacement bends will be examined in more detail in the next chapter, 

from which the causes of this rapid failure and its effect in terms 

of bend life evaluation will be presented.

8.4.2 Presentation of Results

For each set of D/d tested, the test bends were removed after a batch 

of sand had been conveyed through the bends. The mass eroded and 

wear profiles of each individual bend were recorded. From this 

regular monitoring procedure the erosion history of each individual 

bend, in terms of specific erosion and bend wall penetration rates, 

was obtained. Apart from providing information on depth of penetration, 

the variation of impact angle at various stages of erosion could also 

be determined from the respective bend wear profile measurements, 

from which its effect on erosion could be assessed.

As mentioned earlier, a number of bends which failed prematurely were 

immediately replaced with similar sized new, unworn bends. The rapid 

erosive wear rate of these replacement bends was also regularly 

monitored. Comparisons between the experimental results of the 

prematurely failed bends and their corresponding replacement bends 

will be presented and discussed in more detail in the next chapter. In 

order to obtain sufficient experimental data for the original test bends 

for comparison purposes, tests were carried out until one of the 

remaining original bends failed. In this way at least two of the 

original seven test bends were tested to failure, thereby providing 

a basis for proper comparison in terms of both erosion and penetration 

rates over the range of D/ds considered.
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The essential erosion data for the range of D/d investigated has already 

been presented in Tables 5.2 and 5.3. Further details of the original
*

seven test bends at each set of D/d tested are presented in Table 8.1.

8.4.3 Specific Erosion Analysis

The erosion history of all the bends tested at each set of D/d is 

presented graphically in Figs. 8.3 to 8.5. For comparison purposes 

the results of the respective replacement bends are also included. 

These are identified by the letter 'R' beside the particular bend 

number. Some of these replacement bends also failed and were replaced, 

and these are identified by the letters 'RR'.

The experimental data in these figures has not been normalised since 

all the tests were carried out under similar conveying conditions. 

The conveying line pressure drop at each set of D/d tested was found 

to be comparable and estimations of the velocity at each bend were 

therefore similar (Table 8.1). Hence, it was not necessary to 

normalise the results and, for the purpose of evaluating the specific 

erosion rates, it is adequate to consider the mean values of these 

measured results only.

8.4.3.1 Scatter of Results

A common feature of the curves in these figures is the large 

degree of scatter of the results. As has been reported in the 

previous chapters, premature failure of bends is directly 

attributed to the degree of scatter and to a certain extent 

the scatter of results in this programme of tests is therefore 

anticipated. Furthermore, since the results are not normalised 

to a constant velocity value of 25 m/s, there will be a slight 

variation of erosion from bend 1 to bend 7 in each set of 

D/d tested due to a variation of velocity in the bends. 

However, the lack of any systematic order of erosion in this 

respect for each set of D/ds tested, clearly demonstrates 

the limitations of predicting the erosive wear process in pipe 

bends based on well established observations, except that 

bends will fail randomly.

Apart from the likely sources of the scatter of results such 

as those attributed to velocity, phase density, and particle 

size effects, another contributing factor to the scatter of
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FIG. 8.3 Variation of Erosion with Mass Conveyed for 

Individual Bends with D/d of 4
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FIG. 8.4 Variation of Erosion with Mass Conveyed for 

Individual Bends with D/d of 5.6
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FIG. 8.5 Variation of Erosion with Mass Conveyed for 

Individual Bends with D/d of 12
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results in Figs. 8.3 to 8.5 is the bond radius. Mills and 

Mason (1976 c) have analysed some of the factors involved
»

in premature bend failures, but concluded that bend radius 

was not likely to have an additional effect. The experimental 

evidence in these figures in terms of D/d effect clearly 

demonstrates otherwise. Excluding the results of those bends 

which failed prematurely, the degree of scatter between the 

maximum and minimum values at the end of each test series 

differs by a factor of about 2.5:1 for the elbows and the 

intermediate radius bends, and about 1.5:1 for the long radius 

bends.

Since there is a large variation in the total number of runs 

at each set of D/d, a more representative basis of comparison 

would be to consider the first six runs. Over this number of 

runs the results of all the original seven test bends at each 

set of D/d tested will therefore be included. The degree of 

scatter for the elbows, after some 4.5 tonnes of sand had been 

conveyed, is of the order of about 6.7, compared to about 3.7 

for the two sets of bends.

In both cases the variation in the order of scatter over the 

limited range of D/ds tested clearly demonstrates that bend 

radius is also an important factor, although it is not 

possible to quantify to precisely what extent. This is 

primarily due to the difficulty of isolating the specific 

effect of bend radius from the other inter-relating factors 

such as bend position, percentage of 'fines', secondary flows, 

particle shapes, etc.. In the next chapter the specific 

effect of these inter-related factors, which may be responsible 

for the scatter of results at each set of D/d tested, will be 

considered in more detail.

8.4.3.2 Effect of Bend Radius

The effect of bend radius, in terms of D/d, on specific erosion 

is presented in Fig. 8.6. Individual results for each of the 

original seven bends tested are plotted, and the line drawn 

represents the mean value at each set of D/d tested. The scatter 

of results is again reflected by the variation of individual 

plots in this figure. The magnitude of scatter between the
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maximum and minimum individual values is of the order of about 

6.1 for the elbows, 4.7 for the intermediate bends, and 5.3 

for the long radius bends. However, in terms of bend radius, 

the degree of scatter and hence the potential for premature 

failure of bends, appears to increase as bend radius is 

increased.

A more representative basis for comparison purposes would be 

from the data presented in Fig. 8.7. The four sets of results 

plotted in this figure represent the accummulative erosion 

values of three consecutive test runs per set. The limits of 

each vertical line indicate the upper and lower individual 

values, and lines drawn through the respective symbols locate 

the corresponding mean value within each test set. The 

influence of bend radius on the rate of erosion is clearly 

demonstrated by the trend of the curves. From test sets 1 

to 3 a gradual reduction of the mean values over this number 

of runs is particularly observed for the intermediate and 

long radius bendr:. However, no further reduction is observed 

at test set' 4; in fact, the mean values between test sets 3 

and 4 are comparable.

This lack of any further decrease after nine runs is related to 

a corresponding change in the 'effective' impact angle in 

the bends, which was observed to increase only slightly over 

this period. This aspect will be discussed in more detail in 

section 8.4.5.

Another interesting feature of the results in this figure is 

with regard to the magnitude of the degree of scatter per test 

set. For the two sets of bends there is a gradual reduction 

in the scatter of individual results over this range of test 

sets, whereas no significant change is observed for the elbows. 

The marked decrease in the scatter for the bends, particularly 

after test set 2, is due to the premature failure of bends 

which occurs after 6 and 8 runs, corresponding to bends 3 and 

7 for the intermediate bends, and after 7 runs, corresponding 

to bend 7 for the long radius bends. The absence of these high 

rates of erosion due to rapid premature bend failures is clearly 

reflected by the reduction in the scatter of results in test 

sets 3 and 4.
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In all cases the trend of the curves over the range of D/ds 

investigated clearly shows that there is a threshold value 

of D/d beyond which erosion is not influenced by bend radius. 

In terms of specific erosion results the critical value of 

D/d appears to lie between 4 and 5.6. Although the conveying 

runs in this programme of tests were carried out at a constant 

phase density and velocity, it is unlikely that the threshold 

value of D/d will vary from this range of values at other test 

conditions, since it has been reported by other workers that 

velocity and phase density have no effect on erosion in terms 

of D/d. A similar trend in terms of erosion rate is also 

.observed over the range of D/d tested. Whilst specific erosion 

data provides a direct comparison in terms of unit mass of 

conveyed product, the erosion rate gives an indication of the 

.potential service life of a bend for given conveying conditions. 

The similarity of the trend of the results, both of which show 

a threshold value in terms of D/d of between 4 and 5.6, clearly 

has important implications for the pneumatic conveying designer.

8.4.4 Penetration Wear Analysis

In Figs. 8.8 to 8.10 the corresponding sets of experimental results, 

in terms of the variation of maximum depth of penetration with mass 

eroded, are presented. Although the wear profile along the circum 

ference of the outer bend wall was recorded for each individual bend, 

only the one reading which indicates the position of maximum depth 

of wear into the bend is plotted in these figures. As in previous 

presentations, the same symbols are used to identify each individual 

bend and so, from these figures, the various specific rates of 

penetration at each set of bends tested can be determined.

With so much data available for these plots, and since the degree of 

scatter is small, it was not necessary to draw lines through the 

points plotted. With the exception of a few isolated points, all 

the plots appear to be remarkably consistent and fall within a band.

In Figs. 8.9 and 8.10 the corresponding plots of the respective 

replacement bends are also included for comparison purposes only. 

These plots clearly demonstrate the potential for rapid failure of 

these replacement bends, as indicated by their higher rates of penet-
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ration which arc consistently greater than the other bends. To 

a large extent this can be explained by the intor-relating effects 

of impact angle and particle shape and these will b'e discussed in 

more detail in the next chapter.

To show the effect of bend radius, the mean slopes of the results 

in Figs. 8.8 to 8.10 were determined and these are presented in 

Fig. 8.11. Apart from the initial transition section, these slopes 

are remarkably straight and beyond a given depth of penetration 

they are clearly separated. In terms of ym/g eroded from the bend, 

the gradients of these slopes clearly show that D/d has a marked 

effect. For a given depth of penetration the mass eroded decreases 

as bend radius is decreased, i.e. the rate of penetration increases 

as D/d is decreased. However, this information is misleading since 

it appears that elbows will fail more rapidly than ordinary bends. 

Since the thickness of a bend is finite, it is the rate of the depth 

of penetration by the particles into the bend wall, in terms of 

either penetration rate (mm/h) or penetration wear rate (mm/tonne), 

that is the criterion for bend performance and hence the mass eroded
«

is only of secondary importance.

Fig. 8.12 shows the effect of D/d on penetration wear rate. The four 

lines correspond to the four test sets, as in Fig. 8.7, with the same 

symbols representing each respective set of tests. The trend of 

these curves clearly shows that a pronounced maximum occurs at a D/d 

of 5.6. In terms of penetration rate a similar trend is also 

observed and, in terms of individual values. Fig. 8.13 shows the 

overall equivalent results with a line joining the mean values. The 

critical value of D/d obtained from this work appears to substantiate 

Kriegel's data rather than Glatzel's, and is comparable to the value 

of about 6.5 reported by Brauer and Kriegel based on hydraulic tests.

Although the corresponding penetration wear rates for the elbows and 

long radius bends are comparable, for a constant thickness of 4 mm, 

the mean rates of penetration excluding the resul.ts of bend 7 were 

0.12 mm/tonne or 0.08 mm/h for the elbows. These were respectively 

half of those for the long radius bends. In other words, the elbows 

lasted twice as long as bends with a D/d of 12. The values for the 

long radius bends were, in fact, comparable to the intermediate bends 

if the results of bends 3 and 7 are excluded. In practice, however,
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the preference is to use long radius bends rather than elbows or 

tight bends due to pressure drop considerations. Although it is 

generally recognised that pressure drop decreases as bend radius 

is increased, several sources . (Cornish and Charity 1966, Schuchart 

1968, Ghosh and Kalyanaraman 1970, Scott 1976, 1978) reported that 

beyond a value of D/d of about 10 no significant further decrease 

in pressure drop is obtained. Apart from costs, ease of installation 

and space limitation considerations, two important additional erosion 

factors must also be taken into account in the choice of a suitable 

value of D/d. These relate to the possibility of further erosion 

along the inner bend radius and along the following straight pipe 

runs due to the deflection of particles if the bend is too large 

(Mason and Smith 1972); and the potential for premature bend failure 

due to an increase in the scatter of results as D/d is increased, 

as shown i^ Figs. 8.7 and 8.12 in this work. Hence, in this respect, 

in order to avoid the rapid wear situation observed in bends with 

a value of D/d of 5.6, it is recommended that bends with D/ds between 

10 to 20 be used.

8.4.5 Inter-relating Effects of Bend Radius and Effective Impact Angle

The experimental results presented in the preceding sections have 

clearly demonstrated the significant effect of bend radius, in terms 

of D/d, on both erosion and penetration. In Fig. 8.7 a threshold 

value of D/d, beyond which erosion is relatively unaffected by bend 

radius, is shown to exist, and this value appears to lie between 4 and 

5.6. In terms of penetration wear rate (Fig. 8.12), maximum penet 

ration is shown to occur at a D/d of 5.6. In both cases the magnitude 

• of the dependence of these two parameters on bend radius is also 

considerably determined by the inter-relating effect of effective 

impact angle, as shown by the trend of the curves over a period of 

time in Figs. 8.7 and 8.12.

In this section the inter-relating effect of this variation of 

effective impact angle on both erosion and penetration is analysed. 

As mentioned earlier, after each set of tests all the bends were 

removed and the wear profiles of each bend were recorded. From these 

wear profile records the corresponding effective impact angle at 

various stages of erosion could be approximately estimated. However, 

for comparison purposes, since there is a considerable variation in
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individual wear profiles, it wns not. possible to'average 1 the wear 

profiles of the seven test bonds at each set of tests. Therefore, 

in order to obtain a representative wear profile from which the 

effective impact angle so estimated could be considered as reasonably 

representative, it was necessary to select a particular test bend 

with individual specific erosion and penetration wear rate values 

which are comparable to the overall mean values corresponding to each 

test set. For the elbows and intermediate bends the individual 

erosion and penetration values which closely correspond to the 

respective mean values were from those of bend 6, and for the long 

radius bends it was those of bend 3.

Fig. 8.14 shows the individual respective wear profiles of these 

three bends. For the sake of clarity, the wear profiles correspond 

ing to test set 2 (6 runs) and 4 (12 runs) are omitted from these 

bends. The corresponding approximate effective impact angle relative 

to each set of tests are given in Table 8.2. For comparison purposes, 

the corresponding individual specific erosion and penetration wear 

rates are also included in this table. Fig. 8.15 shows the corresp 

onding pipe section wear profiles, taken along plane X-X as shown 

in Fig. 8.14, which is normal to the direction of the flow in the 

bend. On the basis of these wear profiles, quantitative comparisons 

of the inter-relating effects of bend radius and effective impact 

angle on the magnitude of both erosion and penetration can be eval 

uated as shown by the curves in Fig. 8.16.

The trend of the curves in this figure is remarkably similar to the 

characteristic ductile erosion and penetration curves (see Figs. 

8.19 and 8.21), anu serves to explain the results obtained in Figs. 

8.7 and 8.12.

In terms of specific erosion, the lack of any substantial erosion 

for the elbows viz-a-viz the two larger bends, is explained by the 

initial high effective angle of impact, which corresponds to a 

decrease in erosion rate for this range of effective impact angle* 

from about 40° onwards. For the two larger bends, the initial high

rate of erosion corresponds to the estimated effective Impact angle 

of about 20 to 30°, and is followed by a gradual decrease as the 

effective impact angle increases. In terms of D/d, the lower rate
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TABLE 8.2 Influence of Effective Impact Angle on

Specific Erosion and Penetration Wear Rate

/D/
'd

4

5.6

12

Number of

runs

3
6
9

12
26

3
6
9

12
13

3
6
9

12
20

Approximate
Effective 
Impact
Angle
</* >

degrees

40
45
65
75
90

35
50
55
60
65

20
25
30
35
40

Specific
Erosion

g/tonne

2.24
2.03
2.08
1.89
1.65

12.00
9.11
7.83
7.41
6.46

9.78
7.56
6.07
5.44
4.00

Penetration
Wear Rate

mm/tonne

0.22
0.18
0.19
0.18
0.15

0.31
0.49
0.41
0.33
0.32

0.22
0.22
0.19
0.21
0.14

_^*l
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of erosion for the clbowu in also attributed to a corrc-Epondin^ly 

smaller concentrated region of erosion per unit surface area. As
h

bend radius is increased, the region of orouion increases and hence 

more mass would be eroded, as expected. However, the i-csults for 

the long radius bend clearly contradict this apsumpt i on. The lower 

rate of erosion obtained for this particular long radius bend, 

compared to the intermediate bend, is apparently due to the increased 

tendency of the particles to slide along the outer bend surface 

rather than impacting directly as in the intermediate bend. The lack 

of any substantial decrease in erosion for the bends, particularly 

beyond test set 3, as shown in Fig. 8.7, is attributed to the slight 

increase in effective impact angle, corresponding to a similar slow 

rate of decrease in erosion for the two larger bends. For the 

elbows, the effective impact angle, and hence the corresponding erosion 

rate, appears to stabilise mid--vay through the test series of 26 runs.

In terms of penetration wear rate a pronounced maximum is observed, 

corresponding to an effective impact angle of about 50 , for the 

intermediate bend. This substantiates the results of Brauer and 

Kriegel (1963) and Krasnov and Zhilinskii (1973), although these were 

based on flat plate specimens. The rapid increase in penetration rate 

as the effective impact angle increases from about 35 to 50 , which 

corresponds to test sets 1 and 2, provides an explanation for the 

corresponding increase in the mean value, as shown in Fig. 8.12 for 

the intermediate bends. For the elbows, although there is also an 

increase in effective impact angle from about 40 to 75 over this 

range of test sets, no corresponding increase in penetration is 

observed. The lack of any increase is attributed to the over-riding 

effect of bend radius. As an erosion pocket is being developed, 

some of the impacting particles are embedded into this pocket and 

subsequently act as a shield against any further increase in both 

erosion and penetration, and hence prolong its service life. For the 

long radius bend, the lack of any similar increase is penetration is 

attributed to the combined effects of the sliding motion of the 

particles and the limitation of any subsequent potential increase in 

effective impact angle beyond 40 over this range of test sets.

In both cases, bends with a D/d of 5.6 clearly correspond to the worst 

case in terms of specific erosion and penetration wear rates. The
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three basic stages of erosion which are dependent upon effective impact 

angle as identified by Mills and Mason (1977 b) have been substantiated, 

particularly by the results obtained for the intermediate bend. An 

initial high rate of erosion corresponding to an effective impact angle 

of about 30 (primary wear stage), followed by a rapid increase in 

penetration as the effective impact angle is increased to about 50

(secondary wear stage), and a minimum as the effective impact angle
o 

increases to about 80 (tertiary wear stage), is clearly exemplified

by the curves of the intermediate bend. Hence, in terms of D/d, bends 

with a value around 5| should be avoided.

8.4.6 Effect of D/d in Terms of Impact Angle

In Fig. 8.16 the curves clearly showed that both erosion and 

penetration are influenced by the combined inter-relating effects 

of bend geometry and effective impact angle. In terms of magnitude, 

however, the effect due to bend geometry has an over-riding influence 

over that of effective impact angle. As reported in section 8.2.1, 

the potential location of impact, and hence magnitude of effective 

impact angle, i« determined by the intersection of the particle 

trajectory and the outer bend radius (see Fig. 8.1) which in turn 

is dependent upon bend geometry. Furthermore, since the thickness 

of the bend is small in relation to its diameter, the magnitude of 

the influence due to effective impact angle is of secondary importance 

and plays a subsidiary role only compared to the effect of bend 

geometry in terms of D/d.

Although the service life of bends is determined by the rate of 

penetration, the location of maximum wear, and ultimately failure, is 

largely predetermined by its D/d ratio. To some extent the influence 

of bend geometry can be predicted on the basis of a correlation 

between the results obtained in terms of impact bend angle and a 

typical characteristic ductile erosion curve obtained from bench type 

tests over a range of impact angles.

To explain this further, it is necessary to consider once again the 

wear profiles shown in Fig. 8.14. Whilst the effective impact angle 

varies over a period of time, the location of maximum wear remains 

relatively constant once a crater has been established. In Table 5.3
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the mean position of failure in terms of impact bend angle of the 

bends which failed over this range of D/ds tested, were approximately 

37 , 34 and 33 for the elbows, intermediate and long radius bends 

respectively. The lack of any substantial variation in the position 

of failure clearly indicates that the trajectory of the particles 

into the bend must also be taken into account, as shown in Fig. 8.17.

For ductile materials it is well recognised that maximum erosion 

corresponds to an impact angle of about 20 to 30 , and the coincidence 

of a similar position in terms of impact bend angle in bend erosion, 

irrespective of its D/d, clearly demonstrates that particle trajectory 

is an important factor in determining the location of maximum wear and 

failure, as reported in section 8.2.2.

In Fig. 8.J.7 the position of failure for the elbows and intermediate 

bends appears to be located by the intersection of the projected 

path of particle trajectory along the centre line of the straight 

pipe and the outer bend radius. For the long radius bends it appears 

to be located by the trajectory along the boundary of the inner bend 

radius to the outer bend wall (point A). Brauer and Kriegel (1965 a,b) 

have extensively investigated the trajectories of particles into a 

bend and found that, over a range of D/ds, the position of failure 

can be generally described by the curve in equation 8.1, which is based 

on the particle trajectory along the inner bend radius only (Fig. 

8.1). Glatzel (1977) found that this semi-empirical equation was 

applicable for perspex bends with a range of D/ds from 4 to 16.

Fig. 8.18 f-hows the curve based on equation S.I (curve A), and the 

results obtained in this work by the author clearly show that it 

coincides with the long radius bend results only. Curve B is based 

on the trajectory along the centre line of the preceding straight 

pipe. For comparison purposes, the data of Mills and Mason (1979a) 

and Bikbaev et al (1972, 1973) are also included in this figure. 

Whilst Mills and Mason have only carried out tests on bends with a 

single D/d of 5.6, the data of Bikbaev and co-workers was based on 

various alloy bends with a range of D/ds from 4.8 to 15.6. It should 

be noted that the plots obtained from Bikbaev and co-workers' 

results are based on the estimated position of maximum wear only.
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FIG. 8.17 Influence of Bend Geometry and Particle Trajectory 

on the Location of Maximum Wear and Failure.
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However, it is unlikely that the ultimate position of failure will

vary appreciably. The higher value of impact bend angles over this

corresponding range of D/ds tested, obtained by Glatzel, can be

explained hy the characteristic behaviour of the perspex bends used

in his work. These behave in a semi-ductile brittle manner, with

maximum erosion at an impact angle of about 45 compared to about

20 to 30 for ductile materials. As a result there is a tendency for

maximum erosion to occur at a correspondingly higher impact bend

angle for perspex bends and, in this case, it would be located by

the trajectory along the boundary of the inner bend radius as described

by curve A, over a similar range of D/ds considered.

However, in general it can be seen that the position of failure appears 

to lie within the boundary of these two curves. On the basis of the 

curves in this figure it is possible to predict the effect of D/d to 

a certain extent, by cross-correlating the impact bend angle in this 

figure with the impact angle based on a typical characteristic ductile 

erosion or penetration curve.

Fig. 8.19 shows a typical ductile erosion curve which has been 

normalised to a relative value of 1.0 at 30 impact angle. This curve 

is based on a compilation of experimental data from various ductile 

metals and alloys, obtained from several sources by Hutchings (1979 a). 

For comparison purposes the actual results obtained in this work are 

also included. Thesj are based on the mean specific erosion data 

after test set 2 or 6 runs, which has been normalised to a relative 

value of 1.0 at D/d of 5.6. Since there are two possible impact 

angles at each value of D/d due to the two trajectory curves, the two 

separate but identical sets of curves (a and b) are presented. Curve 

'a' corresponds to the upper boundary according to curve A in Fig. 

8.18, and similarly, curve 'b 1 corresponds to the lower boundary 

according to curve B. By cross-correlating the impact angles in Figs. 

8.18 and 8.19, the effect of D/d in terms of relative erosion values 

is obtained as shown in Fig. 8.20. In this figure curves A and B are 

based on the typical ductile erosion curve, and relate to the two 

possible values of D/d due to the two trajectory curves. Curves a 

and b relate directly to the two separate, identical curves in the 

previous figures. The curves in Fig. 8.20 clearly show that the 

effect of D/d on relative erosion is considerably influenced by particle
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trajectory. Although the curves (a and b).which are based on the actual 

normalised results, are comparable, there is a significant variation 

based on the typical erosion curve data. Although all the curves clearly 

indicate the existence of a threshold value beyond which erosion is 

unaffected by bend radius, as shown in Fig. 8.7, curve A shows that it 

occurs at a D/d of about 15 compared to around 6 by the other curves. 

In this case, curve B would give a more accurate and reliable prediction, 

and clearly shows that particle trajectory must also be taken into 

consideration.

following a similar procedure, the influence of D/d in terms of penet 

ration can also be predicted based on a typical ductile penetration 

curve as shown in Fig. 8.21. This curve have been normalised to a 

relative value of 1.0 at an impact angle of 50 , and is based on a 

curve given by Krasnov and Zhilinskii (1973) from tests on mild steel 

specimens eroded by sand at various angles of impact. For comparison 

purposes, the actual results obtained in this work, which have been 

normalised to a relative value of 1.0 at D/d of 5.6, have also been
•;

included as indicated by curves a and b.

The results of a similar cross-correlation procedure of the respective 

curves in Figs. 8.21 and 8.18, are presented in Fig. 8.22. It can be 

seen that the trend of these curves is similar to that obtained in 

Fig, 8.12, although there is an appreciable degree of variation in 

terms of a critical value of D/d. Whilst the curves based on the 

actual results show maximum penetration at a D/d of about 6, curves 

A and B, which are based on a typical penetration data, show a maximum 

at about 3.5 and 2.5. Although the variation is significant, it 

appears that, in this case, the values of curve A are nearer-^o the 

actual results than those of curve B.

An important feature of the curves presented in Figs. 8.20 and 8.22 

is the accuracy and reliability of the predicted curves based on the 

typical ductile erosion and penetration results. In Fig. 8.20 in 

terms of relative erosion, prediction based on curve B is comparable 

to the actual results, whilst in Fig. 8.22, in terms of penetration, 

it is those based on curve A instead. In both cases, although it has 

been clearly shown that it is feasible to predict the effect of D/d 

on the basis of a typical erosion or penetration curve, the inter-
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relating effect of particle trajectory must also be taken into account,

8.4.7 Surface Erosion Profiles

Figs. 8.23 to 8.25 are photographs of some of the bends tested in this 

work. The surface erosion patterns of the two elbows which failed in 

this particular test series, i.e. bends 7 and 5, are shown in Fig. 

8.23 (a and b). In Fig. 8.24 the eroded bend wall wear profiles of 

two of the intermediate bends which failed prematurely i.e. bends 

3(b) and 7 (c), and their replacement bends, 3R(a) and 7R(d), are also 

presented. A photograph of an additional intermediate bend tested in 

this series was shown earlier, in Fig. 7.28 (c) (bend 6). For the 

long radius bends. Fig. 8.25 (a to d) shows respectively the surface 

erosion patterns of bends 6,5, 3 and 2.

Since all the bends were eroded by similar sized ^0 ym sand under 

identical conveying conditions, it can be clearly seen that a common 

feature of all the erosion patterns is the presence of a character 

istic complex pattern of steps and ridges. These are particularly 

pronounced in the elbows, where a multitude of small steps is evident. 

Although these are mainly concentrated over a small area immediately 

beyond the point of maximum wear zone, the vertical depth of the 

steps at this point is well over 2mm. The magnitude of these steps 

serves to explain the rapid increase in effective impact angle over 

a short period of time and, consequently, a lack of any substantial 

increase in the amount of mass eroded and a limited penetration rate 

for the elbows. By contrast, for the two larger sets of bends, 

these steps are more widespread and indicate some amount of erosion 

occurring beyond a bend angle of about 40 to about 80 .

Another common feature of the erosion patterns in these bends is the 

evidence of a pronounced tracking of the erosion path across the bends. 

These erosion tracks are particularly prominent in the larger set of 

bends. As discussed in the previous chapters, the presence of these 

tracks is clear evidence of swirling in the flows and, combined with 

the presence of 'fines', the bends in every case are likely to fail 

prematurely. This is a characteristic feature of all the bends which 

failed prematurely, as shown in Fig. 8.24, where all the bends shown 

failed rapidly. In Fig. 8.25 a pronounced erosion tracking pattern
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FIG. 8.23 Surface Erosion Patterns of Elbows
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FIG. 8.24 Surface Erosion Patterns of Bends with D/d of 5.6
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(a) L6

(c) V L3

FIG. 8.25 Surface Erosion Patterns of Bends with D/d of 12
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is also observed, particularly in bends 6,5, and 2. With the exception 

of bend 5, which is attributed to misalignment, bends 6 and 2 failed 

after 14 and 17 runs and, when bend 6 was replaced,' its replacement 

failed almost immediately; in fact, after 4 runs only. The lack of 

any substantial erosion tracking in bend 3 is probably due to its 

position in the test loops, which is 7 m away from the preceding bend. 

This particular bend was still in service after 20 runs. The corres 

ponding erosion patterns of bends 7 and 4, and their replacement bends, 

are shown in the next chapter, in which the aspect of premature bend 

failures will be discussed in more detail.

Figs 8.26 and 8.27 are linear representations of the corresponding 

bend and pipe section wear profiles of Figs. 8.14 and 8.15. These 

show the effect of D/d on the magnitude of mass eroded and depth of 

penetration after a constant 6 runs. In both cases it can be clearly 

seen that, although the amount of mass eroded from the two larger 

bends are comparable in terms of penetration, an immediate rapid wear 

situation corresponding to the secondary wear stu^e is apparently 

well established in the intermediate bend after only a few runs.
«

In fact, bend 3 failed after 6 runs, followed by bend 7 two runs later. 

By contrast, although the corresponding wear profiles for the elbows

are concentrated over a smaller area, it can be seen that a distinct
o 

step is gradually being established at a bend angle of about 40 .

The large difference in the amount of mass eroded between the elbows 

and the long radius bends shown in Fig. 8.7 is explained by a corres 

pondingly larger erosion trough for the larger bends. However, in 

terms of depth of wear, the lack of any substantial increase in 

penetration rate, particularly for the elbows, is explained by a 

correspondingly sharper wear profile which acts as a recess, thereby 

allowing some of the impacting particles to be embedded into the 

crater and hence preventing any further increase in penetration.

In general, the main feature in these two figures is that they 

show where an erosion crater is being established around the bend.

In terms of bend angle the position of maximum wear and consequent
o o 

failure appears to lie between 30 to 40 for all the bends tested

in this work, and substantiate that it is independent of bend geometry. 

In terms of pipe angle, however, although there is no apparent 

distinct trend, it appears to vary over a wider range of pipe angles.
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8.5 CONCLUSIONS

The work presented here clearly demonstrates that bend radius, in terms of 

the D/d parameter, is a significant factor in bend erosion. From the 

experimental results definitive trends with regard to specific erosion and 

penetration wear rate have been established and, for the range of D/ds 

tested, a critical maximum is observed in bends with a value of D/d of 

about 5j . The magnitude of both erosion and penetration have been shown 

to be depenent upon the inter-relating effects of bend radius and effective 

impact angle and both are at a maximum and coincide at this particular 

critical value of D/d. Hence, in order to avoid this rapid wear situation, 

for design purposes, the choice is to use either elbows or long .radius 

bends. Although in terms of pressure drop, the preference is for long 

radius bends, the increased susceptibility to premature failure as bend 

radius is increased is also an important factor which must be taken into 

consideration.

A number of bends which failed prematurely in the course of each particular 

test series were replaced with similar sized bends. These replacement 

bends unexpectedly failed almost immediately, whilst the other original 

bends were still in service. The causes of this phenomenon of rapid 

failure of replacement bends, and its effect on bend life evaluation, are 

reported in the next chapter.

It has also been established that, to a certain extent, the effect of D/d 

can be predicted from a typical ductile erosion or penetration curve in 

terms of the influence of impact angle. However, the accuracy and 

reliability of these predictions are considerably dependent upon the inter 

relating effect of particle trajectory.

Although the test conditions in this work are limited to one particular 

material and conveyed under constant conditions, it is unlikely that the 

critical value of D/d will vary substantially, since it has been shown by 

other workers that the effect of D/d on erosion and penetration is independent 

of velocity, phase density and particle size.
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Chapter 9

Erosion of 

Replacement Bends



9.1 INTRODUCTION

One of the more prominent aspects of the work presented-in the preceding 

chapter was the premature failure of bends. As reported in the previous 

chapters, premature failure of bends is a recurring feature in work of 

this nature, particularly when a number of bends are eroded simultaneously. 

Apart from its random nature, the likelihood of premature failure h«s 

been shown to be directly related to the degree of scatter of the results, 

and is dependent upon a critical combination of certain variables. Whilst 

the magnitude of the degree of scatter gives an indication of repeatability, 

it also indicates an element of unpredictability.

From the experimental results obtained in the course of the work on the 

effects of diameter ratio, an additional factor in the premature failure 

of bends which has not been investigated in previous erosion studies, is 

the effect of subsequent erosion on replacement bends A number of bends 

which failed prematurely were immediately replaced with similar sized 

new bends. As the other remaining original bends which were still in 

service had already been eroded to a considerable extent, it was expected 

that little erosion'would be observed in these replacement bends. However 

this assumption was completely contradicted by the unexpected rapid failure 

of some of these replacement bends, which failed in an even shorter time 

period than the original bends which they were replacing. In tests with 

bends having a D/d of 5.6, the replacement bends failed in about half 

the time, and in the case of the long radius replacement bends, some failed 

even more rapidly (see Table 9.1).

Mills and Mason (1976 c) have analysed the various potential factors 

involved in the premature fcilure of bends such as phase density, velocity, 

particle size and shape, secondary flows, etc.. However, the problem 

of replacement bends was not considered and in the following sections a 

number of other factors which may be responsible for the phenomenon of 

rapid and premature failure of replacement bends are considered by the 

author.

9.2 FACTORS INVOLVED

As shown in Figs. 8.4 and 8.5 in the preceding chapter, the magnitude of 

the scatter of results for replacement bends in terms of the variation of
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erosion with mass conveyed, is clearly demonstrated. Erosion data on the 

bends which failed has boon presented in Table 5.3, and for comparison 

purposes, further detailed erosion and penetration data'of all the individ 

ual bends which failed prematurely, and their respective replacement bends, 

is given in Table 9.1.

As reported previously, in tests with the elbows, bend 7 was the only bend 

which failed prematurely. The effect of subsequent erosion on replacement 

bends, however, was not realised at that time and so this particular elbow 

was replaced with a normal bend with a D/d of 5.6. As this replacement 

bend had been used in a previous test series it is not appropriate to equate 

the results of this replacement bend with the original replaced elbow and 

so only the data for the intermediate and long radius bends are presented 

in Table S.I. In the following sections the potential factors involved in 

the rapid failure of replacement bends will therefore be mainly based on 

the basis of the intermediate and long radius bends data.

9,2.1 Effects of Particle Size and Shape

One of the majo'r causes of premature failure reported by Mills and 

Mason (1976 c) is the inter-relating effects of particle size and 

shape. Although in terms of mass eroded, relatively fresh particles 

with a sharp, angular profile will cause more erosion than worn, 

rounded particles, in terms of depth of penetration the situation is 

markedly reversed (see Fig. 3.19). An additional inter-relating 

factor is the effect of particle degradation. As reported in the 

previous chapters, the degree of scatter is related to the magnitude 

of degradation of the particles. The resultant increase in the 'fines; 

combined with the effect of secondary flows, has been shown to be 

predominantly responsible for the premature failure of bends. In this 

work the percentage of 'fines' below 45 pro in tests with the elbows 

and long radius bends increased by a factor of about 1.4:1, whereas in 

tests with the intermediate bends it increased by a factor of about 

1.8:1. Although this increase is not significiant, it should be noted 

that the sand was recirculated 26 times in tests with the elbows and 

20 times for the long radius bends. For the intermediate bends the 

sand was recirculated only 13 times. In fact, as reported in Chapter 

7, the percentage of 'fines' had already increased by a factor of 

about 1.5:1 after only 6 runs. The rapid failure of the replacement

.222-



KZZ

* 
pH- 
M 
0) 
(X

CO

to

oo

P 
4 H-
CO 
O
0CO

cr 
(t>
rh

el 
s'
(D

13 
4 
(D
3 
Prt-

ft) 
M 

*<

pH-

w(D
o a en

a 
<n

P 
o
fD
B n> 
od-

W(B 
O
a en

O
(+ 
p

p 
co 
co
H 
4 
O
a(0
a

H> 
CO

*

M 
CO •*!

05 -J
05 CO

CO rf^

tn o

CO O5

00 CO 
CO 00

05 Ul

<J 00

Ul H
J_l lf*v
Ul £>•

co to
H CO

o o
CO O

o o
M Ul 
05 O

* * O5 O5 O5 
?0 fO

M

+ 
j^ ^o 00
jfS. (^ ^^

M
M CO O

Ul Ul CO 
O Ul Ul

co to to
O CO 00
to oo oo

CO CO
CD to ~J

to m -i CO CO CO

CO H 
H ~-J Ul

O5 -J --J 
•^ Ul 05

M CO CO

00 tt^ >t>.

MHO

CO CO CO
o to to

O M O
00 O CO

* * *
J*^ J1^ J^ J^ J^

M Ul it» CO ~J

CO O5 00 tO CO 
CO CO r-» CT5 00

M 
O CO CD tO CO

-} O5 CO CO Ul 
Ul CO CO Ul O

M (&. CO CO O5

O M tfc. O ~1 
CO 00 ii CO Ul

tO M M 
O ••) 00 05 <1

05 O M O O 
<l 00 M O CO

CO M M 
CO £. O5 M Ul

CO 00 O 00 CO 
CO CO M 00 Ui

M CO CO M CO

O CO CO Ul CO

MOO O O

CO 00 CO 05 CO
to oo co <j 05

O O O O O
CO ^) CO Ul CO 
-1 ^ i£> O O

en 
0)

* * * * -J ^J CO tO tO
£0 JO tQ

Ul 00 CO ^ O)

rf^ Ul CO »J^ Ul 
CO 00 rf^ Ul M

CO Ul CO tO tfi

tO O5 CO ^ M 
*J CO Ul CO O

^ 00 CO tO Ul • * • • •

CO O tO CD tO
~a o oo to to

CO O Ul 05 CO • • • • •

rf* tO M Ul t^ 
O5 tO ^^ if\ ij^

M M 
00 ^ O M CO

rf^ CO O rf^ Ul 
Ul Ul 05 Ul -J

CO £>. CO tO CO 

CO O Ul CO CO

O O M l-» O

CO <l M (Ji. CO 
00 M M CO Ul

O 0 O O O • • • • •
05 Ul <J CO ^J
05 O (^ CO tO

a

Bend .Number

No. of batches

Mass Eroded at 
Failure
(g)

Mass 
Conveyed 
(tonne)

Conveying 
Time 
(h)

Specific 
Erosion 
(g/tonne)

Erosion 
Rate 
(g/h)

Maximum Depth of 
Penetration 
(mm)

Penetration 
Wear Rate 
(mm/tonne)

Penetration 
Rate 
(mm/h)



bends in tests with the intermediate bends, is attributed by the 

author to this particularly large increase in the 'fines', which 

are more susceptible to the secondary flows induced' in those types 

of bends.

9.2.2 Effect of Bend Position

As reported in Chapter 4, in tests with the elbows and the inter 

mediate bends, the test section in both cases was identical. It 

consisted of a double loop in a rectangular configuration. The 

random nature of the failure of bends and the comparability of the 

individual results confirmed that bend position was not a likely 

source of premature failure in both cases. However, in the case of 

the long radius bends, the data in Table 9.1 clearly shows that 

bend position is a major contributing factor. With the exception of 

bend 7, bends 2, 4 and 6 were sited in close proximity to the preceding 

bends, which were bends 1, 3 and 5 (see Fig. 4.7). Whilst bends 

2, 4 and.6 failed in the course of this test series, bends 1, 3 and 

5 were still in service. As explained in section 4.4, the dimensions 

of this new tes.t loop were restricted by both minimum acceleration 

length requirements and available laboratory space limitation 

considerations.

From an expression given by Rose and Duckworth (1969), a minimum 

length of 2.3 m was considered adequate for fully established flow 

to be achieved, based on the given test conditions As the minimum 

distance in this particular test configuration is 3 m between bends 

5 and 6, it would appear that all the bends are sufficiently far 

apart for the particles to be fully accelerated from rest to the 

average conveying velocity before entering the next bend. A similar 

acceleration length of about 3 m was also reported to be adequate 

by several.workers (Ito I960, Earth 1962, Ghosh and Kalyanaraman 1970, 

Marcus el al 1976). However, the results obtained in Table 9.1 

show that, in terms of erosion, this length is clearly inadequate. 

By normalising the individual results to a velocity of 25 m/s, and 

by summing and averaging these individual normalised values, the 

data based on benda 2, 4 and 6 is some 40% greater than those based 

on bends 1, 3,5 and 7. The large difference between these two sets 

of data clearly shows that bend position is a significant factor in 

premature failure of bends only if the bends are sited in close
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proximity to each other. To a largo extent the magnitude of this 

effect is also considerably influenced by the inter-relating effect 

of secondary flows, which is considered in the next" section.

9.2.3 Effect of Secondary Flows

Of all the factors involved in the premature failure of bends, Mills 

and Mason (1976 c) have identified that the predominant cause is due 

to the presence of secondary flows in the bends. A characteristic 

feature of all the bends which failed prematurely was the pronounced 

tracking of the pattern across the surface of the bend. This char 

acteristic erosion pattern has also been observed in all the bends 

which failed prematurely in the course of this work. Apart from 

Figs. 8.23 to 8.29, Fig. 9.1 shows the erosion pattern of two more 

long radius bends which failed (bends 4 and 7), and their replacement 

bends (4R and 7R).

In tests with the long radius bends, as mentioned earlier, it has 

been shown that the position of the bend is also a significant 

factor. The pronounced erosion tracking pattern in each of the bends 

which failed (bends 2, 4 and 6) provides clear evidence of swirling 

in the flow in these bends. Although it is well established that 

the nature of gas-solid suspension flow in a duct is basically 

turbulent, it has generally been estimated that about 40 to 50 pipe 

diameters is adequate for the turbulence to be fully developed 

(Boothroyd 1971). However, an additional factor which muat also 

be taken into consideration is the effect of bends. This relates to 

the fact that large scale secondary flows which are induced in the 

•bends may persist for some considerable distance along the downstream 

of the straight section before the flow is fully developed again 

(Mason and Smith 1973). Although the presence of 'fines' may dampen 

the turbulence to a certain extent (Boothroyd 1971, Mason and Boothroyd 

1971), it has been reported by Pfeffer and Kane (1974), based on a 

number of drag reduction studies, that this presence of 'fines' in 

the suspension does not produce a general suppression of the turbulence 

as expected. The surface erosion patterns of this set of bends (2,4 

and 6) clearly substantiates the presence of a considerable degree of 

turbulence in the flow well before entering the bends.

The presence of turbulence in these long radius benda has the additional
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effect of lowering the velocity of the particles in these bends 

considerably. It would be expected, therefore, that less mass would 

be eroded from these bends. However, Table 9.1 clearly shows that 

an average of about 83 g w;is eroded at failure for this set of bends, 

compared to 73 g for bend 7 and about 58 g for bends 1, 3 and 5. 

The higher value is probably explained by a correspondingly higher 

value of velocity exponent which has been observed at low velocities 

by Goodwin et al (1969) and attributed to transitional effects by 

Mills and Mason (1976 b). Above the transition velocity the bends 

would be eroded normally, but below the transition little wear is 

observed. Mills and Mason found that if tests are carried out on 

either side of the transition, almost any value of the exponent could 

be obtained. The consistently higher amount of mass eroded from this 

particular set of bends appears to indicate that it is considerably 

influenced by this transitional effect with a resultant higher 

velocity exponent.

In tests with the elbows, the surface erosion patterns in Fig. 8.23'i

show the presence of a considerable degree of swirling in the flows. 

Glatzel (1977) carried out tests on a range of elbows and reported that 

a considerable turbulence intensity is generated in these tight elbows. 

He attributed this to the severe multiple inter-particulate collisions 

between the impacting and rebounding particles observed in the elbows 

and consequently explained that the lack of any substantial increase 

in the amount of mabs eroded compared with that obtained for the larger 

bends was partly due to this effect.

9.2.4 Effect of Effective Impact Angle

As shown in section 8.4.5. the magnitude of erosion in terms of 

specific erosion and penetration wear rate, is dependent upon the 

inter-relating effects of the D/d ratio and effective impact angle. 

In tests with the intermediate bends the rapid failure of the replace 

ment bends (3R abd 7R) can be explained by considering the wear 

profiles shown in Fig. 8.14, together with the curves presented in 

Fig. 8.16. It can be seen that after 6 runs the effective impact 

angle has progressively increased from the primary wear stage to 

beyond the secondary wear state. When the replacement bends were 

introduced into the test section, the initial effective impact angle 

of.these new replacement bends corresponds to the primary wear stage,
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i.e. maximum erosion. However, duo to the condition of the particles, 

which is fairly degraded and worn after a number of runs, the amount 

of mass eroded from these replacement bends is considerably less than 

the original bends which they .were replacing. As an erosion crater 

is being created, thfc effective impact angle rapidly increases for 

secondary wear to occur. In the meantime, the effective impact angle 

for the other remaining original bends has already increased to the 

tertiary wear stage, corresponding to a decrease in both erosion and 

penetration. Due to the condition 01 the product, a rapid increase 

in penetration rate is observed in these replacement bends at the 

secondary wear stage and, as a result, these replacement bends failed 

even more rapidly (Table 9.1).

A similar rapid failure rate is also observed in the case of the long 

radius replacement bends, although the corresponding increase in 

effective impact angle is not as large compared to the intermediate bends 

However, this is compensated by the presence of considerable turbul 

ence in these long radius replacement bends as mentioned earlier. For 

the elbows, although no replacement elbow data is available, a 

similar situation corresponding to the intermediate bends case would 

be observed, although it would not be expected to fail so rapidly, 

due to the over-riding effectsof bend radius and turbulence intensity.

9.2.5 Other Factors

The factors which are primarily responsible for the premature failure 

of bends, discussed by Mills and Mason (1976 c), are operative in 

every case. In the rapid failure of replacement bends, therefore, the 

.other factors, apart from bend radius (see section 8.4.3.1) such as 

moisture content and particle hardness, are not expected to have any 

significant effect.

To a considerable extent all the factors discussed in the preceding 

sections are inter-related and inter-dependent. As mentioned previously, 

due to these complex inter-relationships and the difficulty involved 

in isolating each respective variable, no attempt had been made to 

quantify to what extent each factor is responsible, suffice to say 

that all the factors are involved in one way or another in the premature 

failure of bends. An additional factor which must also be taken into 

account, associated with premature failure, is an element of
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unpredictability. If a bend shows clear evidence of the characteristic 
tracking of erosion patterns across its surface, it can be conclusively 
ascertained that this bend is likely to fail prematurely.

As premature failure of bends is an important factor which must be 
taken into consideration by the pneumatic conveying engineer, further 
research into the specific effect of each variable is obviously needed. 
The need for further research is reinforced by the work shown in the 
preceding chapter, which shows an additional factor due to the rapid 
failure of some of the replacement bends.

As bends are a common feature of pneumatic conveying systems, in a 
practical situation a number of bends may be located close to each 
other. A starting point for further work is perhaps on the inter 
relating effects of bend position and secondary flows. By designing 
a single test section with varying length it would be possible to 
incorporate a number of test loops with an adjustable positioning 
of bends. This arrangement would allow the inter-relating effects 
of bend position and secondary flows to be investigated properly. 
By careful selection of the test conditions it would be possible to 
control the test conditions effectively and provide detailed experim 
ental data on the phenomenon of rapid failure in replacement bends. 
Although Mills and Mason (1976 c) have analysed the various potential 
factors involved in the premature failure of bends, it has been shown 
that this is a recurrent feature in this programme of work and, to 
a certain extent, is unavoidable when a number of bends are eroded 
simultaneously.

9.3 EFFECT ON BEND WEAR RESULTS

The magnitude of the effect of premature failure of bends, particularly the 
rapid failure of some of the replacement bends, on the overall bend perform 
ance data is clearly evident by comparing the individual test data presented 
in Table 8.1 (pages 175 to 173 ) and Table 9.1.

For instance, an extreme example is to consider the individual data of the 
two intermediate bends, i.e. bends 1 and 3R. For comparison purposes in 
terms of service life of the bends, it is the individual penetration rate 
in terms of mm/h of these two bends that is of interest. The individual 
penetration rate for bend I (Table 8.1) is approximately 0.09 mm/h and 
for bend 3R (Table 9.1) it is 0.99 mm/h. The magnitude of penetration for
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the replacement bend is some ten timos grantor. In terms of bond life, 

therefore, for a constant thickness of 4 mm, bend 3R will fail in about 

4 hours as confirmed by the actual results, whereas bend 1 is not expected 

to fail until after some 40 hours. A similar order of magnitude is also 

observed in the case of the long radius bends when the individual test data 

of bends 3 and 6R are compared.

The individual replacement bend values presented in Table 9.1 are based on 

the corresponding number of runs per respective replacement bend. As there 

is a large variation in the number of runs between these replacement bends, 

it was not possible to evaluate this individual test data based on a 

common factor of 6 runs, as in the case of the original bends. Hence, for 

comparison purposes it was decided by the author to consider the mean 

values based on four separate sets of test data, corresponding to the four 

erosion and penetration parameters, as presented in Table 9.2. In this 

table the mean value in set A is calculated on the basis of the individual 

results of the seven original test bends at the end of each particular test 

series (see Table 8.1 for individual test data).
•i 

The corresponding mean value in set B is also based on the individual test

data of these seven original bends. However, the mean value calculated is 

based on a common factor of 6 runs or test set 2.

As no replacement elbow data is available in tests with the elbows, the mean 

value obtained in set C refers Lo the mean of the individual results of all 

the respective replacement; bends in tests with the intermediate and long 

radius bends only.

Since the corresponding mean values in sets A and B are comparable, the 

effect of replacement bends on the overall bend performance is given in 

set T). This is based on the individual test results of all the bends at 

the end of each test series. For the intermediate bends this would include 

the individual test data for bends 3R, 3RR and 7R, and lor Lhe long 

radius bends zhe data of bends 2R, 4R, 4RR, 6R, 6RR and 7R. In the case of 

the elbows, the corresponding mean values in set D would be identical to 

set A.

Since the trend of the data, in terms of specific erosion and erosion rate, 

is similar, Fig. 9.2 shows the influence of replacement bends on the 

overall result in terms of specific erosion only. Fig. 9.3 similarly shows 

the effect in terms of penetration wear rate only.
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TABLE 9.2 Influence of the Erosion and Penetration Rates of Replacement

Bends on the Overall Results

Mean Value at
each Set of
Data

Specific Erosion (g/tonne)

A

B

C

D

Erosion Rate (g/h)

A

B

C

D

Diameter Ratio - (D/d)

4 5.6

1.88 6.88

2.48 7.30

14.70

(1.88) 9.23

1.33 4.92

1.82 5.19

9.99

(1.33) 6 . 44

12

7.18

7.24

20.56

13.36

5.31

5.24

15.60

10.60

Penetration Wear Rate (mm/tonne)

A

B

C

D

Penetration Rate (mm/h)

A

B

C

D

0.17 0.42

0.17 0.37

1.17

(0.17) 0.64

.

0.12 0.30

0.13 0.26

0.80

(0.12) 0.45

0.29

0.21

0.94

0.59

0.22

0.15

0.72

0.45

N0te:- 'A' denotes the set of data based on the original seven test bends 
at the end of each test series.

'B 1 as in 'A* but is based on the individual test data after 6 runs. 

'C' denotes the set of data based on the replacement bends only.

'D' denotes the set of data based on all the test bends in each test 
series.
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9.3.1 Specific Erosion Results

The magnitude of the influence of replacement bends on the overall 

performance of bends, in terms of specific erosion, is clearly 

demonstrated by the curves in Fig. 9.2. Apart from the trend of 

these curves, an additional foaturo of interest is with regard to 

the set of results in curves A and B. As mentioned in the preceding 

section, the mean set of values in curve A is based on the individual 

test results at the end of each particular test series, whilst the 

corresponding set of values in curve B is based on the results after 

6 runs only. The close similarity of these two sets of data indicates 

that, in spite of the large degree of variation in individual values, 

the mean rate of erosion appears to stabilise after 6 runs, from 

which it then gradually decreases at a constant rate.

Taken individually, the order of magnitude of the erosion of 

replacement bends is clearly illustrated by curve C. Comparison of 

the data presented in Table 9.2 shows that a 3-fold increase in the 

mean specific erosion rate is obtained for the long radius replace 

ment bends. In the case of the intermediate replacement bends a 

corresponding 2-fold increase is similarly observed. In terms of the 

overall effect, the order of magnitude is much lower, with an 

increase by a factor of about 1.8:1 for the long radius bends and 

about 1.3:1 for the intermediate bends. The consistently higher 

rate of increase for the long radius bends is largely due to the 

larger mass eroded as a result of the inter-relating effect of bend 

position and turbulence, as explained in sections 9.2.2 and 9.2.3 earlier, 

Although the net effect is an increase in the overall mean value 

(curve D), the trend of all the curves clearly indicates the 

existence of a threshold value of D/d in terms of specific erosion, 

and this value is around 5.6.

9.3.2 Penetration Wear Rate Results

A central feature of the curves in Fig. 9.3 is the pronounced maximum 

corresponding to a D/d value of about 5.6. In both figures it can 

be seen that the magnitude of the curves is dependent upon its D/d 

ratio and the different effect of the high erosion and penetration 

rates of replacement bends on the overall results is clearly demonst 

rated by the contrast in the trend of the curves. Whilst curve C
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in Fig. 9.2 shows that erosion increases as the value of the D/d ratio 

is increased, the same curve in Fig. 9.3, in terms of penetration 

wear rate, shows a markedly reversed trend.

In terms of individual mean values, the increase in the order of 

magnitude due to the intermediate replacement bends is considerably 

lower than those due to the long radius replacement bends. Comparison 

of the mean set of values (curves A and C)shows that a similar 3-fold 

increase is observed when the individual penetration data of all the 

replacement bends in both sets of bends are considered. In terms of 

overall effect, however, an increase by a factor of about 1.5:1 is 

observed in the case of the intermediate bends, compared to a 2-fold 

increase in the case of the long radius bends.

The information presented in Tables 9.1 and 9.2 and Figs. 9.2 and 

9.3 clearly has important implications for the pneumatic conveying 

system designer. Although, in a practical situation, a bend which 

fails is usually replaced immediately, the results obtained in this 

work on the erosion of replacement bends clearly show that this 

particular replacement bend is likely to fail again, and at a faster 

rate. It is perhaps surprising that, whilst the factors involved in 

the mechanics of the erosion process in pipe bends have been 

extensively investigated, virtually no information is available 

regarding the phenomenon of rapid failure of replacement bends. The 

experimental data obtained by the author in this work clearly provides 

an important source of information on the specific effect of the 

rapid rates of erosion and penetration of replacement bends. However, 

as mentioned earlier, further work is needed in order to quantify 

the net effect of all the factors involved in the rapid failure of 

replacement bends.

9.4 BEND LIFE ANALYSIS

In Chapter 8 the influence of bend radius, in terms of the D/d parameter, 

on erosion has been discussed. From the experimental results obtained, the 

curves presented in Figs. 8.7 and 8.12 show a definite trend with regard 

to specific erosion and penetration wear rates. In both cases over the 

range of D/ds tested, a critical maximum is observed in bends with a D/d 

ratio of about 5.6.
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However, as reported in the preceding sections in this chapter, an 

additional inter-relating factor which must also be taken into consider 

ation in the analysis of bend performance is the phenomenon of rapid 

failure of replacement bends. Figs. 9.2 and 9.3 clearly show that the 

rapid erosion of these replacement bends can have a significant effect on 

the magnitude of the overall results. Hence, in order to take into 

account the rapid erosion of replacement bends, the calculation procedure 

is separated into two parts.

In section 9.4.1 the analysis is solely based on the test data of the ori 

ginal seven test bends. As in previous bend life analyses, the set of 

results is based on a relatively fresh batch of materials and so, for the 

purpose of evaluation, the mean values in set B (Table 9.2) are taken.

In section 9.4.2 the calculation is based on the corresponding mean values 

in set D (Table 9.2). In this particular set of values the erosion data 

of all the replacement bends is included and so the following bend life 

analysis will include the effect of the subsequent rapid erosion of these 

replacement bends on the overall results. On this basis, the effect of 

D/d in terms of the overall bend performance could be assessed, and 

compared with those based on the original test data only.

9.4.1 Data Based on Original Test Bends

Fig. 9.4 is a log plot of the corresponding specific erosion data 

in Fig. 9.2. The relevant set of mean values (curve B) is represented 

by the thick solid line in this log plot. It can be clearly seen 

that there is a distinct change in the slope over this range of 

test D/ds and, for the purpose of this analysis, as the magnitude of 

these two slopes is substantially different, it was decided by the 

author to consider these two separate slopes individually, i.e. 

between the range of D/ds from 4 to 5.6 and from 5.6 to 12.

From a linear regression analysis of the relevant separate sets of 

test data, the variation of specific erosion (e) with D/d is given by:-

e = 0.03 (D/d) 3 ' 21 g/tonne (9.la) 

for 4 < D/d < 5.6, and

e_ = 7.41 (D/d)'0 ' 0 "" g/tonne (9.2a)
£»

for 5.6 < D/d < 12.
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In both cases the subscripts 1 and 2 denote the appropriate range of 

D/dp considered.

As in previous bend life analyses, the relationship between the mass 

eroded at failure (E ) and D/d is required for the purpose of 

determining the conveying capacity of bends. Details of all the bends 

which failed have been presented in Table 5.3 (page 77 ), and 

Fig. 9.5 is a log plot of the relevant test data. The vertical line 

indicates the upper and lower limits and the location of the symbol 

its mean value. Subject to a certain degree of variation, these 

individual sets of plots appear to lie within a fairly straight 

narrow band. In this figure the original test data is represented 

by the thick solid plots , and the slope nf these plots is approxim 

ately 0.61 over this range of D/ds tested. Hence, the variation of 

E with D/d can be given by :-

Ebf = 38 - 2 <D/d>' S (9.3a)

The mass of sand that can be conveyed before failure occurs (M ) iss
given by :-

Substituting the appropriate (e) denominator term gives -

M , = 627.6 (D/d) ~2 ' 60 tonne (9.4a) Sl

for 4 £ D/d ^ 5.6, and

M 0 = 2.4G (D/d) 0 ' 62 t0nne <9 ' 5a) 
s2

for 5.6 ^ D/d 4 12.

Graphical representations of these two expressions are given in 

Fig. 9.6. These curves are identified by the corresponding-equation 

numbers .

In terms of bend life, the conveying time to failure (AT) is eiven bv 

bf

M M AT s _ s

m (b m s y a

Substituting the appropriate (M ) numerator term gives :
-2S60

AT. ... = 853.5 (D/d) ' h (9.6a) bfl

for 4 ^ D/d .£ 5.6, and

AT „ = 3.35 (D/d) 0 ' 62 h (9-7a)
D I £

for 5.6 ^ D/d ^ 12.
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Graphical representations of those two expressions are given in Fig. 

9.7. These curves are identified by the corresponding equation 

numbers.

9.4.2 Data Based on AIT Test Bends

A log plot of the relevant sets of mean specific erosion data, 

based on all the test bends in each test series, is also presented 

in Fig. 9.4. A similar distinct change in the slope is also 

observed as indicated by the thin solid line, and a similar separate 

set of analysis is also adopted in this section.

A linear regression analysis of the appropriate set of values shows 

that :-

4.44 /dJ

for 4 «J D/d ^ 5.6, and

elT = °- 004 (D/d) ' g/tor.ne (S.lb)

0 49 
£2T = 3>S8 (D/d) ' g/tonne (9.2b)

for 5.6 ^ D/d ^ 12.
•

In both cases the subscripts 1 and 2 denote the similar separate 

range of D/ds considered as in the previous section, and T denotes 

the data is based on the overall results.

In Fig. 9.5 the thin vertical line of plots shows the upper and lower 

limits of all the bends which failed in each test series. Apart from 

a wider degree of variation, the slope of these individual plots can 

also be represented by a thin solid line as showu, with a gradient 

of approximately 0.56 over this range of D/ds tested.

The variation of mass erode'! at failure (£,„) with D/d can thereforebi
be given by :-

EbfT = 19>1 <D/d >°' 56 B (9.3b) 

Hence, the mass of sand that can be conveyed before failure occurs, 

(MsT ) is :-

3 88 
M = 4762.5 (D/d) ' tonne (9.4b)
S -J- J-

for 4 ^ D/d <: 5.6, and

M orn = 4.79 (D/d)°'°7 tonne (9.5b) S2T
for 5.6 <: D/d ^ 12.
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Graphical representations of these two expressions are also given 

in Fig. 9.6, and these are identified by Lhe corresponding
»

equation numbers.

In terms of bend life, the conveying time to failure is :-

3 88 
ATbflT = 647? <D/d) ' h (9.6b)

for 4 ^ D/d ^ 5.6, and

ATbf2T = 6<51 <D/d >°'°7 h (9.7b) 

for 5.6 ^ D/d <: 12.

Graphical representations of these two expressions are also given in 

Fig. 9.7 and these are identified by the corresponding equation 

numbers.

9.4.3 Discussion

The curves presented in Figs. 9.6 and 9.7 show the influence of D/d 

on the conveying capacity and service life of bends in an actual 

pneumatic conveying situation. These curves also provide a real 

basis of comparison in terms of bend performance, the magnitude of 

the effect of subsequent rapid erosion and penetration of replacement 

bends, on the overall results.

In all cases, the trend of the curves shows a clearly defined value 

of D/d at which both conveying capacity and the life of the bends 

are at a minimum. In order to show its predictive ability, the 

test data of all the bends which failed in this particular programme 

of work (Table 5.3) is also included in both figures. On the basis 

of the data based on the original bends only, it can be clearly seen 

that, apart from the bends which failed prematurely, the actual 

test values for the elbows and the long radius bends appear to lie 

within ± 6% of the calculated values, and within ± 15% for intermediate 

bends. A similar comparison between the actual and calculated data 

of all bends tested shows a difference of about ± 10% for the two 

sets of bends, and about ± 20% for the elbows, in terms of conveying 

capacity. In terms of bend life, the difference is some + 4% for 

the intermediate bends and about t 15% for the elbows and long radius 

bends.
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Although the actual and calculated yalues baaed cm the original test 
data are comparable, there appears to be a, substantial degree of 
variation when the test data of all the prematurely failed bends and 
replacement bends are included. This can be explained to a certain 
extent by the unpredictability which is inherently associated with 
the rapid premature failure of bends. In general, allowing for this 
element of unpredictability, the curves in Figs. 9.6 and 9.7 appear 
to be reasonably accurate.

Whilst it should be noted that these curves are based on the results 
of a limited range of D/ds tested, and on a particular material 
conveyed at a constant phase density and velocity, it is unlikely 
that the trend and magnitude of these curves will vary significantly. 
As discussed earlier, it has been recommended by the author that 
bends with a value of D/d of between 10 and 20 should be used in 
practice; therefore, the curves within the range of D/ds from 5.6 
to 12 shown in Figs. 9.6 and 9.7 are of specific interest. These
can be extrapolated to this recommended range of D/ds and serve as'(
a practical guide for design purposes.

As reported earlier, Glatzel (1977) and Ryabov (1978) have also 
provided semi-empirical models for determining the service life of 
pipe bends. However, the specific effect of bend radius, in terms of 
the D/d parameter, is substituted by some other related factor in 
their formulae. Owing to the different test parameters and 
conveying conditions, direct comparison between these expressions is 
not appropriate. In addition, Glatzel's formula contains a number 
of highly idealised assumptions and consequently his formula is 

. only applicable for large particle sized materials. However, Glatzel 
has reported that the trend and magnitude of the curves are both 
significantly influenced by the nature of the test material itself, 
as well as the shape of the velocity and particle concentration 
profiles in the bend (see Fig. 3.10).

9.5 CONCLUSIONS

Although premature failure of bends is a recurring feature throughout 
this work, an additional significant factor which has not been investigated 
elsewhere is the phenomenon of rapid failure of replacement bends. A 
number of potential variables associated with this phenomenon have been
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briefly conaiderod and it has been shown that the effects of these 

variables are closely inter-related and inter-dependent. Further work 

is'necessary for a detailed, proper investigation of all the potential 

variables involved, and to quantify precisely to what extent each 

variable is responsible.

The significance of the rapid erosion of the replacement bend is 

demonstrated by the curves presented in Figs. 9.2 and 9.3 in terms of 

specific erosion and penetration wear rate. In both cases up to a two-fold 

increase in the overall rates is observed when the individual test data 

of all the long radius replacement bends are token into account, and a 

1^-fold similar increase is observed in the case of the intermediate 

replacement bends.

A series of analyses on the specific influence of the D/d ratio, in terms 

of the conveying capacity and service life ox the bends, have been 

presented. These curves, apart from providing a practical basis on which 

the performance of bends in respect of bend radius should be compared, 

also show the magnitude of the effect of subsequent erosion of replacement 

bends. In all cases the curves show a clearly defined value of D/d at
4

which the performance of bends is at a minimum and it is found to be 

aonroximatelv around 5.6. Whilst there is a certain degree of variation 

between the measured and calculated values, the predictive ability of 

these curves is substantiated by the actual test results and, in the 

absence of any comparable expressions, these curves are the only ones 

available for design purposes.
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Chapter 10

The Influence of 

Phase Density -



10.1 INTRODUCTION

In pneumatic convoying situations it has boon shown that apart from velocity 

the next most important parameter in terms of erosion, is phase density. 

Although the specific effect of phase density has i*eccived comparatively 

little attention until recently, the general consensus of opinion has been 

that erosion decreases as phnno density is increased, and therefore dense 

phase conveying is often recommended for this purpose. Mills and Mason 

(1977 a), however, have shown that, in terms of depth of wear, there is a 

corresponding increase in penetration rate, which has an over-riding influ 

ence. The net effect is not only a reduction in bend life, but also a 

reduction in the conveying capacity of the bends.

In addition, it has also been shown that the magnitude of the effect of 

phase density is considerably influenced by the inter-relating effects of 

velocity (Mason and Smith 1972. Mills and Mason 1976 a), and particle size 

(Chapter 6). Although these findings are only applicable over a limited 

range of phase densities investigated, the implications for dense phase 

conveying of abrasive materials are quite serious.

As explained in Chapters 4 and 5, the test rig used in the work reported in 

Chapters 6 to 9 was specifically designed for tests up to a phase density 

of about 10. Therefore, in order to. extend the range of phase densities 

above 10, and to investigate the effect of dense phase conveying on erosion, 

a high pressure test rig capable of conveying materials well in excess of a 

phase density of 100, was utilised for this purpose. As explained in 

section 5.3, apart from the specific effect of phase density, the inter 

related effects of velocity and bend radius could be investigated~simult- 

aneously in thic programme of tests and so, in this chapter, the effects of 

these inter-related variables are also reported.

10.2 REVIEW OF PREVIOUS WORK

The influence of phase density on erosion has been briefly reviewed in 

Chapters 2, 3 and 6. As mentioned in these reviews, apart from the recent 

work of Mills and Mason (197Ga, 1977a), the effect of phase density has 

received relatively little attention, particularly in the more general solid 

particle erosion studies. Although a number of studies into the specific
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effect of particle concentration have been reported (ace section 2.2.2), 

the results are often conflicting. However, on the basis of these 

relatively limited results, the general consensus of opinion is that erosion 

decreases with increase in particle concentration.

In pneumatic conveying situations, a number of studies into the specific 

effect of phase density on bend erosion has also been reported recently, 

but the range of phase densities investigated in these v/orks has been 

almost exclusively limited to the dilute phase regime (see Table 3.1, p32). 

Apart from commercial information supplied by a number of pneumatic convey 

ing system manufacturers, in which the benefits of conveying abrasive 

materials in dense phase are widely advertised, no published experimental 

data is available to the author's knowledge on the specific effect of dense 

phase conveying in terms of erosion. Hence, in this section, only the more 

recent experimental studies on the effect of phase density, which have 

some relevance to dense phase conveying, will be discussed.

Mills and Mason (1976 a) have correlated some of the published results in
3 terms of particle concentration in mg/ m units as shown in Fig. 10.1. In

this figure the set of curves represented by the thin solid lines on the 

left, are the group of results in terms of erosion in g/kg units. The 

thick solid lines on the right similarly represent the group of results 

in terms of comparative wear rates. Although direct comparisons between 

these two sets of data are not appropriate, the curves nevertheless clearly 

show comparative trends with respect to particle concentration. Apart from 

a general trend towards a decrease in erosion as particle concentration is 

increased, two of the curves clearly indicate the existence of a critical 

value corresponding to maximum wear. Although the actual values differ by 

a factor of about 5000:1, the curve based on industrial data is of^partic- 

ular interest in this work, since the corresponding critical value in terms 

of phase density, is about 24. It should be noted that this particular curve 

is based on industrial information quoted in a paper by Mason and co-workers 

(Arundel et al 1973) , in which the relative wear rate is expressed in terms 

of depth of wear per unit mass conveyed, i.e. penetration wear rate in 

nun/tonne. However, apart from this curve, no experimental information or 

data was given in the paper.

To a certain extent, the existence of such a critical maximum, in terms of 

penetration wear rate, has also been postulated in an earlier paper by - 

Mason and Smith (1972). Apart from demonstrating the inter-relating effects
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of phase density and velocity, the authors showed that in term;; of. mar:5 

coixveyed per unit depth eroded under constant volocHv condiijons, u 

critical mini mum in respect of phase density is prod 1cted.

The inter-relating effects of phase density and velocity have also been 

reported by Bikbaev et al (1973). Apart from showing that the .location of 

maximum wear is independent of both phase density and velocity, the authors 

reported that for bends with a constant D/d ratio of about 5.1, the 

magnitude of penetration rate in terms of mm/h is predominantly influenced 

by velocity rather than by phase density (see?ig. 3.4, p35.)

Although Mills and Mason (1976 a,b,d, 1977 a) have extensively investigated 

the effects of phase density and velocity on bend erosion, the range of 

their investigations has been limited to dilute phase conveying conditions. 

As discussed in Chapters 3 and 6, although definitive trends in terms of 

both erosion and penetration with respect to phase density have been 

observed, the trends with regard to higher phase density remains to be 

established. From their limited test results, the effects of phase density 

and velocity were shown to be inter-related and can be given by :-
4

-0 37 4 1 erosion * (phase density) ' x (velocity) ' (10.1)

However, both exponents were found to be considerably influenced by the 

condition of the conveyed product.

From tests with 230 ym sand, the authors found that the phase density 

exponent varied from -0.16 to -0.38. In terms of individual test values 

it varied from 0.16 to -0.73. To a certain extent, however, this large 

degree of variation was due to the lack of any systematic testing procedure 

in their work and, in order vO determine the value of the phase density 

exponent more precisely, a series of tests with 250 ym sand was specially 

carried out and reported in Chapter 6. Over a similar range of phase 

densities, from 1 to 7, the exponent was found to vary very slightly from 

-0.33 to -0.47 (see Fig. 6.8, p91), and in terms of individual test values 

it remained remarkably consistent at about -0.42.

As the velocity exponent was much higher than the generally accepted value 

of about 2 to 3, the authors carried out a further series of tests over a 

wider range of velocities, from 15 to 31 m/s and found that it was consist 

ently about 2.C5. However, a remarkable feature in this series of tests 

was the presence of a ti ansitional effect in the erosion process over this 

range of velocities. The magnitude of the transition velocity was
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found to vary with the degree of orosi veiies.s oi' tl-e produe I ;m<l, with .in il'ig 

transition region, the velocj ty exponent could have any value. The author,1:; 

commented that, If the material is conveyed in the dense phase region the 

transition would be crossed due to -a correspondingly lower i ange of velocity 

and the net result should be a significant reduction in erosion. However, 

the authors for.nd that, the true effect of velocity is much more morions than 

that based on specific erosion results alone. Although specific erosion was 

found to increase as velocity was increased, the mass which had to be 

eroded from the bonds before failure occurred was found to decrease corres 

pondingly. Hence, in terms of depth of penetration of the particles, bends 

were found to fail in an even shorter time than that predicted b> specific 

erosion results alone. The net effect, in terras of potential service life 

of the bends, is an increase in the velocity exponent from 2.65 to 4.5. 

Previous work at low values of phase density, therefore, has shown that 

although.mass eroded decreases slightly with increase in phase density, 

penetration rate has an over-riding effect. Conveying air velocity and 

particle shape have also been shown to have an inter-relating effect on 

the problem. In addition ro this, the work reported in Chapter 6 demonstrated 
that the magnitude of the penetration rate is also influenced by particle 

size (see Fig. 6.10). Before any definitive conclusions can be drawn, 

therefore, it is quite clear that this work needs to be extended to obtain 

a complete picture with regard to this particular parameter.

10.3 EXPERIMENTAL PLAN

10.3.1 Introduction

As mentioned in section 10.1, in order to extend the range of phase 

" densities to be investigated in this programme of tests and to present 

results of direct relevance to industry, a full scale high pressure 

test rig was used. This particular test rig was essentially designed 

to convey materials in the dense phase mode, and details of the plant, 

including the test section, were described in sections 4.3 and 4.4. 

The test programmes were briefly outlined in section 5.3 and the 

corresponding conveying test details were summarised in Table 5.1, 

p. 75.

Although the parameter investigated in this work is primarily phase 

density, due to the large air supply pressure necessarily associated 

with a higher range of phase densities considered, there will be a
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largo pressure drop in iho system. As a result there will bo a 

substantial variation in the velocity from 1l>o fisst test bend to the 

last. Since the single tost loop in this hiph pressure rig can be 

linked to the two low pressure test loops (see Fig. 4.8, p.61) with 

different sized test bends, the inter-relating effects of these 

secondary variables, i.e. velocity and diameter ratio, can also be 

taken into consideration. With such a number of potential inter 

relating variables, however, proper control of the factors that 

influence erosion is of major importance if meaningful results of any 

value are to be obtained in this work.

10.3.2 Powder Considerations

Although with this particular high pressure test rig phase densities 

well in excess of 100 can be readily achieved, the actual operational 

range is dependent upon the type of material being conveyed and the 

conveying distance.

For p.f. ash the typical conveying characteristics presented in Fig. 

5.1, p.72, showed that this particular material can be conveyed at a 

phase density of about 140 and that the conveying air velocity can be 

safely reduced to about 4 m/s without risk of blocking the pipeline. 

However, as reported in Chapter 7, only a limited amount of erosion 

was measurable with p.f. ash. As sand was shown to exhibit maximum 

erosiveness and since previous test data with similar sized sand 

over a lower range cf phase densities was available for comparison 

purposes, it was decided by the author to use similar sized sand for 

this programme of work. The mean particle size distributions, before 

and after each test series, are presented in Fig. 10.2. Although the 

sand used in this work was Grade HH sand, similar to that used in 

Chapter 7, the mean particle size for this new batch was approximately 

65 ym.

In order to establish the potential operational range of phase densities 

for sand, a series of commissioning tests was carried out over a range 

of conveying distances. It was found that the maximum phase density 

that could be achieved without blockages in the system was about 22. 

This substantial drop in the order of magnitude compared to about 140 

for p.f. ash, restricted the possibility of carrying out tests in the 

dense phase region. For sand it was found that a minimum convoying
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air velocity of about 15 m/s was required, irrespective of conveying 

distance. This meant that t!io convoying ] in^ pressure drop in Die 

pipeline could not be .lo:;s than about 0.8 bur. As dc.scribod in section 

4.3, the total air supply is the- pum of the air passing through tiie 

blow tank (fluidising air) and that passing directly into the 

conveying lino (supplementary air) (see Fig. 4.4, p.56). For a given 

total air mass flow rate the mass flow rate of the product, and hence 

phase density, is proportional to the percent;>c<; of the total which 

passes to the blov,- tank.

Attempts to increase the quantity of f lu:' dising air into the blov/ 

tank beyond about 10% of the total, however, resulted in frequent 

blockages of the pipeline. Visual observation of the ilo*- showed that 

it was unstable, with dunes being formed on top of a moving deposited 

bed of particles in the lower half of the pipe. As blockage became 

imminent, the flow became extremely erratic. A rapid surge in the 

blov/ tank and conveying line pressure was observed, accompanied by 

severe vibrations in the pipeline. At this stage the vent line was 

opened in order to release these pressures and to stop any further- 

flow of material into the conveying line. The blockages were subse 

quently removed by increasing the supplementary air flow into the 

pipeline.

To a certain extent the contrast in the conveying characteristics 

between p.f. ash and sand is due to the individual powder properties 

and can be explained according to Geldart's (1973) powder classification 

diagram in terms of minimum fluidization characteristics. Although 

both are essentially Group B powders, since the r;ize distributions

are comparatively similar and the particle densities are greater than
3 1.4 g/cm , according +o Geldart's criteria, p.f. ash behaves as a

Group A powder rather than Group B. The Group A powders exhibit dense 

phase expansion after minimum fluidization and retain aeration for a 

considerable period of time even after the gas supply is cut off. 

Doig (1975) and Dixon (1979) reported that Group A materials can be 

readily conveyed in the dense phase mode. Since Group B materials do 

not retain aeration when the gas supply is cut off, the flow consists 

of a moving layer of particles containing dunes and so these materials 

are usually conveyed in the medium phase regime, although Doig 

reported that some of these materials could be conveyed in the dense 

phase mode by means of a pulso phase system.
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30.3.3 Ve loci i y Consji. do rat i ons

A major problem associated with dense phase conveyJu^ is the require 
ment of a high pressure in the system. As the How of a ^as-solid 
suspension in a pipeline is necessarily associated with a pressure: 
drop, the hich pressure air will gradually expand alone the length of 
a conveying line and, consequently, the air velocity will increase 
along the conveying line. The magnitude of the variation is dependent 
upon the total pressure drop of the system, which varies with phase 
density and conveying distance. In addition, with a number of 
different si?,ed bends in the test section, i.he pressure drop across 
each bend, and hence velocity, will also be different.

Although phase density and velocity are inter-related variables in 
terms of erosion, velocity is a major variable in its own right and 
so analysis of the results will also have to take this effect into 
account. As in previous chapters, the velocity recorded is the 
conveying air velocity and is determined on the basis of the estimated 
pressure drop across each individual test bend in the test section.

In this work the velocity at each test bend is estimated from an 
empirical expression given by Schuchart (1968). This expression was 
based on the ratio of the pressure drop across the bend to the 
pressure drop in an equivalent length of straight pipe, and correlated 
in terms of the D/d ratio. It should be noted that, although an error 
of about i 25% was associated with this particular expression, the 
maximum deviation in the velocity estimated in this work is only about 
+ 10% at the two lower phase densities and about ± 15% at a phase 
density of 22, and these occurred in bends 7, 4 and 5 respectively.

In a dense phase system the material does not have to be conveyed in 
suspension, but can be swept along the pipeline in the form of slugs 
by the air. The actual mechanism of the flow is, however, much more 
complex. As the maximum phase density that could be achieved with 
sand in this particular system was about 22, the flow is essentially 
in the medium phase range. Apart from a minimum conveying velocity 
of about 15 m/s, the velocity at the last test bend was consistently 
about 30 m/s over the range of phase densities considered. The two- 
fold increase in the velocity range within the test section clearly 
indicated that there is a transition in the flow patterns from medium 
phase flow at the low velocity end to dilute phase flow at the high
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velocity end. This apparent ehmige in tho flow pattern;? is cnbshmti ated 

by visual ob.se rv.'tions of tho flow v.i a u short piece of sJr.ht glass ut 

the start and end of the conveying line.

These visual observations indicated thai the flow is initially in the 

medium phase mode, and can be basically categorised as 'degenerate duno 

flow' according to V.'eri and GnJJ i ' s (1971) flow characteristics, to dilute 

phase suspension or 'homogenous' flow a! tho end of the conveying lino. 

To a certain extent the transition in the flow patterns could also be 

explained in terms of the Froude number of the suspension, since the 

Froude number function is essentially an expression of the frequency 

with which particles collide with the wall in a given length of pipe 

(Boothroyd 1971). Barth (1962) reported that, at very high Froude 

numbers the particles are uniformly distributed over the entire cross- 

section of the pipe but, as the Froude number is reduced, some of the 

particles begin to drop out of suspension and form a layer of deposits 

along the lower part of the pipe. Since the Froude number is directly 

related to the velocity of the suspension, the transition in the 

pattern of flow will therefore correspond with a similar change in the 

Froude number of the suspension in the pipeline. As the Froude number 

provides a physical explanation of the flow, a number of expressions 

have been published recently (Duckworth 1971, Jones and Leung 1978), 

which correlate the Froude number to the phase density of the suspension, 

from which the minimum saltation velocity could be determined.

As explained briefly in section 4.3, the main control over the gas- 

solids flow in this conveying plant is basically through the air 

supply into the blow tank. Although the actual quantity of total air 

supply into the system could be varied over a wide range of choked flow 

nozzle combinations by regulating the upstream air supply pressure, it 

was not possible to preset these in order to obtain a desired product 

flow rate for each test run. As there was no discharge valve at the 

outlet from the blow tank to the conveying line, the material is not 

discharged into the conveying line at a steady rate until the blow tank 

has been pressurised to a certain steady operating pressure. Since 

the conveying line pressure drop is dependent upon the blow tank pressure, 

which in turn depends upon the fluidisation characteristics of the 

material, the operational range of velocities in the test section is 

partly determined by the test material itself. The limits are the 

minimum conveying velocity required, prior to blockages in tho 

pipeline, and the maximum due to tho total pressure drop in the system.
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10.3.4 _ - -

Since the total pressure drop of the .system increases approximately 

in proportion to the square of (ho velocity, in order to isolate -,/uase 

density from the effect of velocity it w.°.s necessary to limit the 

operational velocity range such that it \vns the same at each test 

phase density. As the potential range of phase densities is effect 

ively limited by the material and conveying distance, it was decided 

by the author to carry out tests at phase densities of 10, 17 and 22.

At a phase density of 10 ihe test section consisted of three test 

loops with a total conveying length of about 96 m. There were eleven 

test bends in this particular test section; three large radius bends 

with D/d ratios of 24, seven intermediate bends with 5.6 and a Booth 

bend with 2.4 (see Fig. 4.8, p.61). Twenty-four test runs were carried 

out and t^e mean conveying line pressure drop was about 0.86 bar 

gauge. The maximum and minimum velocities in this test section were 

about 15 and 26 m/s, corresponding to the first and last test bends.

In order to increase the conveying line pressure drop and hence phase 

density, and at the same time restrict the velocity range, two test 

loops were used in tests at phase densities of 17 and 22. The total 

conveying leneth was about 69 m and the test section consisted of 

three large radius bends and three intermediate bends. In tests at a 

phase density of 17 the Booth bend was not included. The conveying 

line pressure drop was about 1.06 bar at a phase density of 17 and 

1.59 bar at a ohase density of 22. The corresponding range of 

velocities was from 15 to 27 m/s and 14 to 31 m/s. Twenty-four test 

runs were also carried out at a phase density of 17 and thirty test 

runs at 22.

Although a batch of about 750 kg of similar sized sand was used at 

each test phase density, due to discontinuation of further supplies of 

fresh sand it was decided to use the same batch of sand which was 

previously tested at a phase density of 17 for the next series of 

tests at a phase density of 22. The mean particle size after twenty- 

four runs in tests at phase densities of 10 and 17 was similar, at 

about 60 ym. (Fig. 10.2, curve B) After a further thirty runs in 

tests at a phase density of 22 it reduced marginally to about 57 ym 

(curve C). The percentage of fines below 45 ym increased by about 

30% after twenty-four runs in tests at the two lower phase densities 

and only a further 8% after fifty-four runs in tests at the higher
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phase clen.sily. Tlio lack of any substantial increase in 1 ho fines 

clearly provides clear evi donee Dial particle depradn t.1 <>n is consider 

ably reduced if mnlerl.al is conveyed at higher j»ha.oe densities.

Details of the respective test programmes were presented in Tables 

5.1 and 5.2, and further Individual erosion and conveying test data 

is presented in Table 10.1.

It should be noted that in this work the phase density values are 

based on the steady state conveying conditions over each conveying 

cycle, as shown by a typical conveying trace in Fig. 4.5, p.57. 

Steady state conditions were not reached until a blow tank pressure 

of at least 1.4 bar gauge had been achieved and the rate of 

pressurisation depends upon the quantity of fluidising air into the 

blow tank. In tests at a phase density of 10, the time taken to 

pressurise the blow tank to this operating pressure was about nine 

minutes, but at a phase density of 22 less than a minute was required. 

In order to compute the steady state conditions from which the 

product mass flow rate, and hence phase density could be determined, 

it was necessary to eliminate these start-up and shut-down effects. 

This was done by considering only the portion of the product mass 

flow rate corresponding to the steady state blow tank pressure trace 

(see Fig. 4.5) for each test run, and so the transient effects were 

thereby eliminated.

10.4 BEND WEAR RESULTS AND DISCUSSION

10.4.1 Introduction

In this programme of tests , for the range of phase densities

investigated, the magnitude of erosion was expected to be very much
_7*1

lower than that obtained in previous dilute phase tests. The 

procedure, therefore, was to remove all the test bends after a nunber 

of test runs within each test series. As in previous analyses, the 

mass eroded and wear profiles of each individual bend were recorded 

and visually inspected for any sign of wear. In the case of the 

Booth bend, due to its fittings and location, similar readings were 

only taken prior to the start and at the end of the particular test 

series, and so no intermediate tost data is available.

In order that the effects of this higher range of phase densities 

could be investigated thoroughly, and to enable direct comparison
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with those obtained in the dilute phase range, it wu.s necessary that 

sufficient result:: were obtained at each tost phase density for data 

processing. For this reason a decision was taken -that testing would 

continue until a reasonable amount of both erosion and penetration 

had been established in each individual test bend. Hence, as already 

mentioned, it was necessary to recirculate the sand some 24 times at 

the two lower phase densities and 30 times at a phase density of 22.

With this recorded test data, a comparison of both specific erosion 

and penetration wear rate, with respect to phase density as well as 

the secondary inter-relating effects of velocity and bend radius, was 

possible. By incorporating previous dilute phase test data an 

analysis of the influence of phase density, from dilute to medium 

phase, in terms of the conveying capacity and service life of the 

bends is produced, and definitive trends in terms of both erosion and 

penetration with respect to this higher range of phase densities are 

established.

10.4.1.1 Particle Concentration Effects

As already mentioned, although the nrimary objective in this 

work was to investigate the influence of a higher range of 

phase densities, it should be noted that, perhaps a more suitable 

parameter would be particle concentration. Whilst phase density 

is the ratio of the mass flow rate of the product being conveyed 

to the mass flow rate of air being used, particle concentration 

is basically the ratio of the mass of solids to the quantity of 

air in a given volume of the suspension. Hence, for a given 

suspension being conveyed, phase density will remain constant. 

However, particle concentration will not, since it varies with 

the density of the suspension, and hence the air pressure along 

the conveying line.

To a certain extent the magnitude of particle concentration also 

gives an indication of the degree of spacing between the particles, 

A change in particle concentration will give rise to a correspond 

ing change in particle spacing. At low particle concentrations 

the particles are spaced in a uniformly dispersed suspension, but 

as particle concentration increases, the spacing will be more 

compact, i.e. the particles are more closely spaced together. 

Hence, for a given phase density, not only will particle concen 

tration vary with air velocity and pressure, but there will also
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be a cor responding variation in terms of narticle spacing. An 

idea of tl/o extent of this variation in to consider tho magnitudes 

of j)arlicle concontration at each tost ph;i;:o density. For a 

given solids mass flow rato, particle concentrat i on is basically 

a function of air density. Whilst the variation In the air 

density from the first test bend to the last is small in 

relation to the range of phase densities tested in the dilute 

phase test rig, there .i s a corresponding substantial variation

over the higher range of phase densities tested in this work.
3 At a phase density of 10 it varies from 2.200 kg/in in bend 1

to 1.257 kg/in in bend 7, which represents a decrease of about 

77%. At phase densities of 17 and 22, the corresponding 

variations are about 80 and 130%.

Although these variations are substantial, it should be apprec 

iated that the mechanics of flow over this higher range of 

phase densities tested are not homogenous, but varies from medium 

to dilute phase as reported earlier. As particle concentration 

varies with density and hence air pressure, which in turn 

depends upon the mode of flow, it was felt that a more appropriate 

parameter would be phase density, since it is a dimensionless 

quantity and its value remains constant at any section in the 

pipeline. In addition, since both the solids and air mass flow- 

rates are constant over each conveying cycle, in view of the 

large degree of variation in terms of particle concentration and 

for comparison purposes with previous dilute phase work, it 

is reasonable to consider phase density as a satisfactory substitute 

parameter.

10.4.1.2 Transitional Velocity Effects

An additional factor which must also be taken into consideration 

prior to processing the tost data obtained in this work is the 

velocity term. As already mentioned elsewhere, the velocity 

considered throughout this work is the conveying air velocity. 

In dilute phase suspension flow it has been shown by the author 

that the particle velocity of fine particles approaches that of 

the conveying air velocity (see section 7.5, p.129), and so it 

was reasonably valid to consider the conveying air velocity as 

a satisfactory substitute parameter instead.
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For this programme of loyti; howovev, duo to tin.: presence of a 

tr;iHsition jn the mode of .flow, there will be z» f.ubti tanti al 

degree of. variation between the particle velocity and Hie 

conveying air velocity, and it is not possible to determine 

precisely the extent of this variation. As the pattern of flow 

in the f:i rst few test bends in essentJally in the medium phase 

mode, the majority of the particles are being conveyed in i lie

form of a movJng bed and so the slip velocity (U -U ) would
B P 

be very high. Near the end of the test section, however, the

flow is essentially in the form of a dilute phase suspension 

and so the slip velocity here is low . Hence, in this respect, 

due to this substantial degree of variation in terms of slip 

velocity effect, and for consistency and comparison purposes, 

it was decided to consider the conventional air velocity term 

as used in previous dilute phase work.

As mentioned in section 10.3.3, to a certain extent it is 

possible to determine the location of the transition of the 

mode of flow on the basis of saltation velocity. The value of 

saltation, velocity for a given set of test conditions is the 

minimum velocity required to prevent the deposition and accum 

ulation of stationary or slowly sliding bed of particles along 

the bottom of the pipeline. It is usually correlated in terms 

of phase density and the Froude number of the suspension. 

According to Matsumoto's correlation (1977), the saltation 

velocity at phase densities of 10, 17 and 22 are 15, 17 and 

18 m/s respectively. On the basis of the estimated conveying 

air velocity in the bend in each respective test phase density 

(Table 10.1), it appears that at a phase density of 10 the 

transition in the mode of flow occurs in bend 2; similarly at a 

phase density of 17 it occurs in bend 3, and at a phase density 

of 22 it occurs somewhere between bends 4 and 5. In addition, as 

there is almost a two-fold increase in the velocity from the 

first test bend to the last, at each test phase density, a 

transition in the erosion process has also been reported over 

this velocity range (Mills and Mason, 1976 d). Hence, not only 

is there a transition in the mode of flow, but also a transition 

in respect of the erosion process over this velocity range, both 

of which are considerably influenced by the phase density and
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the convoying velocity of the suspension. In tlu> following 

analysis, therefore, it should be noted Ihut, whilst phunc 

density and convoying air velocity are tho parameters thai are 

considered in this v/ork for convenience and comparison purposes, 

it must be appreciated that the variables under consideration 

in this respect are particle concentration and particle velocity.

10.4.2 Specific Erosion Analysis

The erosion history of all the bends tested at a given phase density 

is presented graphically in Figs. 10.3 to 10.5. The curves in these 

figures show the variation of accumulative mass eroded from each 

individual test bend. As the experimental data has not been normalised, 

it can be clearly observed that the magnitude of erosicn v/ithin each 

test phase density is considerably influenced by velocity and bend 

radius. Hence, in the following analysis, the individual effects of 

these inter-related variables will also be discussed separately.

10.4.2.1 Scatter of Results

A common feature of the curves in these figures is, once again, 

the scatter of results. As already mentioned elsewhere, the 

scatter of results is a recurring feature throughout this work, 

especially when a number of bends are tested simultaneously. 

In the preceding chapters the various potential sources and 

causes of the scatter have been discussed, from which a number 

of variables responsible have been identified. Apart from the 

velocity effect due to the variation of velocity in the test loops, 

it has been shown that the scatter is also partly due to the 

combination and interaction of a number of factors. These are :- 

particle size and degradation, secondary flows, bend radius, and 

bend position. With regard to phase density, although Mills and 

Mason (1976 a, 1977 a) reported that the degree of scatter 

increases with phase density and attributed this increase predom 

inantly to a corresponding increase in secondary flow effects, 

the magnitude of tho degree of scatter is, however, considerably 

dependent upon particle size (Chapter 6).

With regard to the scatter of results in Figs. 10.3 to 10.5, a 

number of interesting features are observed. In terms of the- 

overall order of magnitude, the degree of scatter appears to 

decrease over this range of phase densities. This if. a direct
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contrast to tho li-'Mitl obsoj-ved by Mills and Mason (197G a), 

based on dilute phase test data. To a certain extent this rovild 

be explained by 1ho change in the nature of the flow, whir.h 

conscquenl ly resulted in some fundamental 1 ransi.tion in the 

mechanics of the erosion process over this range of phase 

densit ies.

This apparent transition is clearly demonstrated by the test 

results based on the set of large radius bends. Whilst the 

curves for the set of intermediate bends in Figs. 10.3 to 10.5 

show that the degree of scatter due to velocity appears to be 

consistent and predictable, no similar predictable pattern is 

observed in the case of the large radius bends, particularly 

with regard to the individual erosion results of bend number 

2 in Figs. 10.3 and 10.4.

Although the set of curves for the large radius bends at a 

phase density of 22 (Fig. 10.5) shows that the individual test 

result of bend 2 is consistent in terms of velocity and is 

comparable to that of bend 1, at the two lower phase densities there 

is a substantial degree of deviation from the expected values 

that would be obtained based on similar velocity projections. 

In fact, as shown in these figures, the individual erosion 

result of bend 2, particularly at a phase density of 17, is 

consistently comparable to that of bend 11, despite the fact 

that the velocity here is almost doubled.

As explained earlier, to a large extent the rapid erosion of this 

particular test bend is attributed to its location within the 

test section. Although it has been shown by the author that, on 

the basis of the value of minimum saltation velocity it is 

possibTe to locate the region of transition from medium to dilute 

phase mode, it should be noted that this transition is gradual 

and the process of transformation probably occurs over a certain 

length of pipe. Whilst the comparability of the individual erosion 

results of bends 1 and 2 at a phase density of 22 (Fig. 10.5) 

provides clear evidence that the transition process occurs well 

beyond bend 2, lack of any similar comparability in tho corres 

ponding set of individual results at the two lower phase densities 

clearly indicates that the transition occurs in the vicinity of
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bend 2. Thus, it appears that 1 ho magnitude of erosion, and 

consequently the dogrou of r.catler, are both significantly 

influenced by these i nt or-rclati ng transitional effects. In 

addition, it should bo noted that, apart from those transitional 

factors, those factors which wore found to be responsible in 

previous dilute phase work arc also operative over this test range. 

Further work is obviously necessary over a wider test range and 

conditions in order to invest] gate in more detail and to quantify- 

to what extent these factors are responsible.

10.4.2.2 Phase Density Effects

In order to evaluate the specific effect of phase density it is 

necessary to isolate this parameter from velocity- For this 

purpose, and to provide comparability with previous dilute phase 

test results, all the experimental data in Figs. 10.3 to 10.5 

has been normalised to a velocity of 25 m/s. The normalised 

data was averaged for each set of bends tested at a given phase 

density and the results are presented in Fig. 10.6. Apart 

from showing the specific effect of phase density, the curves in 

this figure also show more clearly the additional effect of bend 

radius.

From the work presented in Chapter 8 it was found that a critical 

value of D/d ratio exists beyond which erosion is relatively 

independent of bend radius. As shown by the experimental data 

in Fig. 8.7, the specific erosion values for bends with D/d 

ratios of 5.5 and 12 were comparable. However, by plotting these 

values in terms of average mass eroded into Fig. 10.6, the curve 

for these plots would lie in between the band of curves obtained 

in this work. Thus, it can be seen that the trend observed in 

Fig. 8.7 is only applicable within a certain limited low range of 

phase densities.

The results in Fig. 10.6 provide clear evidence that, at high 

phase densities, the magnitude of erosion is considerably 

influenced by bend radivis. This apparent change in the trend, 

therefore, appears to substantiate that this is due to some 

fundamental variation in the erosion process above a phase density 

of about 10.
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In terms of phase donr:ity oi'foct, although the set of curve:; .For 

the intermediate bends shows lhat erosion generally decreases 

with increase in phaao density, the corresponding set of curves 

for the large radius bends appears to show that mavrunnm erosion 

occurs at a phnse density of 17. This is somewhat misleading 

for, as mentioned earlier, a rapid rate of erosion was observed 

in one particular test bond (bend 2) at this phase density. 

Since the curves in Fig. 10.6, for the set of large radius bends, 

were only based on three test bends, any substantial increase in 

the erosion rate of a particular bend v/ould lead to a corresponding 

similar increase of magnitude in the overall mean value. By 

omitting the individual erosion result of this particular test 

bend, the net effect is a substantial decrease in the overall 

mean value, as represented by the dotted line in Fig. 10.6. Hence, 

it c-^n be generally concluded that, in terms of phase density, 

no substantial variation in the magnitude of erosion is observed 

over this range of phase densities tested, irrespective of bend 

radius.

The overall magnitude of the effect of phase density is presented 

in Figs. 10.7 and 10.8, in terms of specific erosion. For 

comparison purposes three sets of test results are given. The set 

of results in test sets 1, 2 and 3 refer to the accumulative 

results after 6, 15 and 24 test runs respectively. As in previous 

presentations the vertical lines in both figures indicate the 

maximum and minimum values within each test set and the location 

of the symbol its mean. Fig. 10.7 shows the results based on the 

set of intermediate bends, whilst Fig, 10.8 shows the corresponding 

results baseil on the set of large radius bends. The dotted lines 

through the respective set of mean values in this figure indicate 

that, for the purpose of this analysis, the corresponding set of 

mean values at a phase density of 17 is based on the test results 

of bends 1 and 11 only, i.e. the individual test results of 

bend 2 have been excluded.

An important feature of the results presented in Figs. 10.7 and 

10.8 is with regard to the trend of the curves over this range of 

tests. Whilst the curve in test set 1 in Fig. 10.7 shows a 

gradual decrease in specific erosion over this phase density test 

range, the corresponding curves in test sets 2 and 3 show a mai'kcd
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decrease at a phase density oi' 17 compared to the corresponding 

values at a phase density of 22. In tho ca.sc of the large radius 

bends (Fig. 30.8). apart from some initial variation in t!u> mean 

valuer in test set 1, no r:ubstantial doviatio'i it; observed in the 

corresponding sets of mean values in tost, sets 2 and 3. In both 

figures the trend of the curves appears to provide evidence that 

a transition in the erosion process, similar to that in respect 

of velocity (see next section) is also operative over this phase 

density test range, and that this transition, based on the 

curves presented in Fig. 10.17 for the set. of intermendiate 

bends, occurs at a phase density of about 17.

This transition is, perhaps, more clearly detected in Fig. 10.9, 

which is a log. plot of the mean specific erosion results 

presented earlier in Figs. 10.7 and 10.8. With reference to the 

set of mean values for the intermediate bends, although the 

plots through the results for test set 1 produced a perfectly 

straight line with a slope of -0.25, for test sets 2 and 3 it 

was not possible to draw continuous straight lines through all 

the respective sets of plots. From test set 2 onwards a distinct 

change in the slope occurred at a phase density of about 17 and 

this change in magnitude is particularly pronounced, from about 

-0.58 to 0.42, in test set 3. Although a gradual progressive 

decrease in erosion from one test set to the next is to be 

expected, for this instance the decrease was quite considerable. 

The trend of the slope in test set 1 clearly shows that erosion 

decreases as phase density is increased and can be explained 

partly as a result of fewer impacts occurring between the 

particles anJ the bend wall surface due to a corresponding 

decrease in particle spacing and partly as a result of particle 

degradation. That it should suddenly decrease by such a 

significant proportion below a given phase density, however, can 

only be attributed to a change in the nature of the erosion 

process below a certain transitional value of phase density.

Although a similar transition in respect of velocity has also 

been observed and attributed to a change in character of the 

product (Mills and Mason 1976 b), it should be noted that the 

batch of sand used in tests at a phase density of 22 had already 

been rer.irculated some 24 times previously at a phase density

.274.



20

15-

C 
Co•*—• 
CT 10

. 9
8
7

w /

O
uj 6 

o 5

o

o
G) 
O.

CO

4

Ul 4->
0) 0)

E-i W

1 v,

2 o

3 A

0)a o

0.4

O.I 2

-0.01
©

•O

ID 

O

OJ

IT) 
I

10 15 
Phase Density

20 25

FIG. 10. 9. Variation of Specific Erosion with Phase Density

.275.



of 17. However, us reported in sect j on 10.3.4, no .f;ub;;tanlial 

Increase in the percentage of fines was observed o f'toi a further 

30 test runs. Microscopic examination of the sand partic-J 03 , in 

fact, revealed little noticeable difference between (.he fresh na-.id 

and that conveyed some 54 times. Hence, it appears that, although 

the sudden decrease at a phase density of 17 could be partly 

attributed to this limited change in particle degradation, a mm.her 

of other factors, such as flow pattern, velocity, etc., are also 

involved. Further work, particularly above a phase density of 

25 and over a wider range of test conditions, is needed in order 

to establish ccnclusively that a similar transition in respect of 

phase density also exists in terms of erosion.

With regard to the corresponding sets of test data for the large 

radius bends, the trend of the slopes appears to indicate that 

the transitional phase density effect is also considerably 

influenced by bend radius. Although the >slope in test set 1 also 

shows a comparable change in the order of magnitude, which also 

occurs at a phase density of 17, it was, however, possible to 

draw continuous straight lines through the respective sets of 

erosion plots in test sets 2 and 3. In fact, the mean specific 

erosion values remain remarkably constant at about 6.6 and 5.1 

g/tonne over this test phase density range. Whilst the compar 

ability of the set of test results in test sets 2 and 3 provides 

evidence that for the set of large radius bends tested no similar 

transitional pliase density effect is observed over this phase density 

test range, it should be noted that the mean values plotted at a 

test phase density of 17 exclude the individual test results of 

bend 2. If tiiese were included in the analysis a transition 

would certainly be detected at this particxilar phase density. 

However, as explained earlier, due to the limited number of test 

bends and test range and the presence of other transitional 

effects, the values of the slopes obtained for the set of large 

radius bends tested are highly unreliable. Apart from these 

general observations, further work is obviously necessary in 

order to establish whether bend radius is also a significant 

factor in terms of the transitional phase density effect.

The absence of any significant decrease in erosion over this test 

range could also be partly explained by tho peculiar nature of
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flow in these largo radius bonds. As already mcntlono'.J, a 

transition in the mode of flow occurred in the vicinity of bend 

2 at each test phase density. In bend 1 the mode of flow is 

essentially in the form of a moving bed and so no substantial 

erosion is therefore expected. In bend 11, due to the magnitude 

of velocity, the flow is essentially in the form of an homogeneous 

suspension, and so erosion would be substantially greater. In 

the case of benH 2, due to transitional effects erosion is unpred 

ictable, as demonstrated by the individual curve in Figs. 10.3 

and 10.4. Although there is a two-fold increase in velocity 

from bends 1 to 11, the corresponding increase in terms of erosion 

is only of the order of about 3:1 at a phase density of 10 and 

about 2:1 at the two higher phase densities. This magnitude of 

increase is much lower than the corresponding predicted increases 

based on velocity projection, particularly the measured values 

at a phase density of 22, which should show a nine-fold increase uader 

similar conveying conditions. This lack of any substantial 

increase is largely attributed to the fact that as bend radius 

is increased a majority of the particles will tend to slide along 

the outer bend surface in the form of a loose and relatively slow 

moving 1 deposit (Chapter 8). As the phase density of the suspension 

is increased there is a corresponding decrease in particle spacing, 

and this has the effect of reinforcing this deposited layer. 

As a result, for this set of large radius bends, apart from some 

limited initial variation, no appreciable decrease in erosion 

is observed over this test range.

10.4.2.3 Velocity Effects

In the analysis of the effect of phase density it was necessary 

to hold the velocity variable constant. As explained in section 

10.3.3, velocity is a major variable in its own right and the 

significance of this variable is demonstrated by the trends of 

the curves presented in Figs. 10.3 to 10.5 earlier. In this 

section the specific effect of velocity is discussed in more
*

detail.

Fig. 10.10 shows the effect of velocity based on the set of 

test results for the intermediate bends, and Fig. 10.11 for 

the large radius bends. These are log. plots of the individual
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erosion values at eaeh te.sl phase- density on an IKcumulal ivo 

basis. Whilst the trend oi the slopes in both .rigurcs dourly 

shows that tlio effect of velocity on erosion is independent of 

phase density, the magnitude of this effect is considerably 

influenced by bend radius. This is contrary to the trend of the 

results obtained in previous dilute phase- work (sec section 

8.2.4, p.170), which showed that the magnitude of the effect of 

velocity is relatively independent of bend radius.

As discussed in the preceding section, the erosion results 

obtained over the range of phase densities tested clearly showed 

that there is some fundamental variation in the mechanics of 

the erosion process and, in terms of velocity effect, a similar 

transition in the erosion process is also observed, as shown by 

the sharp contrast in the magnitude of the slopes in Figs. 

10,10 and 10.11.

The fact that there was a similar transition in respect of 

velocity has bvscn recognised in previous studies. Goodwin et al 

(1969) reported that erosion results may be influenced by a 

threshold velocity so that there js effectively a higher exponent 

at low velocities, whilst Finnie (1960) postulated that below 

this velocity the lack of any substantial er-osion is due to the 

particles impacting elastically with no weight loss. Mills and 

Mason (1976 b) found that in bend erosion situations the 

transition in the erosion process occurred within a narrow velocity 

range of about 26 to 32 rn/s. Within this range an abrupt change 

in the velocity exponent from about 2.65 to about 4.8 was obtained, 

which indicated that a transitional stage in respect of erosion 

had been reached and that the transitional velocity at which this 

occurs is a function of particle shape. Mills and Mason further 

commented that, if tests were carried out only on either side of 

the transition velocity, almost any value of the velocity exponent 

could have been obtained.

As the velocity range for the set of intermediate bends was below 

this transition velocity (Fig. 10.10), it is perhaps not surprising 

that the velocity exponents were significantly higher than the 

value of 2.65. However, it is interesting to note that there is 

a gradual decrease in the velocity exponent and this general decrease 

is attributed to the limited change in the condition of the product.
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In the case of Hie largo radlu.M bonds (Fig. 10.11), although 

tlie velocity exponent rc^ma.i ii.s remarkably constant at about O.Y4, 

this value is quite meaningless. Only three large radius bendy 

were iested within each test series, two of which wore within 

a very narrow velocity range of about 13 to 1 ,r> m/s , and the 

velocity range for the third bond was about 2G to 31 m/s, which 

is in the region of the transition velocity rup.;',e. In the 

absence of any intermediate erosion data between these tv,o 

ranges, it was not possible.- to determine the actual value of the 

velocity exponent for this set of large radius bends.

It should be pointed out that the accuracy of the velocity 

exponents shown in Fig. 10.10 for the set of intermediate bends 

is also questionable, since no attempt was made to correct these 

test -results at a given phase density to a given constant particle 

concentration. Mills and Mason (1976 a) pointed out that this 

correction procedure was necessary, due to the variation of 

particle concentration in the test section, which has an effect 

on the velocity term. Since there is a significant increase in 

both velocity and particle concentration over this test range, 

the individual erosion values should be normalised with respect 

to both these variables. This iterative normalising procedure, 

however, was not carried out due to the narrow range of velocities, 

which was below the transition velocity range, and it was felt 

that it would not be possible to determine the precise value of 

the velocity exponent with sufficient accuracy to warrant it. 

Suffice to conclude that the trend of the results in Fig. 10.10 

provides clear evidence that an additional transition in the 

process in respect of the velocity has been observed over this 

test range. In the case of the'results presented in Fig. 10.11 

for the set of large radius bends, although no firm conclusions 

can be drawn due to the lack of sufficient test data, the 

magnitude of the results appears to indicate that a crossing of 

the transition in respect of erosion has occurred over this 

velocity range..

10.4.2.4 Comparison with Dilute Phase Test Data 

In the preceding sections it has been shown that apart from 

transitional effects the magnitude of the effect of phase density 

on erosion is also considerably influenced by bend radius over
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this tosl range. Owing to tho unro] lability oi1 the tea I results 

and the absence of any provJous corrc:ponding Hi lute phase tost 

data for this set of largo radius bends, this' section Js rnainJy 

concerned with the test ivsults Tor tho set of intermediate 

bends. Since tho velocity range is relatively limited, however, 

the analysis is on the specific effect of phase density only.

As shown in Fig. 10.7, although a transition in respect of 

erosion has been detected over this test range, the trend of 

the results in test set 1 clearly shows that erosion decreases 

slightly over this range of phase densities. From a corresponding 

log. plot of the curve presented in Fig. 10.9 the magnitude of 

the slope is -0.25, and hence for this phase density test range 

the effect of phase density on erosion is given by :-

—0 25 
erosion a (phase density) ' (10.2)

The value of this exponent, obtained over a relatively restricted 

medium phase test range, differs from those obtained in previous 

dilute phase work (see Fig. 6.8, p.91). As reported in Chapter
«

6, over a similar number of test runs, from tests with 250 ym 

sand the exponent was -0.43, and from tests with 230 ym and 

70 ym sand, Mills and Mason (1976 a, 1977 a) reported that the 

exponents were -0.16 and -0.37. Although direct comparison 

between these exponents is not appropriate due to different 

test procedures, it has been shown that the exponent was also 

influenced by particle shape. Furthermore, at high phase densities 

the magnitude of this variation was shown to be dependent upon 

particle size. For these reasons, and in view of the associated 

transitional effects detected over this medium phase test range, 

it was decided by the author., for comparison and consistency 

purposes, to determine the overall effect of phase density based 

on the test results of 70 ym sand only.

In order to establish the overall trend it was necessary to 

normalise the corresponding dilute phase erosion data to a 

velocity of 25 m/s by a similar factor of 2.65. These normalised 

values, together with those obtained in this work, are presented 

in Fig. 10.12. From a linear regression analysis of the relevant 

data, the effect of phase density in terms of specific erosion
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can bo modelled by the expression :-

— 0 *? f 
erosion = 5.50 (pliaur dousity) " g/tonne (10.3)

over both test rancor; considered. Apart i'rom some deviation 

between the model and the actual test results, particularly 

between the phase- density of 3 to 6 which has been attributed 

to the pre:;cneo of a substantial decree of scatter-, the 

predicted nud measured values are in close agreement. Although 

it is possible to pred.i ct the results beyond this test range by 

extrapolating this curve, it should be noled that the test results 

at a phase density of 17 and 22 were only based on three test 

bends. Hence, due to this relatively limited source of test data, 

and taking into consideration the various potential transitional 

effects a1 high phase densities, the validity of this model 

beyond the ranges considered here will require further work. In 

addition, it should also be pointed out that this model is based 

on the erosion of mild steel test benus with a D/d ratio of 5.6 

by sand with a mean particle size of about 70 urn, and consequently 

the validity and applicability of this model is restricted to 

these test conditions.

As already discussed elsewhere, another factor \vhich should be 

taken into account is the effect of bend radius. The signif icance 

of this is demonstrated by the test data presented in Fig. 10.13, 

which provides clear evidence that, apart from velocity, the 

magnitude of the effect of phase density is also considerably 

influenced by bend radius, particularly at high phase densities. 

For comparison purposes the test results based on the work 

reported in previous chanters are also included, together with 

the curves given in equation 10.3 for the set of bends with a 

D/d ratio of 5.6. Apart from the test data for the Booth bend 

(D/d of 2.4) which had been eroded by p.f. ash (Chapter 7), all 

the test data presented in this figure was based on similar sized 

70 Jim sand particles.

Although the conveying conditions vary considerably over this 

test range, the results do show comparative trends with respect 

to bend radius effect on phase density. Whilst a definitive 

trend with respect to the influence of bend radius is given by 

the curves for bends with a D/d of 5.6 and the Booth bend, the
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1 McK or any compaj ;i!<i.1 1 ty of tho.su two curves indicate.'i that 

the oft'ocl.H of phase density and bcnid r;'.d.iuu arc closely inter 

related. Apart .Crem this limited obrjervaf ion, further v/ork .is 

necessary ovor a wider lest ranc.e ar'd bend geometry i n order 

to determine precisely the magnitude of tin effect of bend r.uTJJi^ 

on phase density.

10.4,3 Penetrjvt --!_on._n.ato_ l\nal^ \ f,

10.4.3.1 Introduction

In the analyrip. presented in the preceding section it has been 

clearly demonstrated that phase density has little effect in 

terms of specific erosion over this test range. Although this 

is in general agreement with the finding based on limited bench 

type solid particle erosion studies (see Fig. 10.1), the trend 

of the slopes in Fig. 10.9 appears to indicate that, in terms 

of bend erosion, little further effective reduction can bs 

gained by conveying abrasive materials in the dense phase mode 

at a constant value of velocity. However, as explained in 

previous analyses in pipe bend erosion situations, since the 

thickness of a bend is finite it is generally tiie depth of 

penetration of the particles into the bend wall that is the 

important factor, as this determines the service life of the b«nd. 

In this respect the penetration rate has been shown to have an 

over-riding influence over that of mass eroded, although the 

magnitude of this penetration rate is considerably influenced 

by particle size.

As discussed in Chapter 6 and in section 10.2, Mills and Mason 

(1977 a) have found that, in terms of ym/g eroded, a marked 

increase in penetration rate with respect to phj.se density is 

observed (see Fig. 6.10, p.95). Whilst this relates to dilute 

phase conditions, the implications of this trend at higher phase 

densities are quite serious. In terms of penetration wear rate 

(mm/tonne), Mason and Smith (1972) have theoretically postulated 

that a critical maximum should exist with respect to phase density 

In a later paper (Arundol et al 1973), they produced a curve 

based on industrial information which showed that it corresponds 

to a phase density of about 24 (see Fig. 10.1). From this 

relatively limited information it has been clearly demonstrated 

that phase density has a marked effect in terms of penetration
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rate and, Jn order to oslabljf.h whether a similar critical maximum 

oxjsts over this tost range , the effect of plia;:<- density on 

penetration is discuosod in the following P'-c't. ions.

10.4.3.2 Phase Density Effects

Figs. 10.14 to 10.16 show the corresponding penetration results 

in terms of the variation of maximum depth of penetration with 

mass eroded at each test phase density. As in Fi^r. 10.3 to 

10.5, the same symbols arc- used to identify the Individual 

experimental points for each test bend, and so thesn p]c,ts show 

the individual penetration history at a given phase density. As 

the maximum depth of penetration recorded at a p^asc density of 

22 is only 0.6 mm, compared to about 2.0 mm recorded at the tvo 

lower phase densities, the ordinate scale in Fig, 10.16 has been 

magnified accordingly. In the cast of the Booth bend, due to the 

absence of any intermediate test records, it was decided not to 

include the test data of this particular test bend in Figs. 10.14 

and 10.16. It should be noted, however, thctl at a phase density 

of 10, a maximum depth of penetration of some 3.2 mm was recorded
«

for this particular bend. In contrast, at a phase density of 22 

only a maximum depth of about 0.6mm was recorded (see Table 10.1). 

A number of factors which may account for this dramatic reduction 

are discussed in more detail in section 10.4.3.4.

In order to identify the penetration history of each individual 

test bend, lines were drawn through the points plotted and these 

curves clearly demonstrate that, in terms of penetration, bend 

radius is also a significant factor. However, a more important 

feature is with regard to the overall trend. Whilst the trend 

of the curves for the set of intermediate bends is remarkably 

consistent over this test range, in the case of the large radius 

bends, apart from a change in the order of magnitude, a signif 

icant transition with respect to the individual trend of the 

curves is clearly evident.

At phase densities of 10 (Fig. 10.14) and 22 (Fig. 10.16) the 

trend of tho curves for bends 1 and2 is identical and clearly 

shows that, beyond an initial increase, no further increase in 

penetration is observed. In contrast, the- corresponding trend 

of bend 11 clearly indicates a continuous progressive increase

.287.



E 
E

c o
"oj
I—
4—'

Q) 
C

DL
M—

O

CL 
(i)
Q

X
03

0

T

8

0 10 20 30 40 
Mass Eroded - g

50 60

FIG. 10.14 Penetration Data for Individual Bends Tested 

at a Phase Density of 10

.288.



E 
E

c
•-2•-• '-

c
a.
"o

JZ

a. 

Q

E
Z)

£'x

0

.-——J.

0 10 20 30 40 
Mass Eroded - g

50 60

FIG. 10.15 Penetration Data for Individual Bends Tested

at a Phase Density of 17

.289.



1.5

E 
E

1 1.0
•4— '

CSi
c.
&o_

o

JZ
4—•

CL

Q 

|
| x
ft)

0.5

0

11

0 10 20 30 40 
Mass Eroded - g

50 60

FIG. 10.16 Penetration Data for Individual Bends Tested 

at a Phase Density of 22

.290.



in penetration over u similar ran(,e of to'jl.'j. Tiiul Ihnro r.hould 

bo such r distinct change in the trend between these curvcn 

clearly indicates tliat thi.s 1s a direct result of tr.'im; i ij oiuil 

effects discussed earlier.

Comparison of the corresponding set of curves at a phase density 

of 17 (Fig. 10.15), however, appears to indicate that phase density 

might also be an additional factor. The trend of bend 2, contrary 

to expectations, clearly bhev/t; a rapid increase in penetration 

which is substantially givr.tfir than that of bend 11. Although a 

similar trend is also observed in bend 1, it is unlikely that a 

similar rapid rate of penetration would be possible in this 

particular test bend. The maximum depth of penetration recorded 

was only 0.4 mm compared to about 2.00 mm for bend 2 over a. 

similar range of tests and in viei" of transitional effects the 

slope of this particular bend would probably level off, as indicated 

by the dotted line, beyond this test series. In the case of bend 

11, no appreciable deviation is observed and the trend is similar 

to that observed at the other phase densities. In fact, the 

magnitude' of this slope is identical to that of bend 11 at a 

phase density of 22 (see Fig. 10,18, p.296). Although phase 

density is a possible factor, perhaps a more plausible explanation 

for the behaviour of bend 2 is the presence of a transition in 

the flow pattern. As already discussed elsewhere, a transition 

occurred in the vicinity of bend 2 at this particular phase density 

and this was largely responsible for the rapid increase in respect 

of erosion. Although it has been shown that, for a given phase 

density, mass eroded is not proportional to depth of penetration 

(see Fig. 6.9, p.°3), a rapid increase in erosion is usually 

followed by a similar rapid increase in penetration (Chapter 8), 

and s'o in this respect it is perhaps not surprising that a 

similar trend is observed in bend 2 in both cases. However, it 

should be noted that a similar transition also occurred in the 

vicinity of bend 2 at a phase density of 10, and between bends 

3 and 4 at a phase density of 22. No apparent transition in 

respect of penetration was observed in these respective bends 

and it appears, therefore, that additional factors may be 

responsible. Visual observation of the outer bend wall surface 

of this particular test bend (seo Fig. 10.30, p.32-t), shows a
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clear erosion tracking pattern, which indicates the pro.sem:o of 

a considerable dogroe of swirling in the flow. The presence of 

swirling in these bends is not unexpected, but that it .".hould 

occur to such an extent is probnbly due to misalignment of this 

particular test bend. Hence, it appears that the rapjd rate of 

wear in this particular bend is probably due to the combination 

and interaction of the various factors described above and 

further work is necessary in order to investigate in mo^e detail 

this complex phenomenon.

In order to show the overall specific effect of phase density, 

the mean slopes of the two sets of bends tested in Figs. 10.14 

to 10.16 are presented in Fig. 10.17. Since the maximum depth 

of penetration recorded for the majority of the test bends was 

relatively limited, for comparison purposes the ordinate scale is 

magnified accordingly.

For the set of intermediate bends, the slopes clearly show that, 

in terms of ym/g eroded, a definite decrease in penetration rate 

is observed over this test range. The overall trend of the effect 

of this higher range of phase densities is in complete contrast 

to the corresponding trend presented in Fig. 6.9, based on dilute 

phase test data and clearly shows that a maximum has been crossed 

between these two test ranges (see Fig. 10.22, p.304). It should 

be noted, however, that the slopes presented in Fig. 6.9 were 

based on tests carried out at a velocity of about 25 m/s. As the 

overall mean velocity is approximately 19 m/s over this test 

range, proper comparison between these slopes is not strictly 

appropriate. The test data obtained in this work will have to be 

normalised before accurate comparison can be m^de, as JLn the 

preceding analysis on specific erosion, and this will be discussed 

in the next section.

With respect to the corresponding mean slopes for the set of largo 

radius bends, a similar problem also arises. As the velocity in 

bend 11 is approximately double that of bend 1 at each phase density, 

the trend of the individual curves presented in Figs. 10.14 to 10.16 

is also influenced to a certain extent by this velocity difference. 

Apart from velocity effects it has been shown that the trend of 

the curves is also influenced by a number of other transitional
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factor; , and duo to tho limited test data accurate determination 

oi the- respective Jnoan slopes is extremely diIf>cult. Hence, in 

view of these uncertainties, tho mean slopes presented in Fig. 

10.17 are, at best, only approximations. Although the gradients 

of theno slopes appear to show that maximum penr-traLiou rate 

occurs at n phase density of 17, it should be no fed that this 

apparent existence of a maximum is primarily due to the rapid 

penetration of bend 2, as explained earlier. if the individual 

lest results of this particular test bend are excluded from the 

analysis, the mean slope is subsequently represented by the dotted 

line and is comparable to that at a phase density of 22.

Although direct comparison between the slopes of these two sets 

of bends is not appropriate, the slopes do show a comparative 

trend in respect of phase density, and the magnitude of this 

is clearly influenced by bend radius. In both cases 

a definite trend towards a decrease in penetration rate with 

increasing phase density is clearly observed over this test range.

10.4 3.3 Velocity Effects

The curves presented in Figs. 10.14 to 10.16 also show the 

magnitude of the inter-relating effect of velocity As discussed 

in section 10.2, it has been reported that the magnitude of 

penetration is predominantly influenced by velocity (Bikbaev et 

al 1973) , and that the rate of penetration increases with velocity 

(Mills and Mason 1976 d). Although these findings were based on 

dilute phase conveying conditions, with a correspondingly higher 

velocity test range ; the trend of these results clearly demonst 

rates the pai"amount effect of velocity, particularly in respect 

of penetration.

As already discussed elsewhere, due to the essentially different' 

operating conditions involved in this work ; apart from the inter 

relating effects of phase density and bend radius, it is extremely 

difficult to isolate velocity, particularly from transitional 

effects, which have been shown to be a recurring feature over 

this test range. Hence, in this respect analysis of the specific, 

effect of velocity will also have to take these transitional 

effects into account.
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To show the overall effect of velocity in terms of ponotrnti on 
rate, a select numbor of curves from Figs. 10.14 to 10.16 have 
boon roploltccl and these are presented in Fig. 10.18. Thcnc- 
curves were selected on the basis of comparabilily in resyx ct of 
velocity such that, apart from showing 1 he specific effect of 
velocity for a given phase density and bend radius and vice-versa, 
they also .show, more importantly, the magnitude of these intor- 
relntionships.

For the set of curves representing the intermediate bends, tu'o 
important features are observed. For a given phase density a 
definite trend towards » decrease in penetration rate, in terms 
of mm/g eroded, as velocity increases, is clearly detected. 
Perhaps this trend is more clearly evident in Fig, 10.19, which 
shows in more detail the relationship based on the set of curves 
at a phase density of 10 (Fig. 10.14). In this figure the value of 
mass eroded up to a penetration depth of 1.00 mm in increments 
of 0.2 mm .were determined and these were then plotted against th« 
corresponding velocity appropriate to each btnd. Straight lines 
werf drawn simply to distinguish the respective groups of points 
and these provide experimental evidence that, for a given depth 
of penetration, the mass eroded from th^ be^d increases with 
velocity, i.e. penetration rate decreases as velocity is increased. 
A similar trend is also observed over this phase density rp.nge. 
In terms of phase density effect, comparison of the set of curves 
between bends N3, P3 and Q3, and between bends N7, P4 and Q5 
(Fig. 10.18), shows a similar trend in respect of phase density. 
In both cases this i s in complete f-ontrast to the trend reported 
by Mills and Mason (1976 d), based on dilute phase test data. 
This markedly reversed phenomenon provides additional substantial 
experimental evidence that a fundamental variation in the mechanics 
of the erosion process has been reached over this test range, and 
that this transition occurs between a phase density value of 
about 8 and 10.

For the set of large radius bends, apart from the contradictory 
curve of bend P2, a relatively similar trend in both cases is 
also clearly evident. However, it can be seen that, apart from 
transitional effects, the curves in Fig. 10.18 show that, over 
this test range the magnitude of penetration is substantially
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influenced by the mochanicy of flow which clearly ha« an 

over--i*idi ng inlluonco over that of velocity, particularly for 

theso Isrgo bends.

As mentioned earlier, in order to provide comparability «'ith 

previous dilute phase test data, it la necessary to normalise 

these penetration results to a velocity of 25 m/s. To do this it 

is necessary to determine the relationship between depth of 

penetration and velocity over this test range, and these r>re 

presented in Fig. 10.20 (a to c) for the set of intermediate 

be"ds ?nd Fig. 10.21 for the set of large radius bends. As in 

previous analyses, the test results corresponding to the three 

respective sets of te^ts are given.

Whi3st the plots in Fig. 10.20 (a) for the snt of bends tested at 

a phase density of 10 appear to indicate that a linear relationship 

exists in all cases, the corresponding sets oi' plots at the two 

higher phase densities (b and c), clearly indicate a power law 

relationship. However, due to the limited test data, and the 

lack of any overall consistent characteristic, it is not. possible 

to determine the precise nature of this relationship and so no 

attempt has been made to draw lines through each respective set 

of plots in this figure. However, it is interesting to note 

that whilst the test results at the two higher phase densities 

appear to be comparatively consistent in terms of individual trend, 

at a phase density of 10 the depth of penetration appears to be 

initially independent of velocity but, once established, it 

increases rapidly as velocity increases.

For the set of laige radius bends (Fig. 10.21), due to the large 

degree of scatter and the absence of any corresponding test dat« 

within a velocity range of about 15 to 26 m/s, it is not possible 

to determine a meaningful relationship over this test range, 

particularly when the individual test data of P2 is also taken 

into account. However, by excluding the test d«ta of this 

particular bend and by grouping all the individual plots into 

the three separate test ?ets as indicated by the respective 

shaded areas, it can be seen that a linear relationship exists 

in all cases over this tost range. Fro"i the trend of these 

shaded areas it appears that the depth of penetration is
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generally independent of velocity :md this con Jinny thai, for 

this set of la^go vadius bends, in terms of penetration the 

mechanics of flow has an over-riding effect over that of velocity.

10.4.3.4 Com par is on \vi th _D_i_l-J!iL<:Ll)n_ri-"£; JL9 ''LlL-P^ ' a

From the graphs presented in Fig. 10.20 it has boon shown that, 

whilst the depth of pcnetrr.tion is initially independent of 

velocity, once ostnblishod, a definite trend towards an increase 

in penetration depth as velocity increases ifj clearly evident. 

However, the magnitude of this increase in penetration rate, 

apart from transitional effects, is dependent upon the inter 

relating effects of phase density and bend radius.

Although it is well established that a cower law relationship 

exists in respect of ercsion, wher~ the velocity exponent is of 

the order of about 2.65 in pipe bend erosion situations, apart from 

the recent work of Mills and Mason (1976 d) and Glatzel (1977) , 

experimental information on the corresponding effect of velocity 

on peretration is relatively limited. Mills and Mason have
4

demonstrated that, due to the over-riding influence of penetration 

rate in terms of ym/g eroded which increases with both velocity 

and phase density, ah even greater power law dependence is expected, 

although no specific value is provided in their work. Glatzel, 

however, found that a velocity exponent of about 3.2 in terms of 

non-dimensional depth of erosion was consistently obtained over 

a range of impact angles and particle velocities. These were 

based on tests with flat perspex specimens subjected to erosion 

by large spherical cast shot particles over a range of velocities 

from about 3 to 60 m/s. Although the work of these authors clearly 

showed that a similar power law relationship should exist in terms 

of penetration wear, it should be noted that these observations 

were based on dilute phase conveying conditions.

In order to determine the effect of velocity on penetration in 

this work, a log. plot of the data presented in Fig. 10.20, 

based on test set 1, produced a slope of about 2.5 over this test 

range. It should be noted, however, that due to the limited test 

data and the narrow velocity range, this value is of limited 

usefulness for the coefficient of correlation, particuJarly at the 

two lower phase densities, is extremely low. A more accurate
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d'jtevminati on of the rolaLionsh i p, particularly :it a phase 

density ol .iO, is perhaps given by a linear ;ipproxijnation. Jn 

1'acl , comparison of the predicted valiu-s at a velocJty GJ. 25 ni/s, 

based on power law and linear rcl :> t '• onph I ps , arc in close 

agreement, particularly at the two higher phase densities. These 

were approximately 0.46 and 0.36 mm at phase densities of 22 and 

17. At a plK'.-:e c'onsity of 10, however, a substantial deviation 

is obtained, with about O.G1 mm ^asod on power law dependency 

compared to about 0.40 mm based on linear extrapolation. For 

this analysis it was decided to consider that the value of about 

0.4 mm would be more appropriate in this case. On the basis of 

these predicted values (see section 10.4.2.4) the normalised 

penetration rate in terms of ym/g eroded is, therefore, about 

27, 28 and 38 at phase densities of 10, 17 and 22 respectively. 

These respective values are plotted in Fig. 10.22 and, for 

comparison purposes, the corresponding values based on dilute 

phase work (see Fig. 6.9, p.93) are also included.

The most significant feature of the graph presented in this 

figure is. with respect to the overall effect of phase density 

over this test range. At low phase densities penetration rate 

increases with phase density, but beyond a phase density of about 

10 a dramatic change in the trend is clearly observed. Although 

the range of phase densities considered in this work is relatively 

limited, the magnitude of penetration rate is expected to 

decrease gradually beyond this test range. That it should 

suddenly show such a markedly reversed phenomenon over this test 

range confirms that this is directly related to the mechanics of 

the erosion process, which appear to vary in some fundamental way 

with the phase density of the suspension, and that a transition 

in this process clearly occurs between a phase density of 8 and 

10.

This transition is perhaps more clearly shown in Fig. 10.23, which 

is a graph of depth of wear against phase density, with lines of 

constant mass eroded plotted. The curves based on the low phase 

density range were plotted from test data obtained by Mills and 

Mason (1977 a). For the corresponding test data obtained in 

this work two «ets of plots at each test phase density are presented.
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The broken lanc-s represent the :«'l of test rpsul ts bjiyod on actual 

measurements , whilst the solid lines represent 1 );<: corresponding 

values which h;tvo boon normalised to a velocity of 25 in/;.;. In 

both cast's thc.se curves clearly show how the depth of wear varies 

with phase density and how this is influenced by mass eroded. 

Whilst the trend of the curves at the low phase density range shows 

that penetraUon rate increases with phase density, a markedly 

reversed order is clear]y evident beyond a phase density of about 

10. The transition between these two distinctly contrasting trends 

definitely occurs between the limits of these two separate test 

ranges, i.e. between phase densities of 8 and 10.

To a certain extent the curve presented in Fig. 10.22 also shows 

a very similar relationship in terms of mass conveyed, i.e. in 

terms of penetration wear rate, since phase density has been 

shown to have relatively little effect over these two separate 

test ranges. In fact, analysis of tht test data in terms of 

mm/tonne (see Fig. 10.27, p.316) shows that it progressively 

increases to a maximum at a phase density of about 8, beyond 

which a markedly reversed situation is observed. This critical 

maximum value is significantly lower than the value of about 24 

quoted by Mason and co-workers (Arimdel et al 1973). As no 

experimental evidence was provided by these authors it was not 

possible to comment on this deviation. Suffice to say that, 

under these test conditions a maximum in terms of both penetration 

rate and penetration wear rate is observed at a phase density of 

about 8, beyond which a significant decrease in terms of magnitude 

in both cases is clearly evident. F^om this it appears that, in 

terms of both erosion and penetration parameters, it is therefore 

not necessary to convey abrasive materials solely in the dense 

phase mode in order to reduce erosion. From the data presented 

in Figs. 10.12 and 10.22, a significant reduction in erosion is 

already achieved by conveying the materials in the medium phase 

regime. Hence, in this respect an optimum value of phase density 

occurs at about 8, a.t which the potential service life and 

conveying capacity of the bends is clearly at the minimum.
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Tho intor-rclat i n(T effect of bond radius, In teriiiM of penetration 

rate, is .shown in V i g. .10. 24., For coinpnri:;c.»n purposes the corres 

ponding values, based on tests reported in the provJous chapter:.;, 

are also included. Apart from the curve for the met of inter 

mediate bends (D/d rn.l.ib of 5.6) which have been tested over ;< 

ran^o of pliaso densities, the only other curve available for 

comparison purposes is that based on the set of lorgo radius 

bends (D/d of 2'1), which have been tested over a relatively United 

phase density range. Hence, although it is not possible to 

determine the magnitude of the effect of bend radius over this 

test r^nge, comparison of the respective penetration values shov/s 

that a substantial decrease is obtained at higher phase densities. 

An additional interesting feature is with respect to the curve 

for the set of large radius bends. In Fig. 10.13, the corres 

ponding curve in terms of mass eroded clearly shows that over thif, 

test range erosion increases with bend radius. However, in terms 

of penetration rate, a reversed situation is observed.

In the case ol the Booth bend (D/d of 2.4), analysis of the test 

data presented in Table 10.1 shows that at a phase density of 

10 the penetration rate is about 640 ym/g eroded and at a phase 

density of 22 it is about 600 ym/g eroded. Although this is some 

20 times greater than that obtained for the corresponding set 

of intermediate bends in identical test conditions, it should be 

noted that these values were based on the actual data recorded 

at the end of each test series. Perhaps a more useful basis of 

comparison would be that based on penetration wear rate. For 

the Booth bend the penetration wear rate values at phase densities 

of 10 and 22 were 0.18 and 0.03 mm/tonne. The corresponding 

mean values for the set of intermediate bends over a similar 

number of runs v/ere 0.07 and 0.02 mm/tonne. Hence, at a phase 

density of 10 the penetration wear rate of the Booth bend is 

about 2a times greater than that recorded for the average inter 

mediate bend and, similarly, about l£ times greater at a phase 

density of 22. However, comparison between the values for the 

Booth bend shows a 6-fold decrease at a phase density of 22. 

The rapid penetration of the Booth bend at a phase density of 

10 is largely attributed to a combination of several inter 

related factors, and these are discussed bolow.
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As already discussed o .1. so \vhoro , a transition in (,])' flow from 

medium to dilute phase mode occurred .in the test loops. Ovii^r. 

to its location within the lust section, the .moc'e of flow in the 

Booth bend is essentially in I. he form of an homogeneous ,s"SiK'nsi'.M!. 

However, due to its particular shape, SOUK- of the particles would 

be trapped in the recess (see Tig. 4.10, p.64) and so shield the- 

outer bend wall surface against any further impacts by the 

particles into the outer surface, and consequently reduce erosion 

to a minimum. However, due to its tight curvature, the pressure 

drop in this particular bend is substantially greater (.bun in a 

conventional bend, and this is accompanied by a corresponding 

increase in turbulence intensity as a result of a greater degree 

of particle-particle collisions (Chapter 9). In these tests the 

bend was located in a horizontal plane and so, although the 

recess would be filled with a layer of particles, the position 

and magnitude of penetration clearly indicates that only the 

lower half of the outer surface is effectively protected against 

erosion. In fact, this is confirmed by visual observation of the 

outer bend wall surface when it was subsequently cut into two 

(see Fig.'4.12, p.66). An erosion crater has been established 

at a bend angle of about 55 and at a pipe angle of about 30 

above the horizontal centre line. The depth of the crater 

substantiated the relevant measurements presented in Table 10.1 

at a phase density of 10. At a phase density of 22 the lack of 

any significant increase in both erosion and penetration after a 

further 30 test runs, and with sand that had been previously 

conveyed 24 times at a phase density of 17, indicated that the 

effective impact angle had already increased beyond the tertiary 

wear stage, at which both are at a minimum. Hence, although it 

has been shown that a significant reduction in erosion is obtained 

by using the Booth bend, as substantiated by the fact that some 

75 tonnes of different sized materials have been conveyed through 

this particular bend over a range of test conditions, the 

effectiveness of this particular type of bend, to a certain extent, 

is also influenced by the combined interaction of bend location 

and bend orientation.
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10.4.4 'IcnfL T - IjCo AnulyBJH

10.4.4.1 Int. ro due Li on

The cli'ect of phase density on erosion, in terms of raaus eroded 

and depth of pc-netrutj on, has boon analysed and discussed an tKo 

preceding sections. Apart from the specific effect of phase 

density, it lias been shown that the magnitude of cro;;ion i,s :'lso 

considerably influenced by a number of inter-relating and 

transitional effects. Whilst velocity and bend radius are 

relatively easy to isolate, it is difficult to isolate transitional 

effects from phase density. Since these transitional effects 

occur mainly in tests with the set of large radius bends, and in 

the absence of any corresponding dilute phase test data for this 

particular set of bends, this section on bend life analysis is 

solely based on the set of intermediate bends.

In previous bend life analyses (Chapters 6, 7 and S), it has been 

shown that it was necessary to incorporate the information based 

on specific erosion rates with the data ba^cd on bend failures. 

Whilst specific erosion indicates how quickly the metal is
t

eroded from a bend per unit tonne of material conveyed, the 

mass of rnetal which has to be eroded from a bend to cause failure 

provides an indication of its potential conveying capacity, and 

hence its working life Both parameters, however, are essentially 

based on mass eroded. Although previous analyses based on this 

particular relationship have been shown to be adequate, these were 

based on tests carried out at low phase densities. For this 

programme of tests over a higher range of phase densities, however, 

it was not possible to follow a similar evaluation procedure. 

This is entirely due to the fact that no bend failed over this 

programme of tests and so it was not possible to produce a 

relationship between the mass eroded at failure and phase density 

over this test range. In addition, it has been shown that a 

fundamental transition in the mechanics of the erosion process 

has occurred over this test range. Hence, not only is the 

analysis based on mass eroded effectively restricted to low phase 

density tests, at high phase densities it is necessary to produce 

an analysis based on another erosion parameter. In the following 

sections the reliability and predictive ability of these two 

separate evaluation procedures are discussed.
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10.4.4.2 An alys is Based oil Mjif'-s, Eroded

As mentioned earlier, in the absence of uny compurublo tost data 

in terms of bond failure over this higher phase density test 

range, this part of the analysis is concerned with the dilute 

phase range. As discussed in Chapter 6, Mills and Mason (1077 a) 

have already evaluated the influence of phase density in terms of 

bend performance, over a range of phase densities from 1 to 

about 8 (see Figs. 6.15 and 6.16, ps . 104 and 105). This was based 

on similar sized sand conveyed at a velocity of about 25 m/s and 

on similar sized bends. The fundamental basis of their analysis 

v/as on the relationship that specific erosion (K) is related to 

phase density (<{> ) by :

e a

However, as explained in Chapter 6 and in section 10.2, the 

phase density exponent was based on tests with 230 ym sand rather 

than with 70 ym sand. It has been shown that particle size has 

an effect in terms of specific erosion, particularly as phase 

density is increased, and so the validity of this expression is 

questionable.

In section 10.4.2.4 it has been shown that a more reliable 

relationship, based on the test data presented in Fig. 10.12, 

is given by equation 10.3, which shows that:-

..-0.26

On the basis of this relationship, and using the same expression 

that relates the mass eroded at f 

obtained by Mills and Mason, i.e.

that relates the mass eroded at failure (E, ) with phase density,bf

the resultant corresponding relationships in terms of conveying 

capacity (M 

given by :-

capacity (M ) and service life of the bends (At ) are therefore s DI

M = 17.6 ((f))~°' 48 tonne (10.4a)
S

an<* -1 48
AT = 68.9 <<j>) ' h (10.5a)

A graphical representation of the above two equations is given 

individually in Figs. 10.25 and 10.26.
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For comparison purpowor, , tho corresponding equations obtained by 

Mills and Mason v/oro :-

M. = 7.9 (<,)"0 ' 58 tonne (10.4b)

— 1 ^fl 
30.8 (<>) '° h (10. 5b)

and

and are also presented graphically in Fiys. 10.25 and 3.0.26.

To show the predictive ability of these two separate sets of 

equations, the actual test data of the bends which failed at 

phase densities of 2, 4 and 6 (Mills 1977), and 3 (Table 5.3), 

are also included in these figures. It should be noted, however, 

that the plot taken from Mills includes the bends which failed 

prematurely, and so it can be seen that whilst the curves based 

on the set of equations given by "ills and Mason appear to give 

a more accurate prediction, in practice the actual test data 

appears to lie within the boundary of these two curves, as 

indicated by the shaded areas. Whilst the°e curves, based on 

mass eroded, satisfactorily account for the performance of bends 

with a reasonable degree of accuracy, the predictive ability 

of these equations is clearly limited to the dilute phase range 

only. Extrapolation of these curves beyond a phase density of 

8, as indicated by the broken lines, shows a gradual decrease in 

bend performance as phase density is increased, which is clearly 

contrary to experimental evidence.

With regard to the applicability of these eauations, consider 

the erosion data presented in Table 5.3, p. 77, which lists the 

details of all the bends which failed in e^ch respective test 

series. Apart from the set of test data which had already been 

considered (Bend Reference E) , if the appropriate data of all 

these failed bends is also plotted in Figs. 10.25 and 10.26, it 

can be seen that apart from one or two isolated plots, these 

plots virtually lie outside the boundary of these two sets of 

curves. Hence , it can be generally concluded that these equations 

are only applicable to mild steel bends with a D/d ratio of about 

5.6 eroded by 70 ym sand particles at a conveying air velocity 

of about 25 m/s and up to a phase density value of about 8.
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10.4. '1.3 Aji_ulj^:i_M JBajjyd on J)rpiU of Penetration 

As already explained, duo to the relatively limited erosion 

obtained in tcsi.s above a phase density of 10-, it wan not 

possible to determine the influence of j.basf rk-nsil y, in respect 

of bond performance, over the range of phase densities investigated 

in this work. Although the analysis presented .in the preceding 

section has been shown to provide a reasonably reliable prediction 

of bend performance, its applicability is effectively limited to 

a phase density value below 10. This is due to the fact that it 

does not take into account the transition in respect of the 

erosion process which occurs above this particular phase density 

range.

In order to produce a method of evaluation which could adequately 

account for this transition erosion process, an analysis based 

on depth of penetration is considered. This particular choice 

of parameter is clearly, more appropriate in pipe bend erosion 

situations. As explained elsewhere, since the thickness of a 

bend is finite, it is really the rate of penetration that 

determines the service life of a bend. Hence, in this section 

an analysis based on this particular parameter is presented. 

As this method of evaluation has not been published elsewhere 

to the author's knowledge, in order to ascertain its validity 

it was decided to re-evaluate the dilute phase test data based 

on this parameter, for comparison purposes.

As specific erosion indicates how quickly the metal is eroded 

from a bend, the corresponding information in terms of penetration 

wear rate (mm/tonne), indicates the penetrative ability of the 

particles into the bend. From the test data given in Mills (1977), 

the corresponding respective penetration wear rates at phase 

densities of 1, 2, 3, 4 and 6 were approximately 0.31, 0.83, 0.60, 

0.54 and 0.79 mm/tonne. It should be noted that these were mean 

values which have been estimated by the present author and were 

based on all the bends tested at a given phase density, including 

those which failed prematurely. Apart from the value at a phase 

density of 2, it can be seen that penetration wear rate increases 

with phase density over this test range. A log. plot of these 

values is presented in Fig. 10.27 and from a linear regression 

analysis of the relevant tost data, the relationship between
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pone (ration wear rate ( w ) and phaoo dcnsii.y ('I') fan bo (jivi-u by :

0 40 
w = 0.32 (<|0 ' mm/ionnc (lO.Ga)

over a range of phase d<Mi;: it i.es froi" 1 to 6.

As the thickness of all the bends tested (p ) is approximatelyw ' J

4.00 mm, the mass of wand that can be conveyed through these 

bends before it penetrates Mils thickness (M ), is given by :-
Sp

s
M = -*- 
S P to

4.00

0.32

-0 49 
= 12.5 ($) ' tonne (10. 7a)

In terms of bend life, the conveying time to failure (AT ) i 

given by :-

M ' M 
- sp _ spATbfp~ ~ ~ ~ ——

m <frn
s a

In order to achieve an air velocity of 25 m/s in a 50 mm bore 

pipeline, an air mass flow rate of 0.071 kg/s is required. 

Thus ,

12.5 
ATbfP =

0.071 x. 3600 x 10 x <j>

, _i 40 
= 48.9 (<f>) h (10. 8a)

With regard to the range of phase densities considered in this 

work, it has been shown that it was necessary to normalise the 

test data in order to provide comparability with dilute phase 

test results. In section 10.4.3.4, the normalised depth of 

penetration after test set 1, at phase densities of 10, 17 and 

22, were approximately 0.40, 0 . 36 and 0.46 mm respectively. In 

terms of penetration wear rate those were 0.09, 0.08 and 0.10 

mm/tonne . The comparability of these values appears to indicate 

that phase density also has very little effect in terms of 

penetration wear rate, which is clearly contrary to experimental 

evidence, as shown in Figs. 10.22 and 10.23. As discussed in 

section 10. '1.3. 3, these normalised penetration depth values were
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based on the respective set of to. '.it data presented in Fig. 10.20. 

As shown in this figure, although Jt jippcars that the depth of 

penetration is initially independent of velocity, once established 

it increases with velocity, particularly at a phacc density of 

10. Hence, in order to take this effect into consideration, and 

to provide a more accurate basis of determining penetration wear- 

rate, it was decided to evaluate the respective mean values after 

test set 3, i.e. after 24 test runs. The corresponding normalised 

depth of penetration values, based on linear extrapolation in all 

cases, were approximately 2.9, 1.3 and 0.7 , at phase densities 

of 10, 17 and 22 respectively. Hence, in terms of 

penetration wear rate these were 0.16, 0.07 and 0.04 mm/tonne. 

These values are also plotted in Fig. 10.27, and from these plots 

it can be clearly seen that a markedly reversed trend is operative 

over this test range.

From a similar linear regression analysis, the effect of phase 

density, in terms of penetration wear rate, is given by :-

— 1 73u> = 8.7 (cj>) ' rm/ tonne (lO.Gb)

over a range of phase densities from 10 to 22.

Assuming a similar bend wall thickness of 4.00 mm and following 

a similar calculation procedure as before, the mass of sand that 

can be conveyed before failure occurs is therefore given by :-

M = 0.46 (d)) 1 ' 73 tonne (10. 7b) 
sp

Similarly, in terms of bend life, assuming similar conveying

conditions ,
A 70 

AT= 1>8 h (I0.8b)bfp >

Graphical representations of equations 10. 7a and b and 10. 8a and 

b are presented in Figs. 10.28 and 10.29. To show the effect

of bend thickness, the corresponding curves for s = 2, 8 and 16 mm
w

are also presented in these figures.

10.4.4.4 Discussion

The most prominent feature in Figs. 10.28 and 10.29 is with 

respect to the trend of the curves, which clearly demonstrates 

the significance of the effect of phase density. The magnitude
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of this effect is clearly divided :i n 1 o two separate range;; of 

phase densities. \\hilr-5t tli'j group of curves within the J ov/ phase 

density range shows i liat the performance of bonds, in terms of 

conveying capacity and service .life, decreased with phase density, 

above a ph;i;;e density value of about 10 a markedly reversed 

phenomenon is r;bsorvcJ in both cases. The distinct contrast in 

the overall effect of phase density over these two clearly 

defined test ranges provides an cxplnnalion of the presence of 

a fundamental variation in the mechanics of the erosion process 

which has been detected over this range. From the trends of 

these two separate groups of curves it can be clearly seen that 

the transition occurs between a phase densi uy value of about 8 

and 10.

In order to show the validity of this method of analysis, if the 

curves presented in Figs. 10.25 and 10.26 are superimposed onto 

Figs. 10.23 and 10.29, it can be seen that the corresponding 

curve, based on a bend thickness of 4.00 mm, clearly lies within 

the boundary of the set of curves based on r.ir.ss eroded. This 

is perhaps not unexpected, for the analysis in terms of penetration 

depth is based on mean values whilst the corresponding analysis 

presented in section 10.4.4.2 was primarily based on the bends 

which failed, which in every case showed a proportionately greater 

rate of erosion compared to the bends v/hich were still in service. 

However, that it should lie within the boundary of these curves 

clearly provides a more reliable method of erosion prediction 

and hence its validity.

For the dilute phase range a further remarkable feature with 

regard to the validity of the curves is the close similarity of 

the phase density exponent values between equations 10.4 and 

10.7a, and between 10.5 and 10.8a. Apart from a difference in 

order of magnitude, the exponent value in terms of conveying 

capacity is -0.48 based on mass eroded, compared with -0.49 

based on depth of penetration. In terms of bend jife these are 

-1.48 and -1.49. These virtually identical exponent values 

clearly provide an additional element of legitimacy to the curves 

presented in these figures.



With regard to itr- applicability , the fact that it can nlou 

bo used successfully to predict tho effect, of phase density 

beyond a value of. 10 substantiates tho usorultie.se of 1 h i s partic 

ular approach.

To examine the effect of a rango of phase densities above 10 in 

more detail, for bends with a thickness of 4.00 mm at a phase 

density of 10, the bends will eventuaJly fail after some 25 

tonues of sand have been conveyed through these bends, or after 

some 10 hours. At a phase density of 25 the bends will eventually 

fail after some 120 tonnes have been conveyed, or after some 

20 hours. However, if the curves are extrapolated beyond this 

test range, it can be observed that whilst the service life of 

the bends appears to increase linearly with respect to phase 

density, in terms of conveying capacity an exponential relationship 

is obtained. In terms of bend thickness, a corresponding two 

fold increase is observed in every case if the thickness is 

increased accordingly, and a similar magnitude of increase is 

also achieved over the dilute phase range.

«

However, it should be noted that these magnitudes of increase are 

based on the assumption that the penetration wear- rate within each 

test range remains constant, as defined by equations 10.6a and b. 

This is clearly not possible, since it has been shown that the 

magnitude of both erosion and penetration is considerably 

influenced by a number of inter-relating and transitional effects 

which are particularly evident above a phase density value of 

about 10. Further work is therefore necessary on bends with a 

range of thicknesses and in tests above a phase density of 25, 

in order to establish the validity of the curves presented in 

Figs. 10.28 and 10.29, before general acceptance is recommended.

It should also be pointed out that, whilst the curves presented 

in these two figures adequately describe the overall effect of 

phase density, the applicability of these curves is also limited 

to the given test conditions. However, since 70 urn sand particles 

have been shown to exhibit maximum erosivenc-ss (Chapter 7) , and 

as the D/d ratio of all the test bends considered in this section 

is 5.6 which corresponds to the worst case in terms of bend 

radius effect (Chapters 8 and 9), the curves presented in these

•300
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figures under-estimalo the pot oui.ia.i performance of the bend. 

In addition, the curves woro bawcd on ier.t results which have 

been normalised to a velocity of 25 m/s. Hence ; to a certain 

extent the curves presented in Figs. 10.28 and 10.29 indicate 

the minimum potential performance of the bends in a typical 

pneumatic conveying situation, and can therefore serve as a 

useful design guide for practical purposes.

10.5 SURFACE EROSION PROFILES

The surface erosion patterns of some of the bends tested in this work 

are shown in Fig. 10.30 for the intermediate bends, and Fig. 10.31 for 

the large radius bends.

Fig. 10.30 shows the wear profiles of two bends eroded at a phase density 

of 10 (bends N5 and N9) , and one each at a pb-^se density of 17 (P5) and 

22 (Q5). As these bends were eroded by similar sized sand, a common feature 

of the erosion patterns is the presence of an intricate pattern of steps 

and ridges in each bend. Apart from bend Q5, the presence of longitudinal 

marks are clearly visible along the length of each bend. These are primarily
*

score marks produced in the bending process and, as can be seen in Fig. 

10.30, the presence of these marks has virtually no effect on the resultant 

erosion patterns.

Although there is a significant variation in velocity between these bends, 

it has been shown that velocity has very little effect (Mills 1977). The 

lack of any noticeable difference amongst the erosion patterns of these bends 

clearly confirms this observation.

In terms of phase density, due to the close similarity of the erosion 

patterns, it appears that it also has very little effect over this test 

range. This is in contrast to the erosion patterns observed in the dilute 

phase range. Mills and Mason (1977 a) reported that as phase density 

increased, a significant difference in the erosion pattern is observed. A 

pronounced stepped erosion pattern is immediately evident after only a few 

grammes of metal have been eroded from the bend in tests at a phase density 

of G. At a phase density of 0.5 it was not until after a substantial amount, 

of erosion had been recorded that any steps were noticed, and these were 

generally spread over a much wider surface area of the bend. A similar 

situation is also reported in tests with 250 vim sand, discussed in Chapter 

6 (see Fig. 6.11, p.97).
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FIG. 10.30 Surface Erosion Patterns of Bends with D/d of 5.6
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As explained in section 10.3.4, the batch of ruind used in tests uL a phase 

density of 22 was previously conveyed some 24 times in tests at a phase 

density of 17. No .significant particle deg]adation was observed after a 

further 30 test runs and, as the surface erosion patterns of these bends 

appear to be comparatively identical, particularly between bends P5 and Q5, 

it can be seen that over this range of phase densities the particles are 

relatively unaffected by the number of conveying cycles. Hence, in this 

respect it confirms that particle degradation is considerably reduced if 

the phase density of the suspension is increased.

For the large radius bends, Fig. 10.31 shows the erosion patterns of bend 

11 at each test phase density. In addition, the erosion pattern of bend 

P2 at a phase density of 17 is also presented. Apart from this particular 

test bend, although the characteristic ripple pattern is clearly visible 

in the bends, no pronounced stepped pattern is observed. The contrast 

between the respective erosion patterns of the intermediate and large radius 

bends clearly confirms that, as bend radius is increased, the particles 

will tend to slide along the outer bend radius, as discussed in Chapter 8. 

The presence of this sliding layer of particles indirecLly protects the 

outer bend surface against any direct impact by the particles, and conse 

quently explains the lack of any pronounced stepped erosion patterns 

observed in Fig. 10.31.

In the case of bend P2, an erosion crater is clearly well established in 

the course of this particular test series. Apart from this conspicuous 

crater, the path of erosion appears to track across the bend. It has been 

shown that the presence of this tracking in the erosion pattern is a 

characteristic feature of premature bend failure (Chapters 8 and 9). Since 

a transition in the mode of flow occurred in the vicinity of this particular
—T*i

bend, a comparatively substantial increase in turbulence is generated in 

this bend, and "uence a rapid erosion rate.

To show the effect of phase density in terms of mass eroded and depth of 

penetration, Figs. 10.32 and 10.33 are linear representations of the corres 

ponding longitudinal and circumferential profiles of a typical intermediate 

test bend, taken at a given' phase density. Similar linear representations 

for the large radius bend are also presented in Figs. 10.34 and 10.35.
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For comparison purpose;:, the wear prof i I OH in Fie;;:. 10.32 and 10.33 nro 

based on bends N7, P4 and Q5. Thoso wore selected on the basJs oJ' comp 

arability in respect of velocity. The curves in both figures clearly show 

that, for a given mass eroded, the dopth of penetration decreases \vj !:h 

phase density. This is in direct contrast to the 1rerd presented in Figs. 

6.12 and G.13 (p^y.09 and 100), based on dilute phase tests. This markedly 

reversed trend in terms of wear profiles provides additional experimental 

evidence of the presence of some fundamental variation of Lhe mechanics of 

the erosion process in respect of phase density.

It is interest Jug to note that in both test ranges the position of maximum

wear, in terms of bend angle, remains remarkably consistent at about 30 to 

40 . In terms of pipe angle, however, the position of maximum wear appears 

to vary, but within a relatively limited range of pipe angles in Fig. 10.33 

compared to Fig. 6.13.

For the large radius bends the corresponding wear profiles presented in 

Figs. 10.34 and 10.35 are based on bends N2, PI and Q2 respectively. In 

terms of phase density effect, a similar trend in respect of penetration is 

also, observed in bo^th figures. However, it is interesting to note that 

whilst the individual bend wear profiles are relatively identical, no 

similar pattern is observed in terms of pipe wear profiles.

As discussed in Chapter 8, it is possible to predict the potential location 

of maximum wear by taking into consideration the path of particle trajectory. 

According to the curves presented in Fig. 8.18, p. 206, for bends with a 

D/d ratio of 24, the predicted location should occur at a bend angle of 

about 25°, based on curve A. This is comparable to the measured location 

of maximum wear, which is consistently at about 20 (Fig. 30.34) for the 

large radius bends. The comparability between the predicted and measured 

values clearly demonstrates the significance of the information presentee1, 

in Fig. 8.18 arid shows that it is possible to predict the potential location 

of maximum wear in any sized bends, irrespective of test conditions. This 

is substantiated by the curves presented in Fig. 10.32 and Fig. 6.12 for

the intermediate bends with a D/d ratio of 5.6. The position of maximum
o 

wear, as already mentioned, is consistently about 30 to 40 , which is

comparable to the predicted values given in Fig. 8.18, based on curve B. As 

the respective wear profiles were taken over a range of phase densities 

from 1 to 22, the comparability of those values shows that the location 

of maximum wear is independent of phase density, and to some extent velocity, 

as reported by previous workers.
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To .some extent the wear profiles prosc-nted in tins section also Jnclicuio 

the magnitude of the effect of bend radius on penetration. As explained 

earlier, the lack of any significant depth of penetration exhibited by 

the^e 1,-irgc radius bends is attributed to the inerepsed Icn.-ifincy of the 

particles to slide along the outer bend surface. Comparison between ihe 

wear profiles for both sets of bends clearly shows that in every case, 

apart from a difference in ordor of magnitude, the wear profiles for the 

large radius beads are generally more 'rounded' and more evenly distributed 

over the bend surface than the corresponding profiles for the intermediate 

bends (see also Figs. 8.26 and 8.27, ps. 218 and 219 on the effect of D/d). 

The shapes of these wear profiles consequently explain the lack of. any steps 

or ridges in the erosion patterns presented in Fig. 10.31 for the large 

radius bends.

10.6 CONCLUSIONS

From the test results presented in this chapter it has been demonstrated 

that, apart from the specific effect of phase density, the magnitude of 

erosion in terms of mass eroded and depth of penetration is also considerably 

influenced by a number of inter-relating and transitional effects over this 

test range. Although the primary objective is to investigate the influence 

of a higher range of phase densities, the corresponding inter-relating 

effects of velocity and bend radius are also considered. As velocity is 

a major variable in its own right, in this concluding section the specific 

effect of velocity is therefore considered separately.

10.G.I Phase Density

The most important feature with respect to phase density is in 

establishing the limits of the magnitude of the influence of this 

particular variable in respect of erosion. Although the range of 

phase densities investigated in this work is relatively limited, 

a number of definitive trends have been established.

In terms of mass eroded it has been shown that phase density has 

very little effect over this test range. Analysis of the test 

results over a range of phase densities from 1 to 22 shows that 

the influence of phase density in terms of specific erosion is 

given by the expression :-

-0.26 
erosion = constant x (phase density)
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In terms of depth of penetration, however, n definite trend towards 

a decrease in penetration rate as phaue density is increased js 

clearly evident. This is in marked contrast to tile trend reported 

in previous dilute phase work, which showed that penetration rate 

in terms of ym/p eroded, increases with phase density and has an 

over-riding influence over that of mass eroded. The net effect is 

a corresponding reduction in bend performance. However, that the 

penetration rate should show such a markedly reversed trend from 

a pha.se density value of 10 onwards demonstrates that some fundam 

ental variation in the mechanics of the erosion process has occurred 

over these two separate test ranges. Analysis of the test data 

positively showed that a transition in the erosion process occurred 

between a phase density of 8 and 10. Although this may be a result 

of a combined interaction between the inter-relating effects of 

phase density and traditional effects, i.e. mechanics of flow, 

velocity, etc., further work within this transitional phase density 

range is obviously necessary to study in more detail this trans 

formation process and to identify the factors responsible.

'In terms of penetration wear rate (mm/tonne), a critical maximum 

is shown to exist at a phase density value of about 8 and hence, 

for bends with a given thickness, this critical phase density value 

represents an optimum value at which the conveying capacity and 

service life of the bend is at a minimum.

Apart from transitional effects, it has also been shown that over 

this range of phase densities the degree of scatter appears to 

decrease and a transition in respect of erosion has been detected 

which occurs at a phase density of about 17 for hends with a D/d 

ratio of 5.6. For bends with a D/d of 24, although no similar 

transition in respect of erosion has been detected, it is believed 

that a transition may already be crossed over this test range. 

However, further work over a wider test range and conditions is 

needed in order to establish conclusively that a similar transition 

in respect of phase density exists in terms of erosion.

A series of analyses on the overall effect of phase density, which 

encompassed both dilute and medium phase ranges, is presented. 

This is the range that is close to the practical limit of conveying
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many products in the form of suspension flow and at a velocity that 

is appropriate to most conveying conditions. A significant feature 

of the analysis is that it is based on the concept of penetration 

wear rate rather than upon specific erosion, which has been shown to 

by only applicable up to a phase density vnlue of about 8. The 

validity of this method of approach is demonstrated by the curves 

presented in Figs. 10.28 and 10.29, which syc'.-essfully predict the 

actual test data based on dilute phase work within a reasonable 

degree of accuracy. These curves clearly show that it is not necessary 

to convey abrasive materials solely in the dense phase mode, for a 

significant reduction in erosion is achieved by conveying in the 

medium phase range.

In terms of bend radius it has been shown that, for a given phase 

density, as bend radius is increased, a corresponding increase in 

erosion is observed. However, in terms of penetration a reversed 

trend is evident. Although it has been shown that a critical value 

of D/d ratio exists in terms of erosion over this test range, the 

magnitude of the effect of bend radius is significantly influenced 

by transition?.! effects.

10.6.2 Velocity

From the analysis of the test results presented in sections 10.4.2.3 

and 10.4.3.3 it has been clearly demonstrated that over this range 

of phase densities the effects of velocity and phase density are 

closely inter-related and inter-dependent. Whilst phase density 

has been shown to have very little effect on erosion, in terms of 

penetration a pronounced effect is observed. With respect to 

velocity, however, in both cases the magnitude of its effect, in 

contrast to the trend observed in previous dilute phase tests, is 

largely attributed to the presence of transitional effects which, 

combined with the inter-relating effects of phase density and bend 

radius, have an over-riding influence over that of velocity over 

this test range.

On the basis of the test data for the intermediate bends, although 

the velocity range is relatively narrow, a number of significant 

features were observed. In terms of erosion, although a power law 

relationship has also been established over this test range and is
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shown to bo independent of phar.u density, the magnitude of t lie- 

velocity exponent is significantly highor than tin? value of 2.65 

based on dilute phase work, and that it appears to vary with I he 

condition of the product. This higher exponent value is not 

unexpected, for it has been established that a transition in the 
erosion process occurs at relatively low velocities, so that an 

effectively higher exponent value is obtained. It has been estab 

lished that in pneumatic conveying situations this transition 

occurs within a range of velocities from about 26 to 32 m/s. As 

the velocity range for this set of bends tested was about 15 to 

20 m/s, a crossing of the transition in respect of erosion has occured, 
and consequently a significant reduction of erosion by virtue of 

the higher velocity exponent, as substantiated by experimental evidence,

In the case of the large radius bends, due to the location of these 
individual bends in the test section, the velocity range is 

comparatively extensive; from about 15 to 30 m/s. part of which 

overlaps the transitional velocity range. In the absence of any 

intermediate test data and due to the scatter of test results, it 
was not possible to determine the relationship between specific 

erosion and velocity reliably. However, comparison between the 

magnitude of erosion for these two separate sets of bends showed 

that, over this phase density range, the effect of velocity is 

considerably influenced by bend radius, which is contrary to the 

trend reported previously which showed that it is independent of 

bend radius.

In terms of penetration, although a similar power law relationship 

is intuitively anticipated, due to the limited penetration results 

no firm definitive tre^d could be established over this test range. 

However, it has been demonstrated that the depth of penetration 

is initially relatively independent of velocity, but once established 
it increases with velocity. The magnitude of this increase, however, 

is considerably influenced by the inter-relating effects of phase 

density and bend radius, in addition to transitional effects. Hence, 
in terms of penetration rate, a definite trend towards a decrease as 

velocity is increased is established, and a similar trend in respect 

of phase density effect is also observed. In both cases this is in
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direct contrast to the trend based on dilute; phase test;; and thif- 

markedly reversed phenomenon in.respect of velocity provider; addit 

ional experimental evidence that some fundamental.variation in the 

mechanics of the erosion process has occurred over this test range.

With respect to the overall effect of bend geometry, it has been 

established that over this range, whilst erosion increases with bend 

radius, in terms of penetration a reversed trend is observed. 

In both cases the magnitude of this variation, apart from inter 

relating factors, is considerably influenced by the presence of 

transitional effects.
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Chapter 11

Conclusions



In tliis fi,,al chapter, an attempt is made to collate all the work 

reported in this thesis. As the main features discu.sscd in c.-v.-b chapter 

have already been presented in Che respective concluding d^ctJoHti, in 

this chapter therefore, only the more pertinent central features are 

highlighted.

Chapter .1 Bulk solids handling is an Integra 1 part of most process 

industries, and of all the various forms of handling, the preference is 

now increasingly towards pneumatic conveying, particularly in view of its 

flexibility, costs and safety. However, one major limiting factor which 

often makes industry reluctant to install pneumatic conveying systems for 

handling abrasive materials, is plant erosion, particularly at pipe bends. 

Although recent advances in pneumatic conveying system design have largely 

overcome this problem by means of dense phase conveying, most materials are 

still conveyed in the dilute to medium phase mode, where erosion is a 

recurring problem, even with relatively soft materials.

Chapter 2 The general problem of solid particle erosion has been 

extensively investigated in recent years, but these studies have predom 

inantly been carried out on bench-type erosion rigs. Although all the 

potential factors involved in the mechanics of the erosion process have 

been identifed, and the specific influences of some of these variables 

have been established, these findings are not applicable to pipe bend 

erosion situations. From these studies, it has been shown that the 

mechanics of erosion is a highly complex process. To date, no single or 

universal erosion mechanism has been produced which can adequately explain 

this phenomena, and it would appear that several mechanisms are operative 

simultaneously in the erosion process. Whilst much useful information

has been gained from these studies, their applicability to predicting the
_TI 

erosion in pipe bends in pneumatic conveying conditions is, however,

strictly limited.

Chapter 3 To obtain a more realistic evaluation of the erosion process 

in pipe bends.a number of industrial and experimental studies, using full 

scale test rigs, have been reported recently. However, litLle correlation 

has been obtained between such service and empirical test data, since most 

of it has been carried out for specific purposes. Although a number of 

semi-empirical and theoretical models have been postulated, the predictive



abilily ol these models is strictly limited duo to the highly i deal i.sod 

assumption;; involved in the analysis.

Wh'ilr.i Mills ;>>>d Mason have probably investigated th;: problem of bend 

erosion in more detail than anyone else in this field, their \,ork is, 

hov.ever, restricted to a limited number of variables only, and tho re.'.uM.H 

are only app]ieahlc to a limited range of test conditions.

Cjuxp_t_ers 4 and_j5 In order to widen the scope of the invest:! ̂  at ion to 

cover other potential variables, so that the mechanics of bend erosion 

could be better understood, and to present results of practical vi-lue to 

industry, two fulJ scale test rigs were ultiliscd in this work. Details 

of these rigs, together with information on the test section, tc.=.t bends 

and test materials used in the course of this work, are presented in 

Chapter 4. The respective test programmes are briefly outlined in Chapter 

5, and the corresponding erosion test data is summarized in Tables 5.1 to 

5.3.

Chapter 6 From previous work on the effect of phase density it has 

been shown that over a icnge of phase densities from 1 to about 8, specific 

erosion decreases \\-lth increase in phase density. In terms of penetration 

rate, however, a marked increase is observed, which has an over-riding 

effect over that of specific erosion. The net effect is that the depth 

of penetration by the particles into the bend wall increases with increase 

in phase density, with a corresponding decrease in the mass of product 

which can be conveyed before failure occurs.

However, from tests with larger sized 250 ym sand it has been demonstrated 

that over a similar range of phase densities the magnitude of the penetration 

rate is considerably influenced by particle size. Although a corresponding 

decrease in terms of bend life is observed, in ternio of conveying capacity, 

up to a four fold increase is obtained at a phase density of about 7, when 

compared with the finer 70 jjm sand. This wan primarily due to the over 

riding effect of particle size, which has been shown to be closely inter 

related with phase density over this test range. Hence, it has been 

established that it may not be necessary to convey certain large particle 

sized abrasive materials in the dense phase mode in order to reduce 

erosion.
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_Z. For a given product bcinj. conveyed, tin- value of it,'! 

hardness provides an JndJcation of Jts potent.! a i crosivcncss. Apart 

from the inter-relating effects of particie shape and .s'ixe, tJv; magnitude 

of erosive wear depends to a certain extent upon the cliff ere. ico !>el.\vei..n 

the conveyed product: and surface material hardneuy values, as well us 

upon velocity.

From the test results presented in this chapter it has been shown that.
2 over a range of particle hardness values from about 500 1.0 '.GOG kc

the influence of particle hardness on erosive wear can be generally 

represented by a power law relationship, with an exponent value of 1.57.

Although the range of particle hardness values investigated is relatively 

limited, a definite trend towards a threshold value of particle hardness 

has been detected, beyond which both erosion and penetration appear to 

be relatively unaffected by any further increase in particle hardness.

Among the test materials used in this programme it has been shown that
2 the sand with a particle hardness of about 1000 kg/mm , represents the

critical limit in terns of both erosion and penetration, and it appears 

that materials with hardress values well above that of sand would not 

neces'sarily be more- erosive. Further work on a variety of materials 

with a higher range of particle hardness values is needed in order to 

conclusively establish this trend.

The effect of particle degradation has also been tentatively considered 

from tests with fluidised bed ash. It has been established that the 

magnitude of both erosion and penetration is directly related to the 

degree of degradation, but only during the initial stages. With some 50% 

reduction in its mean particle size, from 1350 ym to 650 ym over some 

21 test runs, a rapid decrease in both specific erosion and penetration 

wear rate has been observed, but any further increase in degradation beyond 

this limit appears to have relatively little further effect on either of these 

parameters.

Owing to its relatively large size distribution it was not possible to 

assess the effect of 'fines' on the magnitude of these results. It has 

been recognised that the presence of 'fines' is a major cause of the 

scatter of results, and consequently is a major contributory factor in the 

premature of bends, and this is an area that warrants further detailed 

investigation.
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.C-h .aJ'.t.(i£.Ji The effect of b'.Mid radiu:;, in terms of tlu> D/d parameter, 

lias boeii investigated in this chapter. Over a range of D/d ratios from 

4 to 12 it has been established that a critical value of D/d exJ.stc; ut 

which both erosion and penetration are at a maximum. From the test data 

obtained it occurs at a value of about 5j. Although the test conditions 

are relatively limited, it is unlikely that this critical value will vary, 

for it has been reported that the magnitude of the effect of D/d is not 

influenced by velocity, phase density, and particle size. Hence, in 

order to avoid this rapid wear situation, either elbows or long radius 

bends should be considered. However, due to pressure drop and premature 

bend failure considerations it is recommended that preference should be 

for bends with a D/d ratio of between 10 to 20 only.

Whilst the dependence of erosion upon impact angle is well recognised, 

the significance of the role of effective impact angle has received 

comparatively little attention. In pipe bend erosion situations it has 

been shown that the magnitude of erosive wear is determined by the 

variation of effective impact angle over a period a time. The magnitude 

of this variation, however, is largely pre-determined by bend geometry.

It has also been established that, in order to produce an accurate 

prediction of the effect of D/d ratio, based on a typical erosion or 

penetration curve, it is necessary to take into consideration the inter 

relating effect of particle trajectory.

Chapter 9 The premature failure of bends is a recurring feature 

throughout the course of this work. It has been reported that, apart 

from an element of unpredictability, the main factor responsible for 

the rapid failure of bends is the combined effects of fine particles 

being influenced by the secondary flows induced in the bends. An 

additional factor which has not been considered previously is bend 

radius, which has now been shown to have a significant effect. However, 

a more important aspect of premature bend failure, which has not been 

recognised previously, is the phenomenon of rapid failure of replacement 

bends. Although the factors involved in premature bend failure are 

also operative in every case, a number of additional potential variables, 

which are inter-related and inter-dependent, have also been identified. 

Of these, the combined inter-relating effects of the proximity of bends
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and bend radius has boon shown to be primarily responsible.

Further work on I he premature of bends, particularly on the rapid faiJure 

of replacement bends, is recommended, for apart froi.i these limited obser 

vations there is a need to determine and to quantify to what ex Lent these 
factors are responsible.

The significance of the rapid failure of replacement bends is demonstrated 

by the analysis on the effect of D/d ratio on bend performance. In terms 

of both conveying capacity and service life, for bends with a D/d ratio 

of about 5?;, the net effect is a lj fold reduction in both parameters if 

the rapid failure of replacement bends is taken into account. For bends 

with a D/d ratio of 12, a two fold reduction is similarly obtained.

Chapter 10 Whilst a number of trends with regard to the influence of 

phase density have already been established, these are only applicable 

to a low phase density range. Before any definitive conclusions can be 

drawn it is necessary to extent the range of phase densities, particularly 

above a value of 10. The results of a programme of tests over a range of 

phase densities from 10 to 22 have been investigated and reported in this 

chapter. Apart from the specific effect of phase density, a number of 

definitive trends with regard to the inter-relating effects of velocity 

and bend radius have also been established.

With regard to phase density it has been etsablished that, in tsrms of 

specific erosion, phase density ind.eed lias very little effect over both 

the dilute and medium phase ranges. In terms of penetration rate, however, 

a marked contrast is observed. Within a dilute phase range penetration 

rate increases as phase density is increased. However, beyond a critical 

value of about 8 a markedly reversed trend is observed. This dramatic 

change in the trend is primarily attributed to a transition in the^ 

mechanics of the erosion process, which has been shown to vary in some 

fundamental way with the phase density of the suspension. This is an 

area that certainly warrants further work in order to identify the factors 

responsible for this transformation process. In terms of phase density 

effect, a transition in respect of erosion has also been detected at a 

phase density of about 17, for bends with a D/d ratio of about 5j. For 

the larger sized bends, although no similar transition has been detected, 

it is believed to have been crossed. Further work is needed, particularly
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above this tost range, in order to er.tubJi.sh conclusively whether a 

similar transition, in respect of erosion cxicts Jn terms of phase density. 

A more reliable and accurate method of evaluating the overall effect of 

phase density, in terms of bend performance, which successfully takes 

into account the presence of transitional effects has been presented on 

the basis of the penetration depth parameter.

With regard to velocity, a similar marked contrast in the trend is also 

established. Whilst both erosion and penetration were shown to increase 

as velocity is increased, below a transitional velocity range, the magnitude 

of increase in both parameters, is considerably influenced by the 

combined interaction of transitional and bend radius effects. As bend 

radius is increased, the magnitude of the effect of velocity, particularly 

in respect of penetration, is over-riden by the presence of transitional 

effects. For bends with a D/d ratio of about 5% it has been shov/n that 

the effect of velocity on erosion is independent of phase density, but in 

terms of penetration it appears that the depth of penetration is initially 

independent of velocity, but once established, it increases with velocity. 

The magnitude of this increase is, however, considerably influenced by 

the inter-relating effects of phase density and bend radius. The net effect 

is that, in terms of penetration rate, a definite trend towards a decrease 

as velocity is increased, is observed, which is in direct contrast to the 

trend based on tests carried out above the transitional velocity range.

With regard to the effect of bend geometry, it has been established that 

bend radius has a considerable effect in terms of both mass eroded and 

penetration depth at higher phase densities. In terms of mass eroded, it 

has been shown that the magnitude of erosion increases with bend radius. 

In terms of penetration depth, however, a reversed trend is observed. In 

both cases this is in marked contrast to the trend based on the dilute 

phase test range, which showed that bend radius has very little effect.
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A : Nomenclature

aB 

d

d 
P

D 

D/d

Ebf

uH

m

m

M

M
sp

BT

w

n 

x

y 

a

0

Y 

6.

Convoying air velocity 

Velocity at bend

Pipe bore

Mean particle size

Bend diameter

Bend to pipe diameter ratio

Mass eroded from bend to cause failure

Particle Hardness

:.-wcv
Mass flow rate of air 

Mass flow rate of solids

Mass of material conveyed through bend before 
failure

Mass of material conveyed through bend before 
it penetrates a given thickness

Blow tank pressure 

Bend thickness

Velocity exponent

Mass eroded at failure exponent

Specific erosion exponent

Angle of attack

Angle of impact

Effective Impact Angle

Bend angle

Critical Impact Angle

- m/s

- m/s

- mm

- ym

- mm

- g

r

- kg/mm

- kg/s

- kg/s

- tonne

- tonne

- bar

- mm

degree 

degree 

degree 

degree 

degree
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B

e

PP

AT

AT

bf

bfp

Impact Bend Angle 

Angle oi Fracture

Specific Erosion 

Particle Density

Conveying time to failure

Corveying time to failure based on Penetration 
Wear Rate

Phase Density

Solids Loading Ratio (m /m )
s a

Penetration Wear Rate

degree 

degree

g/tonne

3
kg/m

h

- h

- mm/tonne

Test Bend Symbols

Chapters 6 to 9

Symbol

•

X

0

•r

a

A.

m

o
R,RR

Chapter

«,
9

t

X

0

r
a

A

•

Bend Ref. No.

1

2

3

4

5

6

7

indicates failed bend

indicates Replacement Bend

10

1
2
3
4
5
6
7
8
9
11

Based on Low Pressure Test Rig

Test Loop Configurations

(Figs. 4.6 and 4.7 pgs. 59 and 60)

Based on High Pressure Test Rig 

r— Test Loop Configurations 

(Fig. 4.8 pg. 68)
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PIPE BENDS JN PNEUMATIC CONVEYING SYSTEMS

by 

K.N. Tong

Abstract

The main objective of this work is to determine the various fundamental 

parameters involved in the erosive wear process in 90 pipe bends, by a 

stream of pneumatically conveyed suspensions of solid particles. From 

appropriate 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.




