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SYNOPSIS 

The initial results of an investigation into the flow 

properties of a gaseous suspension of fine particles are 

reported. The objective of the work has been the acquisition 

of extensi va experimental data, the analysis of which provides 

a better understanding of the pressure drop and flow 

characteristics of pneumatically transported solid particles. 

The versatility of the test rig is demonstrated by the 

di versi ty of the investigations performed during this study. 

Quantitative results were acquired for the flow of 

different-sized alumina particles flowing through vertical 

and horizontal pipes of different diameters, and around six 

bends of varying geometry. Dimensional analysis is profitably 

applied to the correlation of the experimentaJ. data and the 

ensuing deductions examined cr1ti~.oaJ.ly. These conclusions 

were either substantiated or refuted by a visual appreciation 

of the nature of the flowing suspension. 

Investigations into bend erosion have explained the 

meohanism of the erosion process, and the data analysis has 

produced an equation which defines the mean wear rate as a 

function of the mean air velocity and the solids-to-air 

mixture ratio. 

~s study has revealed the need for extensive study 

of topics not yet fully examined. Suggestions for further 

work are included at the end of Chapters 5, 6, ? and 8. 
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CHAPTER 1 -

.QqTLINE OF THE STUDY 



~tline of tll:.LStuo;[ 

~ Introduction 

This thesis reports part of the results of an extensive 

experimental investigation into the properties of a tllrbulently 

flowing suspension of fine alumina particles. The apparatus 

developed for this work has been solely designed by the author, 

whose intention has been to ensure maximum flexibility in 

order to allow a large number of system parameters to be 

examined. 

The author's interest in the subject was initially 

evolved by the varied and seemingly under-exploited industrial 

potential of pneumatic transport. There are many specialised 

areas embraced by this field of investigation, such as 

transport chemical reactors, but even the relatively 

established design procedures for the pneumatic conveyance of 

particulate matter offers unbelievable scope for long term 

recearch projects. Apart from those commercially-orientated 

interests, the academic aspects, which demand a knowledge of 

several traditional disciplines in the pure and applied sciences, 

also offer an axci ting challenge. 

The primary purpose of the present study is to 

investigate the flow characteristics of gaS-SOlid mixtures 

for fine particles hav~g different particle size spectra. 

The ultimate objective is to acquire data which will facilitate 

the design of multiphase flow systems in which the problems 

of flow stability, pressure drop and bend erasion are reoolved. 

The design and operation of gas-solid transport systems 

necessitates quantitative information of such two phase flows 

in conveying lines. Recent work increaSing the understa~ding 
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of the d.,vn.amics of two phase flow has generally been restricted 

to small bore conduits7,8,11 or concerned with idealised 

solid particles such as spherical glass beads4 ,13. Even for 

these simplified studies the relationship between all pertinent 

variables has not been fj.rm1y established. Consequently, the 

universal prediction of solids flow rate from pressure drop 

measuremonts remains unsolved. 

An analysis of the measurements of the pressure 

differentials encountered in a transport system consisting 

of vertical and horizontal sections connected by differen'c 

geometry bends is a mos"!; complex problem. The nature of the 

pressure losses varies between these three components; the 

losses in the vertical duct may be largely due to inter

particulate collisions and wall-particle impacts, in the 

horizontal sec·tion particle deposition concentrates most of 

the material along the lower part of the pipe resulting in an 

entirely different transport mechanism, and finally the bend 

centrifugal force undoubtedly influences the extent of the 

pressure loss around this transition section. The many other 

considerations, such as the effect of changes in the potential 

and kinetic energy of 'the particles, combine to make the 

subject worthy of serious study. 

1.2 Industrial Interests -
102.1 Pneumatic Conveying Systems 

It has been stated many times that pneumatic cOllveying 

is a rapidly growing part of the bulk materials handling 

field104,108 and yet design techniques in this industry havG 

remained relatively unsophisticated105,106,107. When designing 

a pneumatic transport s,ystem the first requirement is an 

understanding of the material to be handled; is it abrasive, 
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expl[}sive, ·:::oric t ~groscopic, 0.0he.L':;'VC, fine or granular:'~ 

fria::'lo and 80 on? A small change in the maturial cha-rac

terist:tcs can result in catastrophic deviations from the 

anticipated product behaviour, a fact which has influenced 

designers to use largely empirical methods strengthen6d by 

"know-how". Consequently, manufactursrs jealously guard the 

procedures and criteria which they use109• 

It is not intended here to classify the multiplicity 

of pneumatiC conveyiD~ systems and the reader is referred to 

references 109 to 111. 

Industrial applications of pneumatic conveyors arc 

widespread and although power consumption is gen.erally higher 

than for transportation by conventional methods there are 

many benefits i.nherent in pneumatic systems. The principal 

advantages are the relatively low capital cost, flexibility? 

ease of automation, accuracy of control, safety, cleanlines3, 

self-cleaning ability, uniformity of processing, higlJ. starl.dards 

of hygiene, and reduoed mah,o':;enance and labour costs. Typical 

problems in pneumatio oonV'eying are saltation in horizo:l.tal 

ducts, choking in vertical transport lines, attrition of the 

solid particles, erosion of duotwork and bends in particular 

with consequent contamination of the product, the explosion 

hazard, and the difficulty of filtering ultra-fine particles. 

Many of these problems can be avoided or at least minimised 

by good design procedure, but the corollary is the design \'Thich 

has interpre-ted the flexibili.ty of a pneumatic system to be 

taken as a license to use meandering pipelines. For the 

designer a full knowledge of such parameters as pressure drop, 

relative slip between phases and electrostatic charging must 

be obtained before the plant can be optimised, assuming that 
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he LaG :prel:,:~ou.bl'y acquired. a c.cmp12··,e '!md&.L'standing of the 

ch~uacteristics of ~he material itsel~o 

,h2o 2 1l:.¥p-s.,l?or"li ~:.h£mi.£.¥ Reac.to~ 

In many chemical processos there is a reaction between 

the solid 81.1d gaseous phases, the 801i(ls may simply a~t as 

catalysts between reacting gases or they may participatG 

directly in the reactionso Until recen·t;ly the fluidised bed 

reactor has been preforred to the transport reactor, hnwe-.. ··er, 

the development of more complex processing techniques invol'lring 

many materials has increased the popularity o:f the latterc A 

basic disadvantage of "(;:he transport reactor is that for e.. low 

rate of chemical reaction a long reactor is necessary to ensure 

completion of the reaction, necessitatiug long tu'bula't' coils 

giving rise to excessive power require~ents for circulating the 

suspension~ On the other hand the transport reactor has 

advantages such as more intimate con.tacting of the solid &flO. 

gaseous phases, a more lmiform reaction time, highly-automat0d 

continuous processing which is ideally suited to the delicato 

operations associated with finer chemicals, and t:':le fl~;x.ibilit"Y 

of being able to add or extra~t material at any pooition along 

the length of the duct. In addition, localised heat transfer 

at selected points throughout the transport line can be used 

to optimise the yield. It may be concluded tha~ both 

transport and fluidised bed reactors enjoy the attributes of 

good mixing and uniform temperature of the reactants., 

1.2.~ ABBffiented Heat Transfer 

A suspension of fine particles in a flowing gas 

constitutes an effective heat transfer medium and becomes a 

possible coolant for nuclear reactors112,113~ The presence 

of the solid particles improves the thermal capa.~i ty and. 
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convective he.~t transfer coe.fficient of a gas considerably, 

to a magnitude comparable with the values for liquids. The 

use of liquid coolants may involve corrosion problems and 

require pressurisation to avoid change of phase by boiling. 

Thus, a gas-solid suspension appears to exhibit the best 

features of both single phase gases and liquids. The author 

has no evidence of the use of such coolants in large systems, 

but the potential applications indicate that this would be a 

most rewarding area of investigation. 

1.2.4 Static Electrification 

The mechanism of electrification is complicated and 

barely understood despite scientists having been aware of this 

phenomenon for a considerable period of time. It is particularly 

important in pneumatic conveying from two view points. Firstly 

the electric charge on a particle caused by dissimilar surfaces 

interacting in the transport system m~ have a significant 

effect on the suspen.sion flow properties. Secondly, the 

charged particles dispersed throughout the gas m~ induce a 

build-up of charge on parts of the conveying equipment v;i th the 

subsequent riSk of explosion. Invostigations into the 

industrial hazards have been carried out by Cooper 114 and 

Rose115, whilst Henr,y116 suggests means for overcoming the 

difficulties. 

The present series of investigations was undertaken to 

obtain reliable and sufficient experimental data, which ,,",ould 

facilitate discrimination between some of the large number of 

variables in order to establish which exert the major 

influences. It was considered desirable to relate, wherever 

possible, the work to industrial applications of pneumatic 

transportation. 

- 5 -



Qutli::le of the Main Cont~i;s Gf the ~lbesif! 

In Ch~"Qi~r 2, the motion of the solid phase is discussecl 

with reference to the literature ayailable, and some mention 

is made of the problems of agglomeration and electrostatic 

charge effects. The basic flow thsory is developed which 

leads to an approach to the problem using dimensional analysi~; 12 

III Chapter 3, the design and construction of the ~asic 

experimental facility is described. The me'thod of plEl1'.lt 

operati.on is outlined wj.th b'Uggestions for improving the 

equipment. 

In Chapter 4, a detailed account is glven o:f the 

experimental mea.surements of the overall flew parOIlleters, 

together 'wi th an evaluation of the routine powder property 

determinatiollSo 

1!l....Chapter.2" the first full experiro.sntal invostigatio:L 

is reported. This concerns the precsure drop for diff~reL.t 

sized alumina particles flowing vertically u.pwards through 

perspex ducts of one, two end three inches diameter. 

In Chap"I:i~, the motion of solids enterin.g a hcrizontal 

duct, preceded by a 90 degree bend, is examined. Recommendations 

are made for the location of static pressure tappings in thi:; 

region of deviating flow. 

In Chapter 2, a brief explanation of the suspension flow 

behaviour for six bends of d.i.fferent dimensions i.s presented. 

The amount of data acquired is so extensi ve that only a 

limited treatment has been dealt with in this thesis. It is 

proposed to scrutinize these resul·tis at a later date and 

submit them for publication. 

S Chapter .11, the erosion of 90 degree ben.rls by 

pneumatically-conveyed alumina particles is examined 
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quanti tati ve ly. The mechanism vf er0sion is discussed and 

the data analysis expresses bend wear as a function of super

ficial air velocity and solids·-to-air mixture ratio. The 

results are related to industrial applications. 

In Cha~ter 9, general conclusions from the experiments 

are stated. 

Appendix 1 includes all the computer prog-.cams used to 

evaluate the basic data. Appendix 2 contains a paper on Dcrew 

feeding equipment, whilst Appendix 4 illustrates the author's 

industrial interest by presenting a short investigation inti) 

the handling characteristics of china clay. 

~ Research Polic~ 

The work reported in this thesis is intended to be the 

start of a systematic series of investigations into many aspecta 

of pneumatic conveying. The versatility of t~e apparatus has 

been demonstrated by the diversi1..-y of the experiments repol'"Ged 

in this thesis. Further benefit has been derived from this 

flexibility in that the equipment has recently been adapted 

for a full-scale investigation into the heat transfer charac

teristics of flowing gas-solid suspensions. 

'Work scheduled for the immediate fu·ture, and to be 

performed by the author in collaboration with colleagues and 

research students, include the application of lacer techniques 

for the measurement of partiicle velocity, the use of a pressure 

transfer vessel to examine the transition from dilute to dcnse

phase conveying, the performance of an air-slide, Borne aspects 

of electrostatic charging and further work on bend erosiollQ 

Negotiations with several firms are in an advanced state for 

the use of their large seale plant on ",'hich to carry out tests 

and to assess the practict:Ll relevcmce 01' the :i.aboratory 
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investtgations. 

~ ~lica"tion Pol~.£;i. 

PaI.'t of this study is now puhlished in the following 

references which are bound in as part of this thesis. 

1. "Comparison of Friction Factors iI2. Pneumatically .. 

Conveyed Suspensions using Different-Sized Partj.cles in 

Pipes of Va~g Size", Pneumotransport 1, B.H.R.Au 

Conference, Camb:;:-idge, (September 1971). 

2. "Performance of a Calibrated Screw-feeder", I. i1ech. E .. 

Conference on Bunker Extraction Gea:r~, (October 1971)" 

The author delivered both of these papers at the 

respective conferences. 

A substruntial part of Chapter 8 has been accepted for 

pUblication in Summer 1972, by the Journal of Powder Teohnology, 

the title being "The Erosion of Bends by Pneumatically-Conveyec~ 

Suspensions of Abrasive Particles". 

It is proposed to prepare papers for publication Oll SOIDG 

of the material presented in this thesis, the most interesting 

work should evolve from a more comprehensive analysis of the 

investigations reported in Chapter 7 on the pressure drop 

around bends. 
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CHAPTER 2 

FLOW THEORY 



Chapter 2. Flow Theo1Z 

~._1 Introduction 

The study of two phase gas-solid flows is exceptionally 

involved and the following complex phenomena delliand 

consideration:-

(i) The flow is turbulent and as the motion of the 

fluid for such flows cannot be satisfactorily 

described, it is unpromising to theorise on the 

motion of individual particles. Exact particle 

trajectories can be determined for laminar flovl 

but this is an unusual practical situation. 

(ii) In the case of a fine particle suspension the 

smallest particles generally have a Breater 

influence on the flow than the larger ones 

compared on a weight-to-weight basiso It is 

possible that during solids circulation the 

particle size distribution will alter, either 

through attri-i.iion or the finest particles 

becoming agglomerated. Consequently, a 

continuous understanding of the size distribution 

of particles in the flow would be advantageous. 
(uf - up)Pf<j-p 

The particle Reynolds' number, Jl. - -, 

will also alter; for large values of this 

parameter the validity of Stokes' law is 

questionable. 

(iii) Particl,s in close proximity create further 

difficulties in that the forces between them 

cannot be adequately described with a rigorous 

analysis. 
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2.2 M~tion of the Solid Phas~ 

The general frictional behaviour of suspensions often 

depends largely upon particle size, although this is only 

one of several relevant factors. In many earlier studies 

(see sections 5.2, 6.2 and. 7.2) the particles were relatively 

coarse compared with the particles used in the present work. 

Systems in which the particles are fine exhibit completely 

different flow behaviour from systems in \vhich the particles 

are coarse. The phenomena of agglomeration and. electro

static charging are likely to have entirely different effects 

upon these two rather broad categories of flow behaviour in 

pneumatic conveyors. 

2.2.1 Coarse Particle Suspensions 

Conveyed material which is of a granular nature will 

tend to move along a pipe in a series of relatively smooth 

trajectories, suffering a number of oblique impacts with 

the pipe wall in the process48- 53• In this case the 

turbulent motion of the fluid has negligible effect on the 

trajectories, and at moderate loadings (i.e. Wp/Wf < 12 or 

so) it is normally observed for constant flow conditions 

that:-

A8 _ APT Wn 
~ = To = 1 + 0: oW; 

where 0: is a constant which depends upon the velocity of 

flow, pipe size, particle size, etc., but is independent of 

Wp/W~. Successful predictions of 0: in terms of the Froude 

number, u
f

2 /gn, ha,e been achieved21 ,48,49. 

For these low solids loadings it is reasonable to 

assume that the particles do not interfere \vith the large 

scale turbulence structure of the conveying gas, simply 
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be."'..ql1~A -the;y cu;- .. ~00 ,;-i.del,i spaced to resist the motion of 

the surrounding eddy • Inevitably fl considerable number of 

smaller eddies may be created (due to vortex formation 

behind the particularly large particles) by the relatively 

local slip velocity (~ - up). These small eddies are 

superimposed on the larger eddies which arc characteristic 

of normal single phase flow turbulence. Nevertheless the 

larger eddies will travel in much the same way as in the 

absence of particles. The larger eddies in mid-stream 

determine the level of the wall-shear stress, and so it lli~ 

be assumed that 6Po is the same both when particles are 

present and also when they are absent. 

These relatively large particles will, however, 

induce a fu~ther loss of pressure which may be interpreted 

in terms of wall impacts and the consequent loss of 

momentum. Alternatively these extra pressu~e losses may 

be evaluated from the slip velocity and the particle drag 

coefficient. 

It is concluded therefore that the turbulence 

suppression mechanism takes place in coarse particle 

suspensions, but is not in evidence at moderate solids 

loadings simply because the particles are too widely 

dispersed to restrain the motion of the eddy. 

2.2.2 Fine Particle Suspensions 

When conveyed pneumatically fine particles beha"fe 

differently compared with much coarser material, since they 

will tend to follcw the random motion of the fluid eddy more 

closely, rather than restrain its motion. A characteristic 

property which these suspensions exhibit is a non-linear 

relationship between r..sft-.o and WpIW.f' this is particularly 
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in evidenc(; at 10lr1 oolids loadings ana. may even cause a 

minimum of AS/AO to be observed (see section 5.2, equation 

(5)) and references 1, 54 and 550 Thus, because of their 

closer spacing, fine particles may interfere much more 

with the gas turbulence mechanism generation56 than is 

possible with coarser particles at the same solids loading. 

In this case it may be incorrect to assume that the 

frictional losses due to the conveying gas cause a pressure 

drop DPo when solids are present in the flow. 

2.2.3 Agglomeration 

Fluid flow properties depend. upon the size spectrum 

of the particles and so agglomerate formation in turbulent 

flow is an important consideration. The effective particle 

size spectr~~ in the flow is influenced by particle and floc 

(i.e. an agglomerate of particles) collisions and the 

disruption of the flocs, the latter being dependent upon 

the internal binding effect of cohesive forces and the 

shear forces of the turbulent motion. 

Boothroyd30 has pointed out that agglomeration of 

particles depends upon the degree to which they differ 

in size and that it is also a function of position in the 

pipe. One expects large eddies on the duct centre-line 

and hence considerable agglomeration of very fine cohesive 

particles, whereas at the wall of the pipe, where there 

exists a state of highly energetic turbulence, considerable 

deagglomeration. This turbulence is still not sufficient 

to remove the buili-up of particles at the wall, this 

being effected by interparticulate collisions57 • Basic 

particle size has an effect on the agglomeration tendency 

and it would appear that only the larger agglomerates have 
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an effect on the diffusion properties58 • Other important 

factors are electrostatic effects59 and interparticle 

11 " 60 co ~s~ons • 

A sound knowledge of the state of agglomeration of 

the flow would be of great value, especially in optical 

techniques where agglomerative tendencies render suspect 

the values of the dispersed density obtained30• The 

industrial practice of pneumatically conveying a solid 

phase composed of fine particles having entirely different 

chemical and physical properties, presents an area of 

study in which a rigorous fundamental solution holds little 

promise. 

2.2.4 Electrostatic Charging 

The degree to which a flowing gas-solid suspension 

becomes electrostatical~ charged warrants investigation 

because the quantity of charge is likely to influence all 

aspects of the flow. The reliability of data from experi

ments on pneumatic conveyance was first seriously questioned, 

from an electrostatic viewpoint, following research into 

the nature of electrostatic charging by Richardson and 

McLeman61 , who noted high increases of pressure drop during 

the course of their experiments, which they attributed to 

electrostatics. It seems likely that electrostatic charging 

must have been prominent in previous studies, although 

rarely has it been mentioned. 

800
62 ,63 has contributed considerably to thE field, 

particularly by drEwing analogies with similar problems 

in other better established fields of study. In a detailed 

article Montgomery64 has included a complete survey of the 

more important points in static electrification. Various 
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methods of charge tranEfer CU:-c di se'l.folsed and the importance 

of surface states in contact electrification is stressed. 

Many references64,65 mention that higher velocities at the 

moment of contact produce greater electrification but no 

explanation of this phenomenon is given. 

The influence of charge effects in the present vlork 

has only been Observed qualitatively_ 

2.3 Basic Flow Description 

The difficulties in attaining even an approximate 

understanding of the fundD.IDental behaviou.'t' of two phase 

gas-solid flows are overwhelming since the flow is turbulen-i;. 

The structure of turbulence, even in signle phase pipe flo'\v 

of a Newtonian fluid is barely understood66 • Bal<Juneteff67 

is typical of the many references which present the main 

features of turbulent gas flows in a pipe. It is Genorally 

assumed for flow through pipes that there is axia~ symmetry 

and that the flow is invariant with timc;" In order to give 

a more complete picture it is necessary to introduce the 

Reynolds' stresses derived fro~ the non-linear terms of the 

Navier-Stokes equations. A non-dimensional equation can be 

developed which defines the pressure drop68,69,70 ,71 along 

the pipe in terms of the Reynolds' normal stress. Further 

analysis of the equation establishes the fact that the 

pressure gradient is linear, and Nikuradze'E:;: experimental 

work is quoted71 to substantiate this theory. Thus, there 

is a significant departu.re from two phase gas-soltd flow 

experience in which the linear pressure eradi0J.:d; dops not 

hold, particularly for very small particles. 

It is not proposed in the preseat studJ to become 

involved with the mathematical complexities associated with 
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sin.gle l'hAse and two phase flow turbulence. Thus the reader 

is referred to Pai68 for a very clear mathematical 

presentation of the Reynolds' equations of motion for the 

turbulent flow of an incompressible fluid through a circular 

pipe. Moving on to suspension flow Baw and Peskin72 have 

produced a mathematical analysis of gas-solid flow at low 

solids concentration, continuing the work of Pai. 

In two phase gas-solid flow it is concluded that 

even if the detailed motion of the carrier fluid were 

w~derstood, calculation of the solids turbulence from the 

fluid motion would still be prohibitively involved. 

~ Dimensional Analysis 

It has been indicated that any purely thooretical 

approach to the understanding of momentum transfer in two 

phase pipe flow must be particularly unpromising. The work 

of Duckworth and Rose34,35 is typical of many attempts to 

obtain a simple theoretical analysis by applying the 

principle of momentum to an elemental volume of the suspension 0 

Despite many simplifying assumptions such analyses are 

limited and an approach based upon dimensional analysis 

holds out most chance of success. 

Although a large number of variables are involved in 

the problem of gas-solid suspension flow, it is quite likely 

that in many cases only a limited number of these parameters 

influence the system significantly. Thus different flow 

regimes are appropriate to particular situations and so 

partial modelling may be pertinent. 

Boothroyd1 deduced by a physical argument that the 

friction factor, ~s' for suspension flow is related to that 

found without solids, AOt by the functional equation:-
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(2 ) 

On the basis that it is the most reliable way to derive a 

realistic dimensional relationship for a system, Boothroyd30 

used the basic differential equations describing the 

behaviour of the suspension to substantiate equation (2). 

This conclusion was then extended in reference 30, where a 

distinction was drawn between flow phenomena near the wall 

and in the more central parts of the duct. It was 

recommended for data correlation purposes, that for flow 

near the wall, PfD2/ppdp
2 be replaced by PfD2/ppdp2Re2 

and for core flow by p_D2 /p d 2R. Boothroyd30 concludes 
1- p P e 

that for fine particles, frictional momentum tr~~sfer in a 

pipe m~ be described by:. 

A VI PtD 2 

~ .... '" [R . .:.J? • ] ?\o - 'Y e' V/f ' pp~!2rre 

neglecting any electrostatic charge transfer effects. 

Whereas for coarse particles:-

-='" Rj.....l2,·:Jl·..Jl ~s [ 'N P d J 
Ao 'YeW:r Pf' D 

A more orthodox approach using dimensional analysis 

has been adopted by many workers, perhaps the most thorough 

being the studies of Duckworth and Rose34, 35. Their work 

relates to the regime in Which the particles have ceased to 

accelerate and have attained a constant velocity condition. 

Duckworth and Rose analyse successively the controlling 

variables in a flowing gas-solid system, namely, suspension 

friction factor, pressure drop due to acceleration of the 

solids, velocity of the solids, acceleration length and 
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minimum transpo.1."t volocitiy. Their correlations apply in 

particular to coarse particle flow and so equation (4) 

m~ be used to compare the relationships of Boothroyd and 

Duckworth. The expressions of Duckworth and Rose for fluid 

friction factor, Ao, and the solid particles friction factor, 

~, are given in the form:-

where k is the pipe roughness, and 

W P d 
A - A. [R . F • ~ . .:.12 • .....2. J£. L" Z· f3' oJ . 'P - ~ 2 _ e ' r' W:f' Pi: ) D' D ' <:., , , 

(6) 

where e is the coefficient of restitution of the particles; 

Z is the particle shape factor; 

f3 defines the particle size distribution; and 

o is the angle of inclination of the pipe. 

Boothroyd's basic assumptions were that the flow occurred 

in smooth pipes of fL~ed orientation. Thus, for a solid 

phase consisting of perfectly elastic and spherical particles 

of uniform size, equations (5) and (6) reduce to:-

(7) 

and ( 8) 

Zhus, defining the suspension friction factor, ~ , by:s 

~s = Ao + '\ 

it can be seen that:-
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Comparing equation (4) and (9) it is quite evident that 

the only variation is the omission of the Froude number 

parameter from Boothroyd's relationship_ Barth9,20 ~~d 

Hitchcock and Jones21 both acknowledge that Froude number 

is more significant than Reynolds' number when correlating 

the gas-solid flow of coarse particles (see section 5~2)o 

In a more recent article Duckworth et al5 have applied their 

analysis to the transport of closely sized particles in the 

range 40 microns to 3000 microns. They report that the 

functional relationship for the solids friction factor is 

markedly affected by the dp/D ratio. 
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EQUIPl"JENT DESIGN 



Equipment Design 

2i1 Introduction 

It is evident from the discussion in Chapter 2 that 

only limited progress can be achieved by an entirely 

theoretical approach to two phase gas-solid flow through 

pipes. The more acceptable theories merely postulate that 

certain phenomena may occur in suspension flows, rather than 

produce reliable design relationships. Thus priority should 

be given to an empirical approach requiring the acquisition 

of experimental data. As a consequence of this, it was 

realised that a more sophisticated pneumatic conveying system 

than is normal~ required for most industrial operations was 

necessary. 

In the initial plannjng of the research programme it 

was decided that the experimental investigations should be 

concerned with many different aspects of suspension flow, 

such as pressure drop, velocity profiles, turbulent dispersion, 

electrostatic charging and at a later date heat transfer. 

It was also evident that the system orientation should not 

impose p~sical restrictions on the scope of the investiga

tion. Thus a rig Should be constructed to facilitate studies 

into the effect of the above parameters on flow through 

vertical and horizontal ducts, and around bends of varying 

geometries. Following an extensive literature survey (see 

section 5.2 in particular) it was apparent that little 

information was av3ilable for the pneumatic transport of 

ureal" powder in the particle size range well below 100 

microns diameter. There is a definite trend in many 

industrial processes towards the use of finer particles, 
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whi,~h often have many advantages in material processing. An 

increased surface area for chemical reactions is an obvious 

example of interest. Consequently it was decided to circulate 

different batches of alumina particles of me~~ diameter in 

the fine particle size range. It was realised that the flow 

circuit ducting could be satisfactorily cleaned by purging 

with high velocity air, however, the duct extraction system, 

hoppers, etc., should be sufficiently accessible to enable 

them to be completely cleaned between different batches of 

powder. 

Permutation of the Qtfferent aspects of suspension 

flow with the various system orientations and a variety of 

particle sizes amounts to a considerable quantity of work. 

However, being relatively undaunted it was decided to design 

a rig which would be both sufficiently flexible and versatile 

to allow simple adaptation to accommodate all these studies. 

The present study has been quantitatively concerned 

with pressure drop measurements for a range of powders flowing 

through vertical and horizontal ducts and various bends. 

The turbulent dispersion aspect has only been assessed 

qualitative~; tracer gas techniques have not been used. 

The rig has recently been adapted for a detailed investigation 

into the heat transfer characteristics of a flowing gas-solid 

suspension, but this work is not part of the present study. 

Suggestions for further work of immediate interest are given 

in sections 5.7, 6.7, 7.7 and 8.6. 

~ Flow System £pecification 

The basic requirements of a flow loop for a positive 

pressure pneumatic conveying system is shown. below:-
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lmown W.D 
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High Pressure 

The doubtful reliability and accuracy of the limited 

number of instruments available for measuring flowing 

aerosols indicated that, for precise metering of the two 

phases, it was necessary that each phase was separate during 

the flow measurements. The solids were metered with a 

calibrated screw-feeder having interchangeable screw-flights 

(see appendix A.2) and the air by an orifice-plate. It was 

essential that the air flow remained tmcontru~unated otherwise 

the cohesive properties of the solids may be affected, and so 
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an oil-free compressor '~Tas obligatory. 

The acquisition of reliable data necessitates lengthy 

experiments and so the solids must be recircluated on 

account of cost and also that their properties remain 

constant, for example, the moisture content of circulated 

powder and new powder could be significantly different. 

Thus the system had to permit continuous circulation of the 

solids with minimum deterioration of the particulate matter. 

This was provided by a pair of cyclones at the low pressure 

end of the flow loop feeding back into the screw-feeder at 

the high pressure end via a pressure-lock arrangement of. 

hoppers. 

The whole s,ystem was designed to create steady flow 

conditions, pressure fluctuations being kept to a minimum, 

within the limits set by the compressor (see sectioll 3.3.1)~ 

To enable visual observation of the flow to be undertaken 

large sections of the flow loop were made from perspex. 

Detailed attention to the l~out of controls, location 

of instrumentation and test-section made it possible for 

one person to operate the plant, take readings and observe 

the flow behaviour during the course of a test run. 

~ Outline Description of Equipment 

The apparatus is shown in plates 1 and 2, whilst 

the main features of the plant are shO\\l!l in Figs. 3.2 and 3.3. 

The use of the figures in conjunction with the plates allcws 

the location and si~,e of individual components to be 

estimated. These illustrations share the same key notation 

in the description of this section. Plates 3 and 4 show much 

of the remainder of the equipment which is either obscQ~ed 

in the other two plates or was mOdified at a later date. lOG 
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is felt that these illustrations are 3ufficiently well

explained by their titles. For easier reading, a simplified 

description of the apparatus, together with a line diagram, 

Fig. 1., is given in section 5.80 The plant comprises 

basically three circuits: air alone, the solids feed, and 

the two phase fluid section. 

3.3~1 Qpmpressor 

It has been mentioned that the air supply must be 

oil-fl.'ee and without pressure pulsations e.t both the inlet 

and the outlet. For the positive low-pressure system 

required the air must be delivered at about 200 fta/min f.a.d., 

and at a gauge pressure of at least 8 to 10 lbf/in2
• There 

are a large number of oil-free machines available but the 

requirement of minimum pressure pulsations narrOWB the field 

considerably to two possible types of compressor:-

(i) A rotary positive displacement slidulg vane 

compressor; 

and (ii) A Lysholm compressor. 

The Lysholm has a high lobe-rctor speed which is ideal for 

attenuating the pulsations to a vel.'Y 10\1/ level, and it can 

easily be uprated if required by modifying the belts and 

pulleys. Unfotunately it is approximately double the cost 

of a sliding-vane machine of similar rating. 11essrs. 

Alldays and Onions make an eccentric-rotor sliding vane 

machine having a capacity of 200 f~ /min free air deli very 

at 10 lbf/in2 gauge. Oil-free conditions are obtained by 

having the non-lublicated blower fitted with four graphite 

impregnated blades. Alldays recommend that the blades 

should be inspected every three months for wear, and so 

contamination of the circu.it was an initial concern. The 
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end plate 0 .. " the blm,T('.:;:wo.b I:emoved several times during 

the few months of commissioning the rig and minimal wear 

was observed. In fact, during three years of relatively 

heavy duty the blades have only been renewed on one occasion, 

and this was during a periodic planned maintenance inspection. 

The blower was not equipped with water-cooling and after 

discussions with the manufacturers it was d.~cided that the 

maximum duration of continuous operation of the compressor 

should be two hours. Experience revealed, however, that 

operation for -two hours was only satisfactory for normal 

duty; defined as conveying solids through the two inch and 

three inch diameter pipes. For high solids flow rate through 

the one inch diameter pipe over-heating of tho compressor 

was soon evident and test-runs were restricted to a maximum 

of one hour. 

Air Flow Distribution 

Most of the circuitry for air aloD.e is in three inch 

nominal bore mild steel gas pipe, with bends and other pipe 

fittings of similar material. The whole of this circuit is 

only a short distance from the concrete floor of the 

laboratory, thus enabling it to be securely positioned with 

the aid of standard pipe supports screwed into the concrete. 

Like the rest of the rig, all parts of this circuit were 

pressurised and leaks were then eliminated by the soap

bubble procedure. The use of flexible conduits throughout 

any pext of the circuit was avoided (see section 3.3.3). 

Air is drawn into the compressor (B) through the 

inlet filter and silencer (A) via a safety valve of the 

dead-weight type (0). The three inch air-oper~ted Saunders 

diaphragm valve CD) is used to regulate the air supply by 
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short-circui ting a kno'.m p:coportion of air back to the inlet 

(A). The air flows from the compressor along a straight 

length of pipe to an orifice plate (E), through a ·three inch 

manually-operated Saunders valve (F) to a reducing section 

(G) and finally mixes with the solid phase in the fluidising 

unit at (H). The lengths of pipes either side of the orifice 

plate, the orifice plate itself, and the reducer (G), were 

all designed in accordance with B.S.1042. The valve (F) is 

only unad for testing the proper functioning of the relief 

valve (0) and for pressuri.;;ing the air flow circuit to 

facilitate testing for leaks. 

A one inch diameter air bleed-off line leads to three 

one inch ai.r-operated Saunders diaphragm valves (K) t which 

are used for venting or pressurising the system of hoppers. 

3.3.3 Gas-Solid Flow Circuit 

The rest of the flow loop consists of two inch diameter 

mild steel ducting (L) c04necting the fllLidising unit to the 

vertical perspex test sections (M) of three, two and one inch 

diameter and the mild steel return ducting (N) leading to the 

air filtering plant. 

The initial experiments were concerned with vGrtical 

flow only and so the return ducting (N) was of no particular 

interest. To adapt the rig in order that the pressure drop 

around bends having different geometries, and along the 

horizontal immediately follOwing these bends, may be 

investigated, it was or.ly necessary to modify the flow loop 

at (N). At the corclusion of the bend pressure drop tests, 

a perspex bend of identical dimensions to one of the steel 

bends was installed at (N), so that suspensic..n flow arou"'1d 

the bend could be visually observed. 

- 25 -



.~~------ -----

The select~on cf the oompressor was largely based 

upon the essential consideration of pulsation-free flow, 

however, the use of unsuitable ducting in tho suspension 

flow loop is another possible source of pressure pulsations. 

If the velocity is too low, saltation may occur in the 

horizontal pipes at (L) and (N), resulting in pressure 

surges due to particle deposition and intermittent re

conveying of partial slugs of material. This problem was 

resolved by continuous visual observation of the flowlng 

suspension in eM), thus avoiding the difficulty encountered 

when opaClue ducting only is used. The part of the flow loop 

(L) was necessarily mild steel because of the erosive nature 

of the alumina particles, and the circuit configuration was 

required so as to allow for the maximum length of vertical 

test section. It is also recommended that the use of flexible 

ducting should be avoided in the flow loop on aocount of 

vibration being induced by the flowing suspension on the 

ducting, and the resulting motion of the duoting causing 

possible minor pressure pulsations or even disrupting the 

nature of the flow. 

Apart from any resultant pressure pulsations rendering 

the measurements of APm difficult due to fluctuating manometer 

levels, it was also experienced that the achievement of 

steady suspension flow was essential if manometer tappings 

were not to become premature~ blocked. There is also a 

possibly valid criticism that pulsations may exert a direct 

influence on the rature of the flow in the test section. 

Some initial concern was that unsteady suspension flow 

m~ be induced by the geometry of the fluidising unit (H). 

Consequently a number of hard wood inserts were constructed 
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to reduce the interna.l. dil:1ensions of the mixing unit and 

increase the flow velocities there. The reasoning for this 

procedure was that any possible hold-up of solids jn the 

unit would be reduced, thus lessening the time required for 

the re-establishment of steady flow conditions after the 

speed of the screw-feeder has been adjusted. The transparent 

walls of the mixing unit and the transparent vertical test 

section enable the performance of therriXing unit to be 

observ'ed. It would appear that the initial design of the 

mixing unit and the inadvertent selection of two inch 

diameter conduit of unusual configuration at outlet from the 

mixing unit were complete~ fortuitous, since the presence 

of any of -~he inserts usually worsened the flow situa'tion. 

Solids Circulation -
The main solids storage hopper (R) discharges the 

solids via a double-sleeve pinch valve into the pressure 

hopper (S), which supplies the solids supply bunker (T) via 

a second pinch valve. The bunker (T) is situated directly 

above the variable speed screw-feeder (U), which discharges 

solids into the fluidising unit where it interacts with the 

metered air from the air supply circuit. The screw-feeder 

is of conventional design apart from having the facility of 

interchangeable screw-flights, thus providing for accurate 

injection of powder over a wide range of mass flow (see 

section 4.5). The screw-feeder bearing and drive-shaft 

seals are discussed in appendix A.3. Further details of the 

design and perfornunce of the screw-feeder are given in 

appendix A.2. 

The hoppers (R) and (8) were construc~~d in mild steel 

with conical discharge outlets having a wall angle of 70 

- 27 -



degrees to the horizoat~v Tnese hoppers were designed in 

accordance with Jenike's theories in order to ensure free 

flow of the alumina particles. Using the simple laws of 

thermo~amics it was calculated that the time required to 

pressurise hopper (8) by the bleed-air from (J) was of the 

order of six seconds. 

The two pinch valves for controlling the flow of 

solids between the hoppers were remotely operated from the 

central control point. These valves were manufactured by 

I1ucon Ltd., and are ideally suited for handling abrasive 

materials. The double-sleeve type was selected because of 

their ability to withstand a pressure differential of up to 

10 lbf/in2 gauge. 

The structural support and access facilities for the 

hoppers, dust extraction plant, suspension flow loop and 

other ancillary equipment was provided for by Dexion Speedlock 

beams and open steel plank walkway, and proved satisfactor,y 

for the present study. 

3.3.5 Air Filtration Plant 

A previous study29 had indicated that the use of a 

conventional bag filter, either within the main hopper or 

mounted on top of it, possibly suffers from three sources:

(i) When cleaning the filter bags the dislodged filter 

cake falls in bulk and could induce pressure 

puleations. 

(ii) If the bag filter is cleaned by reverse air jets, 

~ical:y at 100 lbf/1n2 gauge, then pressure 

pulsations in the circuit may result with 

consequent disturbance of test readings. 
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(iii) The reliabilit;y of filter bags is suspect for 

relatively high solids loading ratios (WpIW f > 6). 

It was decided that a t'\'lo-stage cyclone unit with an 

external bag filter would filter an air volume of 200 ft 3 /min 

containing up to 70 lb/min of alumina dust of particle size 

between 10 and 70 microns • 
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The above performance curves were prov~ded by the 

cyclone manufa.cturers Airfilco Ltd., who gave assurances 

that even with the alumina powder hav:i.ng a specific gravity 

of 3.94 the following collection efficiencies and pressure 

drops would be obtained:-

(i) Six inch diameter primary cyclone:-

55 to 60% for 15 micron part5.cles, 

80% for 40 micron particles, 

900~ for 70 micron particles, 

3 inches water gauge pressure drop. 

(ii) Ten inch diameter secondary cyclone:-

99% for 15 micron particles, 

99.896 for 40 micron particles, 

100% for 70 micron particles, 

5 inches water gauge pressure drop. 

The maximum solids flow rate of approximately 60 lb/min 

produces the following table:-

I :Mean I Cyclone Efficiency ! Solids I Powder I Powder particle ' loading still in mesh diameter 
iPrimary(P) Isecondary(Q) lb/min I air, ~ microns 

. :after! after' 
J P I Q . 

500 15 60 99 60 24 0.24 

320 40 80 99.8 60 12 0.024 

240 70 90 100 60 6 nil 
I 

Thus a thirty minute test run at 60 lb/min of 500 mesh powder 

results in 7.2 lb being collected in the bag filter (X), 

whilst with 320 mesh powder less than 1 lb arrives at the bag 

filter. The bag filter unit consists of four cotton bags 
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six inches diameter by six feet long providing an air/cloth 

ratio of 5 to 1. The bags are suspended vertically and 

the dusty air enters the hopper beneath the bags before 

passing upwards through the filter bags and defusing through 

the material to atmosphere. It was only necessary to clean 

the bags by mechanical shaking at the end of a test run. 

The powder removed from this hopper contained a bigh 

proportion of fines and so was periodically discarded. 

The cyclone arrangement was satisfactory in that the 

filtration was relatively pulsation-free, due to the scroll

type inlet introducing the gas-solid flow into the bo~ of 

the cyclone with min.::..mum disturbance. The disadvantages of 

the cyclones appear to be:-

(i) Loss of fines from the bulk of the powder. 

(ii) Possible attrition of the particular matter. 

(iii) Doubtful collection efficiency for very small 

particles. 

(iv) Erosion of the primary cyclone at inlet by the 

abrasive particles, in fact, this cyclone had to 

be reinforced with 0.5 inch mild steel plate. 

3.4 Method of Plant Operation 

The main features of plant control are as follows:

(i) Control of air flow; 

(a) Adjust the four Enots pressure reducing valves, 

which supply air from the laboratory's hYdro .• 

vane compressor to the Saunder's flow control 

val,e (D) and the three one inch Saunder's 

valves (K), so that the valve (D) is fully 

open and the valves (K) completely closed. 
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(b) Switcb on t.ho sljding vane compressor, which 

starts effectively in a "no-load" condition. 

(c) Gradually close valve CD) until the required 

air mass flow through the loop is indicated 

on the orifice-plate manometer. 

(d) Allow air only to flow through the plant for 

about 20 minutes, that the plant has settled 

down is determined from the air temperature 

at (E). 

The valve at (F) remains open throughout. 

(ii) Solids supply to screw-feeder; 

(a) With a charge of about 300 lb of powder in 

the main hopper (R) and both pinch valves 

closed, vent hopper (S) to atmosphere by 

regulating the appropriate Enots valve. 

(b) Open the top pinch valve and allow the powder 

to discharge into the hopper (8). 

(0) Close the top pinch valve and pressurise the 

hopper (8) using bleed-air from the sliding

vane compressor via the appropriate Enots 

valve. 

(d) Open the bottom pinch valve to discharge the 

powder into the solids supply bunker (T). 

This valve is left open throughout a test run 

and the pressure between (T) and the fluidising 

'lmit (H) kept balanced. 

This entire powder transfer sequence is performed 

from the central oontrol point and requires 

approximately one minute. 
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(iii) Control of solids flow; 

(a) Switch on the screw-·feeder motor, (appendix 

Ao2) .. 

(b) Adjust the speed of rotation of the previous~ 

calibrated screw-flight with the hand-wheel 

on the Kopp variable speed system. 

(c) Re-adjust the air flow setting to allow for 

the additional energy required in transporting 

the solids. The particular Enots valve for 

regulating (D) needed careful attention to 

avoid any variation in the air flow rate. 

(iv) Filtration and cleaning; 

(a) The cyclones automatically re-circulated a 

very high percentage of the powder back to 

the main hopper (R). 

(b) At the conclusion of each test run clean the 

filter bags by agitating them by operating 

the mechanical cleaning mechanism. 

~ Problems Associated with Plant Operation 

The highly abrasive alumina powder caused wear of the 

part of the screw-flight within the mixing unit, the inlet 

to the primary cyclone, the one inch to two inch diffuser 

at exit from the mixing unit, and erosion of all bends, to 

varying degrees, was observed (see Chapter 8).. The wear 

was particularJy excessive on the bends incorporated into 

the two inch di~eter mild steel ducting preceding the 

vertical perspex tlst section. Some of these nine inch 

radius bends were "holed" after only four hours of circulation 

of the solids. Consequently, these bends were fitted with 

0.5 inch thick mild steel backing plates. 
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Slight leakage o:f powder t:-ventually occurred at the 

seal of the screw-feeder drive-shaft;" 'l'his involved 

stripping down the seal assembly and replacing '0' rings and 

felt washers. On one occasion the wear on the drive-shaft 

was sufficient to warrant replacement with a new primary 

shaft manufactured in harder steel. 

In the ear~ stages of operation of the plant, 'choking' 

of the test section occurred several times, but experience 

in recognising the warning s,ymptoms of the nearness of 

choking complete~_y eliminated this inconvenient and somewhat 

embarrassing problem. 

At low air flow rates and high solid flow rates severe 

fluctuation of the manometer levels precluded the acquisition 

of reliable quantitative measurements. 

~ Suggestions for Improvement to the Equipment 

(i) The limited rating of the compressor tended to 

be frustrating and a Llfsholm compressor would be 

preferable. 

(ii) Air flow control with the throe inch Saunder's 

diaphragm valve was not satisfactory, since 

continual attention to the Enots regulating valve 

was required to ensure constant air flow rate for 

a particular solids flow rate. Variation of the 

solids flow rate by adjusting the Kopp variator 

setting altered the circuit resistance and the 

air flow rate changed despite the Enots valve 

rem~~g constant. As a consequence of this, a 

particular test run consisting of a fixed Enots 

setting for a full range (usually fourteen) of 

solids flow rates, produced individual results at 
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different air f10w velocities and hence different 

Reynolds' and Froude number values. The graphical 

plotting of results presented in this way is 

difficult, tiresome and should be avoided. 

It is recommended that the air flow control be 

effected by a differential control valve which is 

regulated by the pressure difference across an 

orifice plate installed in the air flow loop. 

Thus any variation in the circuit resistance is 

reflected in a change in the orifice plate 

pressure drop which automatically adjusts the 

differential control valve to the original pre-set 

value. So the flow behaviour over a wide range of 

solids loadings can be obtained at any desired 

value of Reynolds' number or Froude number. 

(iii) The tempe~ature rise of the system prevented test 

runs in excess of two hours from being carried 

out. It is recommended that a heat exchanger is 

incorporated into the air flow circuit at outlet 

from the compressor. 

(iv) Due to the erosion of the primary cyclone, possible 

attrition of the particles by the cyclone arrange

ment, and the doubtful collection efficiency for 

solids below about 30 microns diameter leading to 

a loss of fines, it is thought that a bag filter 

of the type manufactured by Dust Control Equipment 

Ltd., mEY be advantageous. 

Note: Very recent adaptation of the rig for investigating the 

heat transfer characteristics of flOwing suspensions has 

included recommendations (ii), (iii) and (iv). 
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Chapter 4 Experimental l'-lea:JU!:'emAnts 

4.1 Introduction 

An investigation into gas-solid suspension flow may 

require measurement techniques for the determination of 

pressure drop, mass flow rate cf the solids phase, density 

of the dispersed solids, particle temperature, velocity of 

the particles at a particular spatial point, electrostatic 

charge, particle size spectrum and the agglomerative state 

of the particulate matter. These are additional to the 

relatively easy determinations of the usual variables for 

single phase flow. Some general comments on the many problems 

which may arise in measuring the various parameters which 

describe a particular gas-solid flow situation are:-

(i) Measurements in a flowing suspension generally 

depend upon some measurable physical effect which 

derives entirely from one of the phases and not 

from the other. Unfortunately traditional single 

phase flow measuring instruments are strongly 

sensitive to the presence of the solids and so 

the influences of either phase is difficult to 

interpret. 

(ii) The suspension is a hostile medium to any 

instrument placed in the flow due to both abrasion 

and dust deposition. The abrasive effects lead to 

the degradation of optical surfaces used in some 

instrumAnts, apart from the necessity that such 

equipment must be robust enough to withstand t~e 

impact and frictional forces from the solid flow. 

Dust deposition m~ alter the surface properties 
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of electrostatic instruro8ntation, reduce insula

tion levels and render the traversing systems of 

detector probes liable to seizure. 

(iii) The taking of point measurements with a probe may 

be questionable on account of flow disruption by 

the probe. However, minimal flow interference 

necessitates the use of miniaturised instruments, 

but on account of (ii) these must also be durable. 

(iv) In a fairly dense fine particle suspension 

problems are likely to arise due to particle 

agglomeration, and also the application of optical 

equipment requires a high light flux level to 

penetrate such a suspension. 

Two review articles by Boothroyd and GOldberg73 ,74 

provide a clear assessment of both the industrial and research 

requirements and achievements in the measurements of flowing 

gas-solid suspensions. The papers contain a considerable 

bibliography relating to this subject and a detailed account 

of isokinetic sampling techniques is presented. Isokinetic 

sampling requires a bent sampling tube (typically 0.25 inches 

diameter) placed in the flow and a sample is aspirated at a 

known velocity, usually based upon a knowledge of the carrier 

gas velocity profile. The mass, m, of the dust sample is 

measured and further analysis provides information as to 

particle size distribution, shape, dryness, and electrostatic 

charge, q. Thus, the average charge per particle, q/m, can 

be derived, assumiLg all the particles receive charge of 

the same sign. It does appear, however, that the reliability 

of these probes is questionable,for example, the turbulence 

in pipes of normal industrial size is such that it is not 
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feasible to sample isokinetically at all times. 

A recent extensive prograLlID.e of vlOrk into instru

mentation for measurements in relatively dense flowing 

suspensions of fine particles has been carried out by 

Arundel75• This research reports on measurements of the 

particle dispersed density, particle velocity, charge "to 

mass ratio in the flow and humidity effects~ The investiga

tion is typical .of many researches which illustrate the 

difficult obstacles that have to be overcome in deviSing 

adequate instrumentation for investigating the behaviour of 

a flowing gas-solid suspension. 

It has been mentioned previously that the objective 

of the present study is to obtain quantitative information 

on the pneumatic conveying of particulate matter, which 

would hopefully contribute to the industrial design of such 

plant. Thus it was essential that the study did not deviate 

to either a purely theoretical approach or become totally 

re-directed to developing instrumentation. Examination of 

the mjnjmum number of variables needed to carry out the 

study showed that a knowledge of the following parameters 

would be indispensable:-

(i) Density of the carrier fluid, Pf' in the test

section. This requires a knowledge of the 

absolute pressure in the test-section and the 

temperature of the fluid (see section 4.2). 

(ii) Dynamic viscosity of the carrier fluid, J.1., in the 

test-se(tion. This calls for temperature 

measurement and use of the appropriate property 

tables (see section 4.2). 
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(iii) Mean air £Jow velocity, uf' and mass flow rate 

of the carrier fluid, Wf , (see section 4.3). 

(iv) Pressure differentials of the fluid phase only, 

6Po , and of the flowing suspension, 6Pm, (see 

section 4.4). 

(v) Geometry of all test-sections and spatial 

position of static pressure tappings (see section 

4.4). 

(vi) Mass flow rate of the solid particles, Wp. The 

difficulty in measuring accurately the mass flow 

rate of the solids phase in a two phase flow was 

resolved by monitoring the solids flow rate prior 

to it becoming diffused with the carrier gas (see 

section 4.5). 

(vii) Powder property determinations. The physical 

character of the conveyed material is a 

significant criterion in any transportation system, 

but becomes of paramount importance when the 

particles are re-circulated (see section 4.6). 

An understanding of these overall total flow properties 

in a duct facilitates the derivation of the principle 

dimensionless groups (section 2.4) which enable correlations 

to be established for the prediction of system design data. 

4.2 Temperature Measurement of the Gaseous Phase 

4.2.1 Introduction 

A direct measurement of the temperature of the gaseous 

phase alone within ~ flowing gaS-SOlid suspension is difficult 

to accomplish. Even the temperature determination of the 

two phase flow itself is fraught with many problems. A 

thermocouple inserted in the flow is likely to record an 
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exceptionally high temperature owing to the particles losing 

their kinetic energy to produce heat by direct impact. If 

the thermocouple was shielded then the impacting solids m~ 

have a tendency to deposit on the surface and resist it from 

being cooled by the surrounding flow. Peskin and Briller76 

used a 'bucket probe' to measure the temperature of solids. 

Their technique was to arrange for the probe to periodically 

collect a sample of solids and record the temperature before 

heat losses occur. 

A thermocouple shielded from impingement of the 

particles by an aerofoil shape and so arranged that the carrier 

fluid only flows to the instrument was described by Dean7? 

The basic requirement of the instrument is that the solid 

phase contributes nothing to the measurement. However, even 

though the design of the shield will minimise the heat 

generated through degradation of the kinetic energy of the 

particles, this relatively small amount of heat may be 

substantially increased by slight mis-alignment of the shield. 

On account of the above difficulties in the temperature 

measurement of the carrier fluid, the knowledge of which was 

to be used in evaluating variables of second order importance, 

namely fluid density and viscosity, a simple indirect technique 

was employed. 

4.2.2 Experimental Arrangement and Procedure 

A copper-constantan thermocouple was placed in the air 

flow loop just upstream from the orifice plate, care bej.ng 

taken to ensure that the thermocouple head was centrally 

situated in the duct. A second thermocouple was located 

centrally in the airstream and equidistant from the first and 

last static pressure tappings of the test section, measured 

- 42 -



longitudinally. The two thermocouples \"lere connected to a 

potentiometer situated at the control point. 

The compressor was switched on and the air flow 

control valve adjusted to allow the maximum quantity of 

air to flow through the test section. The two thermocouple 

milli-volt values and the ambient temperature were recorded 

from the potentiometer at appropriate time intervals (see 

tables 4.1 and 4.2). 

Graphs of milli-volt versus time were drawn which 

illustrated that a steady state had been achieved (see Figs. 

4.1, 4.3 and appendix A.5., Figs. A.5.1., A.5.2., A.5.3.). 

The correlations between the milli-volt readings in the test 

section and at the orifice plate were drawn (see Figs. 4.2, 

4.4 and appendix A.5., Figs. A.5.4. to A.5.?), and cali

bration equations deduced in the following manner:-

(i) From Fig. 4.2, representing the three inch diameter 

bend having a radius of curvature of 18 inches, 

the following information can be obtained; 
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Table 4.1 

Tem12erature Calibration for Three inch Bend having a 
~aaius or ~urvature or ~a incnes 

-
I Thermocouple Readings I , 

Ambient I 

Time I 
(minutes) i at orifice-plate : in test section temterature I 

°C) I 
(mV) (mV) i J 

2 1.03 0.28 21.0 I , 
4 1.20 0.41 21.0 

6 1.33 0.53 21.1 

8 1.44- 0.64 21.2 

10 1.52 0.73 21.3 

12 1.62 0.81 21.4 

14 1.68 0.89 21.5 

16 1.76 0.96 21.6 

18 1.82 1.02 21.7 

20 1.88 1.08 21.8 

24 1.99 1.18 21.9 

28 2.08 1.27 21.9 

32 2.16 1.~ 21.9 

36 2.23 1.42 22.0 

40 2.30 1.48 22.0 

50 2.44- 1.59 22.3 

60 2.54- 1.69 22.6 

80 2.66 1.80 23.0 

100 2.76 1.86 23.3 

120 2.82 1.91 23.6 

150 2.85 1.93 23.9 
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, 

Temperature Calibration for One inch Bend having a 
Radius of Curvature of 10 inClies 

I Thermocouple Readings I Ambient Time 
(minutes) at orifice-plate in test section temferature 

(mV) (mV) °C) 

2 1.11 0.10 17.0 

4 1.37 0.33 17.1 

6 1.55 0.48 17.2 

8 1.74- 0.59 17.3 

10 1.86 0.71 17.5 

12 2.01 0.80 17.6 

14 2.15 0.90 17.8 

16 2.23 0.99 17.9 

18 2.36 1.07 18.0 

20 2.45 1.16 18.1 

24- 2.63 1.29 18.2 

28 2.78 1.42 18.4-

32 2.94 1.53 18.7 

36 3.07 1.64- 18.9 

40 3.20 1.73 19.0 

50 3.45 1.92 19.6 

64 3.70 2.11 20.0 

.~ 

tan () = 0.90 

O~--f---~--------________ _ 

IO.6~ milli-volt at orifice plate 
.......... ____________ ~ __ ~=~h~5~ _____ ___ 

I 
I 

• , 



So, (mV)17cat_QQot:i.OlJ. ".. [ (mv) ori fice-plate 

- 0.69J 0.90 (1) 

The correlation curve for air temperature expressed 

in milli-volts (mV) and degrees Kelvin (oK) 

(Fig. 4.5) gives:-

Air temperature in oK = 273.9 + 24.2(mV) (2) 

Equations (1) and (2) give the test section air 

temperature relative to ambient conditions, so 

designating the mean ambient temperature in 0 0 

by t a , the final equation is obtained:-

Test section carrier fluid temperature in oK , 

Tf ::I [273.9 + 24.2[CmV)orifice_Plate 

- o. 69 J o. 90 + t a ] ( 3) 

(ii) A repeat example for comparative purposes, using 

Fig. 4.4, one inch diameter bend and 10 inches 

radius of curvature, is as follows:-

tan {} = 0.775 

O'---~--"""--------
10.971 mV at ori~1ce-plate 
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So (mV) . [(mY) , test-se~t~on ~ ~rifice-plate 

- 0.97 J 0 .. 775 (4) 

From equations (2) and (4) and taking ta into account:-

Tf(oK) =[ 273.9 + 24. 2 [cmv) orifice-plate 

- 0.97 J 0.775 + taJ (5) 

Numerical example: 
o 

Substituting (mV) 'f' 1 te = 2.0 and t = 20 C 
or~ ~ce-p a a 

into equations (3) and (5), the test section air temperatures 

obtained are:-

Tf = 322.4~ 

Tf = 313.2oK 

• • • • • • • • • 

• • • • • • • • • 

from (3), 

from (5). 

Thus a percentage variation of less than 3% in evaluating Tf 
from two equations relevant to completely different physical 

situations. The above procedure was repeated on nine occasions 

(see appendix A.5), that is, for the three vertical pipes and 

then for the six bends. 

The test section thermocouple was removed and solids 

allowed to flow through the suspension flow loop. The milli

volt reading at the orifice-plate was recorded for every 

individual flow condition and the equivalent temperature of 

the gaseous phase of the flowing suspension deduced from the 

appropriate calibration equation. Highly accurate determina

tion of Tf was not expected, although the value of Tf must be 

~f the correct orde~ of magnitude. To confirm that the 

approach was adequate, well-lagged thermometers were placed 

at different positions along the outside wall of the test 

section, and the temperatures recorded for a high proportion 

of the vertical pipe tests. Knowing the thickness of the 
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perspex wall of the duct and its tbermal conductivity, a 

simplified heat transfer calculation justified the above 

indirect approach. 

4.2.3 Density of the Gaseous Phase 

In the evaluation of the fluid density, Pf' the 

asbolute pressure in the test section, PA, (see section 4.3) 

was also required. Thus, from the Equation of State:-

FA 
Pt: = R T:r ' 

(6) 

where R is the gas constant. 

Since Tf and PA were known for every single flow situation, 

a reasonably accurate knowledge of Pf could be calculated. 

During the first 90 test runs on the vertical pipes, taken 

over a period of four months, Pf varied from 0.073 lb/ft 3 

to 0.060 lb/ft 3
, that is, a variation of 18%. 

4.2.4 Viscosity of the Gaseous Phase 

The dynamic viscosity, f-L, of the gaseous phase was 

deduced from Tf and the viscosity versus temperature 

correlation curve (Fig. 4.6). From Fig. 4.6, obtained from 

standard tables of physical properties, the following 

relationship can be obtained:-

The variation in ~ for the vertical pipe tests was from 

0.00089 lb/ft min to 0.00076 Ib/ft min, that is, a variation 

greater than 14~b. 

It must be remembered that these seemingly wide 

deviations cover a large number of tests concerned with 

ducts having diameters of one, two and three inches. 
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Heasurement ox ·C:~~e Sup.erfi,..cial VeJ.oc:i.ty gf the Gaseou.s 
mase 

Introduction 

Although the orifice-plate situated in the air flow 

loop was made according to B.S. 1042 (see Fig. 4.7), the 

screw threads on the three inch nominal bore steel tubing, 

necessary for accommodating the two screwed flanges clamping 

the orifice-plate in position, made the accurate and secure 

location of the static pressure tappings difficult (see Fig. 

4.7). As a result, the pressure tappings V.fere conveniently 

positioned either side of the orifice-plate, which then 

required calibrating. It could be suggested that the inter

ference of the screw threads was a minor detail, however, it 

was also felt that calibrating the orifice plate by a pitot

traverse in the test section was sound practice. 

4.3.2 Orifice-Plate Calibration Procedure 

A stainless steel pitot tube, with an outside diameter 

of 0.06 inches, was positioned in the three inch diameter 

vertical test section approximately forty diameters above 

the start of the straight vertical duct. The total head tube 

was mounted on a traversing system which enabled the tube to 

traverse the air stream in increments of 0.1 inches. At ever,y 

station the pressure differential between the total head tube 

and a wall static pressure tapping in line with the pitot 

tube head was measured with an inclined manometer. 

Simultaneously, the pressure differential across the orifice

plate, absolute pressure in the test section and temperature 

of the flowing air were recorded (see Table 4.3). 

Analysis and Results of Pi tot-tUbe Traverse 

The error in assuming that the air flow is incompressible 
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Table 4..!2, 

Pitot-tube Traverse in Vertical Three lllCh diameter Duct 

Test No. 512 

! Te st I Air I I' Traverse 'I Pressure Differential section ,tempera- Room 
. (cm) ture at 'tempera-

d~stance 1 absolute orifice t~e I' 

(in) I Pi tot tube Orifice Plate I ~~e ~::; plat;,~ ( C) I 
I I (mV) 

o 
0.1 

0.2 
0.3 
0.4 

0.5 
0.6 

0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 

1.5 
1.6 
1.7 
1.8 

1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 

I 15.00 20.1 47.1 2.44 18.8 I 

'

I 16.10 20.1 47.1 2.44 18.8 

16.85 20.1 47.1 2.44 18.8 
17.60 

18.25 
18.85 

19.30 
19.65 
20.15 
20.45 

20.75 
21.05 
21.05 
21.35 
21.~5 

21.30 
21.;0 
21.15 
21.00 
20.70 
20.40 
20.10 

19.75 
19.30 
18.70 
18.30 
17.55 
16.55 
15.60 
14.95 , 

20.1 
20.1 
20.1 

20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
20.1 
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47.2 2.44 18.8 
47.2 
47.2 

47.3 
47.3 
47.3 
47.3 
47.4 
47.4 
47.5 
47.5 
47.6 
47.6 
47.6 
47.6 
47.6 
47.6 
47.6 
47.6 
47.4 
47.4 
47.4 
47.4 
47.4 
47.4 
47.4 
47.4 

2.45 18.8 
2.45 
2.45 
2.45 
2.45 
2.45 
2.46 
2.46 
2.46 
2.46 
2.46 
2.46 
2.46 
2.46 
2.46 
2.46 
2.47 

2.47 
2.47 
2.47 
2.47 
2.47 
2.48 
2.48 
2.48 
2.48 

18.8 
18.8 

18.8 

18.9 
18.9 
18.9 
18.9 
18.9 
18.9 
18.9 
18.9 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 

19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 



at Mach m.uuber value::; of' less th~l:D_ 0.2 is below 1%0 Since a 

Mach number, 1-1, of 0.2 is equivalent to over 200 ftl s, then 

the incompressibility assumption is quite valid for the two 

inch and three inch diameter pipes, and also for part of the 

one inch tests. The ~aximum air flow velocity in the one inch 

duct during the present stuqy was equivalent to a Mach number 

below 0.4. Using the well-known form of Euler's equation 

when applied to a pi tot-tube placed in a subsonic gas stream:-

Fs - P [ M2 (2 - Y) 4 ] ~ Pf'Uf':2 = 1 + 4 +. 24· M +. • • ( 8 ) 

where Ps is the stagnation pressure of the gas stream, 

P is the static pressure of the gas stream, 

y is the ratio of the specific heats. 

For a completely incompressible fluid the right-hand side of 

equation (8) reduces to unity. When M eo 0.2, the term in 

square brackets is approximately 1.01 and when M = 0.4 it 

becomes 1.04. It was decided that these errors of 1% and 

4% were acceptable and so the following relationship was 

assumed for all flow conditions:-

(9) 

where (Ps - P) is the pressure differential recorded by the 

pitot-tube manometer for a particular fluid of density Pf 

travelling with a velocity uf • The velocity uf is the value 

at a particular distance from the longitudinal centre-line 

of the duct, that is, at a radius r, and is represented by 

(ut)r-

A graph of the fluid velocity versus the duct radius 

(or traverse distance), for one particular mean flow rate, is 

shown in Fig. 4.8. This graph was coopared with the accepted 

work of Nikuradse78 who produced velocity distribution curves 
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for smooth pipes at Re~o1(ls' number values of 2.3 >< 104 

and 1.1 x 10 5 • The diagram in Fig. 4.8 is a mean of the 

two Nikuradse curves, and so is appropriately in. the same 

Reynolds' number range as the present stu~. The principle 

deviation of the experinental curve from Nikuradse's curve 

was near the pipe-wall surfaces. 

Fig. 4.9 shows a graph of (ur ) .r versus r for the two 
r 

traverses, wall to pipe centre and pipe-centre to opposite 

wall. The area under the curve is related to the volumetric 

fluid flow rate, Vf , by the expression:-

D/2 

V f = 2 'IT 1 (uf ) • r dr ( 1 0 ) 
o r 

The curves in Fig. 4.9 give Vf values of 2.59 ft3 /s and 

2.78 it3 /s, and so the mean ~i = 2.69 ft3 /s, from which the 

mean air velocity, uf • 54.8 ft/s, this velocity corresponds 

to a particular pressure drop across the orifice-plate. 

The variation in the t f values is partially due to end errors 

on account of the thickness of the pitot tube, and partially 

due to inaccurate location of the pipe centre-line. 

The first series of pitot-tube traverses (tests 501 

to 509) covered a range of nine values or air flow rate. The 

data was evaluated using a computer program (see appendix 

A.1j), the area under the (Ur)r.r versus r curves being 

determined by the trapezoidal rule. A typical print-out 

(test 504) of the results is illustrated in Table 4.4. 

In view of the illustrations shown in Figs. 4.8 and 

4.9 it was decided ~o repeat the pitot-tube tests and a new 

pitot-tube was constructed. This second series of tests 

(tests 510 to 518) were also carried out in the vertical 

three inch diameter duct. A results print-out (test 512) is 
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fable 4.h ,Pitot-tube Trayerse Result..§. 

DATE 71070 
TEST NO 504-
PIPE DIA :5 INCHES 
ATMOS PRES 29.37IN HG 
ROOM TEMP 15.4DEG C 
ENOTS 7.80 
AV DENSITY .0697LB/CU FT 
VISCOSITY .000787 
REYNOLDS NO 67694 
ORIFICE PD ;.87IN. WATER 
AV VELOCITY 50.9FT/S 
VELA 53.7FT/S 
VEL B 48.2FT/S 
MASS FLOW 0.175LB/S 
MFA 0.183LB/S 
MFB 0.166LB/S 

RAD VEL VEL.RAD TEMP ROE 
1.5 47.5 71.24 325.8 0.0695 
1.4 49.1 68.79 325.6 0.0695 
1.:; 51.6 67.07 325.6 0.0695 
1.2 53.1 63.72 325.4 0.0696 
1.1 54.4 59.87 325.1 000696 
1.0 55.5 55.49 325.1 0.0696 
0.9 56.4 50.74 324.9 0.0697 
0.8 57.1 45.69 324.6 0.0697 
0.7 57.7 4-0.41 324.4 0.0698 
0.6 58.3 35.00 324.1 0.0698 
0.5 58.8 29.40 323.9 0.0699 
0.'+ 59.4 23.76 323.7 0.0699 
0.3 59.6 17.88 323.4 0.0700 
0.2 60.0 11.99 323.2 0.0700 
0.1 60.1 6.01 322.9 0.0701 
0.0 59.7 0.00 322.7 0.0701 

-0.1 59.5 -5.95 322.5 0.0702 
-0.2 59.3 -11.85 322.2 0.0702 
-0.3 58.4 -17.51 322.0 0.0703 
-0.4 58.0 -23.20 321.7 0.0704 
-0.5 56.8 -28.41 321.2 0.0705 
-0.6 55.8 -33.47 321.0 0.0705 
-0.7 54.9 -38.40 320.8 0.0706 
-0.8 52.8 -42.27 320.5 0.0706 
-0.9 52.1 -46.92 320.3 0.0707 
-1.0 49.5 -49.46 320.3 0.0707 
-1.1 46.9 -51.61 320.0 0.0707 
-1.2 45.0 -54.04 319.8 0.0708 
-1.3 !-t-1.2 -53.58 319.6 0.0708 
-1.4 39.2 -54.95 319.3 0.0709 
-1.5 47.5 -71.24 319.:; 0.0709 
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~~ble .4~ Pitot-t'\.1."be Traverso Results 
.". "-- .. ..--

DATE 161070 
TEST NO 512 
PIPE DIA 3 INCHES 
AThOS PRES 30.32IN HG 
ROOM TEMP 18.9DEG C 

:GNOTS 8.20 
AV DENSITY .0683LB/CU FT 
VISCOSITY .000816 
REYNOLDS NO 63775 
ORIFICE PD 3.87IN. WATER 
AV ThWCITY 50.8FT/S 
VEL .A 51.?FT/S 
VEL B 49.8FT/S 
msSFLOW 0.171LB/S 
MFA 0.174LB/S 
MFB 0.167LB/S 

HAD VEL VEL.RAn TEMP ROE 
1.5 42.1 63.12 338.5 0.0689 
1.4 45.8 64.06 338.5 0.0689 
1.3 48.1 62.54 338.5 0.0689 
1.2 50.3 60.41 338.5 0.0689 
1.1 52.2 57.44 338.8 0.0688 
1.0 53.9 53.88 338.8 0.0688 
0.9 55.1 49.59 338.8 0.0688 
0.8 56.0 44.82 338.8 0.0688 
0.7 57.3 40.12 338.8 0.0688 
0.6 58.1 34.85 338.8 0.0688 
0.5 58.9 29.43 339.0 0.0688 
0.4 59.6 23.84- 339.0 0.0688 
0.3 59.6 17.88 339.0 0.0688 
0.2 60.3 12.07 339.0 0.0688 
0.1 60.3 6.03 339.0 0.0688 
0.0 60.2 0.00 339.0 0.0688 

-0.1 60.2 -6.02 339.0 0.0688 
-0.2 59.8 -11.97 339.0 0.0688 
-0.3 59.5 -17.84 339.0 0.0688 
-0.4 58.7 -23.49 339.0 0.0688 
-0.5 58.0 -29.00 339·3 0.0687 
-0.6 57.2 -34.34 339.3 0.0687 
-0.7 56.3 -39.43 339.3 0.0687 
-0.8 55.1 -44.11 339.3 0.0687 
-0.9 53.5 -48.16 339.3 0.0687 
-1.0 52.4 -52.40 339.3 0.0687 
-1.1 50.3 -55.29 339.5 0.0687 
-1.2 47.2 -56.70 339.5 0.068'1 
-1.3 44.2 -57.44 339.5 0.0687 
-1.4 42.0 -58.75 339.5 0.0687 
-1.5 42.1 -63.12 339.5 0.0687 
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shown in Table 4.5 and cooparison of the average velocity 

corresponding to the orifice-plate pressure drop for tests 

504 and 512 is quite convincing. The equivalent uf ' Wf and 

orifice-plate pressure differentials were extrapolated from 

these latter tests and incorporated in a pre-data tape to 

the computer program (see appendix A.1.3). 

At the end of the gas-solid flow experiments the three 

inch pipe was replaced by a two inch diameter vertical pipe 

and a third series (tests 520 to 528) of pitot-tube transverses 

were carried out. The results from these tests confirmed 

that applying the Continuity Equation to the three inch, 

two inch, and one inch pipes, and using the uf correlation 

from the second series of traverses, gave satisfactory 

accuracy for the determination of the mean superficial air 

velocity. 

4.,.4 Alternative Method of Ascertaining the Superficial 
AII.' Velocity 

Since uf and Wf are of primary importance, appearing 

in most dimensionless groups, it was decided to attempt to 

confirm the conclusions of section 4.3.3. The technique was 

to use the pressure drop along the duct in a relationship 

derived by relating the familiar Fanning equation for the 

turbulent flow of a single phase fluid to Blasius's smooth 

pipe law:-

4L - 2 Pt: Uf' (11 ) From Fanning; liP 0 = 2D • Ao 

that is, liP 0 gD = Ao 
Pt:S • 

2LUf' :2 

or ho • gD = ~ (12) 
2LU1' 2 

where ho is the pressure head loss due to fluid friction. 
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From Blasius; 

where Re 
pf:ufD 

= 
J1. 

Equating (12) and (13):-

4/7 4 1 

= (2 ~) 17 D5/7. (7f) 17 uf' 8 ) x 0.079 • 

To convert he from units or fluid flowing to units of water, 

ho in (14) must be multiplied by Pr/pw' where Pw is the 

density of water. Thus, if Ho represents the pressure drop 

along the pipe in units of water, then equation (14) becomes:-

4/7 4/7 p. 4/7 5/7 
uf = (2 X

SO.079) .~) • W41 · D1/7 (15) 
p 7 J1. 

Substituting the relevant convefsion factors to 

obtain units appropriate to the present stuqy:-

U _ ~22D5/7Hg4/7 
i' - /7 117 3/7 

L J.L Pi' 
where uf is in ft/s; 

D is measured in inches; 

J.l in Ib/ft min; 

Pf in Ib/.ft 3
; 

L in ft; and 

Ho in cm of water. 

( 16) 

Equation (16) was written into the computer program (see 

appendix A.1.2), and comparison between the approaches 

indicated by sections 4.3.3 and 4.3.4 is as follows:-
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Tes"!.; No. 63 (one inch diameter duct) 

Pitot-tubel 
orifice-plate 480.2 
velocity, £'tIs 

473.8 450.7 394.6 357.9 309.3 245 .. 3 ~52.8 

uf from 
equation(16) 
ftls 

493.1--"482.9 460.9 398.1 355.0 297.1 236.1 h35.5 

Percentage 2.7 1.9 2.3 0.9 0.8 3.9 3.0 11.3 difference 

The close comparison is well within the experimental accuracy 

of determining Ho. It is only when Ho has become relatively 

small does the deviation in Uf become unreasonable. 

Test No.1 (two inch diameter duct) 

Pitot-tubel 
orifice-plate 136.4 133.8 125.9 
velocity,f't/s 

116.9 103.9 88.1 76.0 51.3 

iif from 
equation 
ft/s 

(16) 139.6 137.1 128.7 120.1 105.0 83.9 66.1 45.1 

Percentage 2.3 2.5 2.2 2.7 1.1 4.8 13.0 12.1 difference 

This confirms that the pitot-tube analysis for the 

determination of Uf , represented on the pre-data sheet 

(appendix A.1.3), produces an adequate correlation between 

the pressure drop a~ross the orifice-plate and the superficial 

air velocity in the test section. 

Fig. 4.10 shows the difference between the air mass 

flowrate, Wf' calculated from the pressure drop results of 
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tests 1 an.d 63, in reld.ti.on too the orifice-plate ilifferential 

pressure. The small variation is possibly due to constant 

values for Pf and ~ being assumed for the Wf values from 

1 and 63. 

4.4 

4.4.1 

Pressure Drop Measurements 

Introduction 

A fortyeight point pressure-scanning value with a 

built-in transducer and amplifier arrangement was available 

for the present investigation. 'I'he transducer was of' adequate 

sensitivity and its scannjng speed very acceptable, however, 

some concern was expressed about the possible ingress of the 

abrasive alumina particles along the manometer lines and so 

causing damage to the delicate transducer diaphragm. This 

type of occurrence was likely to happen during a limiting flow 

condition when slugging and even "choking" was imminent. 

Two further disadvantages of the electronic scanning valve are 

that a point reading would be recorded for a fluctuating 

pressure and secondly there would be no indication that a 

particular pressure tapping was blocked with powder. As a 

result two different types of differential manometer were used, 

each being appropriate to a particular series of experiments 

(see sections 4.4.2 and 4.4.3). 

4.4.2 Pressure Measurements in a Vertical Duct 

The first full-scale part of the present study was 

concerned with the pressure drop, for a range of gas-solids 

loadings, of a suspension flowing upwards through a vertical 

duct. The pressux Q drop was measured along a length of 

4 ft of pipe for the one inch and two inch diameter pipes, 

and 2 ft for the three inch pipe, the particles having 

travelled along a straight vertical section of uniform bore 
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pipe for at least 8 r"t; bef'o:z;'e the first static pressure 

tapping. A tendency for the flowing suspension to "swirl" 

for some flow conditions was observed visually in the three 

inch pipe and the flow was only considered acceptably 

homogeneous after a minimum distance of 10 ft along the 

vertical duct. 

The pressure tappings in the vertical tube and across 

the orifice plate were connected to sensitive inclined 

manometers filled with fluid of specific gravity 0.810 and 

having relatively large reservoirs accurately adjusted by 

micrometers. It was necessary to apply a correction to the 

manometer reading in order to allow for the difference in 

surface levels between the liquid in the reservoir and in 

the inclined tube:-

c:r? 

. . , 
~/ .... ..--

. \ 
\ \ 

/~ ... J
T 

\~'---" 
""--.-" 
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Cress-sectional area 0.1' mru1.olJ1eter tube .= i a ~ and of the 

circular reservoir - A. Due to the pressure differential 

(PI - P2) a volume of fluid flows from the reservoir into 

the manometer with the result that the equilibrium surface 

level of the reservoir falls a distance x, where x = £ a/ A. 

Thus the vertical manometer reading, h, is given by the 

equation:-

h = lsin () + x 

or h = l [sin () + a/Al ll 

where a/A = 0.01563. 

( 17) 

Since l is measured in em then h has units of em of 

manometric fluid, and converting, h, to em of water equation 

(17) becomes:-

h = train () + 0.01563} x 0.810 ( 18) 

for an inclination of 20°, sin e = 0.?420, and 

h ... 0.2897£ (19) 

The value of (} varied from 100 to 50° for the pressure drop 

tests with the two inch and three inch diameter ducts. Due 

to the considerable errors possible at low values of () for 

a marginally incorrect slope, the micrometer was used to 

determine the precise inclination of the manometer tube. 

The magnitude of the pressure differential across the 

2 ft length of three inch diameter tube varied from 0.03 

to 1.16 cm H20, and across the 4 ft length of two inch 

diameter tube from 0.6 to 8.7 cm H20. The pressure 

differential across the 4 ft of one inch diameter tube varied 

from 8.4 to 88.3 cm H2 0 and so the inclined manometer was 

replaced by a conventional vel'tical U-tube manometer. 
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4.4~2.1 E;perimental Procedur~ 

The experimental routine was briefly as follows. 

The plant was allowed to settle down by passing air 

only through the test section for about 20 minutes, and then 

the Enots regulating valve, controlling the air flow control 

valve, was adjusted to a particular value. The screw-feeder 

was then started and a series of pressure drop readings were 

taken for various values of solids flow rate, the Enots valve 

being maintained constant throughout. Only about 30 seconds 

are required after altering the screw-feeder for the re

establishment of steady flow conditions. The continuous 

nature of data acquisition allowed speedy completion of a 

test run. For each Enots setting, measurements were taken 

as i'ollows:-

(i) Test section pressure drop. 

(ii) Test section absolute pressure. 

(iii) Orifice-plate pressure drop. 

(iv) Screw-feeder size and Kopp variator setting. 

(v) Air temperature at the orifice-plate. 

The following subsidiary data were also taken:

(a) Absolute pressure at the orifice-plate. 

(b) The ambient temperature and pressure. 

(c) Humidity measurements were taken as a precaution 

in case any spurious data were found later on 

analysing the results. As the equipment was in 

frequent use during the experimental programme, 

the moisture content of the particulffiBmatter and 

hence its agglomerative properties m~ be expected 

to depend only on the carrier fluid. 
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(d) Note of the parti.o\.l.1.a.J: batch of "powder being 

conveyed was made and a sample of the powder taken 

at routine intervals during a programme of work. 

(e) Overall running time of the compressor. This was 

very necessary to avoid possible malfunction due 

to overheating and to carry out the planned 

maintenance scheme efficiently. 

4.4.2.2 Blocked l1anometer Tappings 

The problem of solid particles flowing into the 

manometer lines and tending to block them has been mentioned 

in a previous investigation4 • In this study4, the difficulty 

was resolved by continuously purging the lines with air via 

water in a transparent vessel. Prior to taleing the manometer 

reading, the purging flow was cut off t this being indicated 

by the cessation of bubbling. In the present work, however, 

the manometer lines are rather long, and considerable time 

would be necessary after stopping the purge gas to enable 

the manometer levels to become steady and indicate the 

correct reading. 

It .... las found to be satisfactory in this study to 

make no special provision for preventing the blocking of 

the lines; it sufficed merely to blowout any deposited solids 

at 30 minute, 1 hour or 2 hourly in~ervals. T~is was easily 

done because of the free-flOwing properties of the solids. 

Close to the l5miting condition of choking the manometer lines 

tended to block after only a few minutes of use. However, 

prior to choking the dense phase flowing suspension caused 

the manometer levels to fluctuate and cessation of the 

fluctuations was often an indication that the line was 

blocked. Thus the blocking of lines was aggravated by any 
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form of' un:1t.' ady flow, rf',ther than R. gT'Adllal build-up of 

solids. It is true that there was some evidence of slow 

blocking but this rarely affected a manometoI' reading. 

4.4.3 Bend, Vertical and Horizontal Pipe Circuit Pressure 
Pieasurement 

The second part of the present study was originally 

intended to be concerned with the pressure drop characteris

tics due to a gas-solid suspension flowing arOIDld several 

bends of different geometry. It was ultimately decided to 

extend the proposed investigation to include the vertical 

duct preceding the bend and a horizontal pipe immediately 

following the bend. 

The range of bends and duct diameters were as follows:

(i) 3 inches diameter, 30 inches radius of curvature, 

that is, A = 20; 

(ii) 2 inches diameter, 20 inches radius of curvature, 

that is,,, = 20; 

(iii) 1 inch diameter, 10 inches radius of curvature, 

that is, " = 20; 

(iv) 3 inches diameter, 18 inches radius of curvature, 

that is, " :s 12; 

(v) 2 inches diameter, 12 inches radius of curvature, 

that is, ,,- 12; 

(vi) 3 inches diameter, 20 inches radius of curvature, 

that is, " = 13.;; 

where A is the ratio of the radius of curvature of the bend 

to the radius of the pipe. 

The location and number of static pressure tappings, 

around the bends in particular, demanded careful consideration 

and it was decided to have four tappings at each cross-section 

for the bend, the horizontal section and the reference point, 
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R, (see Fig~ l~~11 and appendix A.5., Figs. A.5.8 to A.5.12)" 

The tappin.gs were arranged at 22.5 degree int-ervals around 

the bends and approximately six inches apart along the 

horizontal pipe. The configuration of each set of four 

tappings is shown in Fig. 4.11, together with the arrangement 

used for static pressure measurement with a pipe-wall fitting. 

The centre tappings, denoted by tal in Figo 4.11, were inter

connected and so there were three manometer lines coming 

from each station. It can be seen from Fig. 4.11 that there 

were five stations around each bend and six along the 

horizontal section, thus providing thirtythree manometer 

lines. Three single pressure tappings were positioned alonB 

the vertical pipe and the total thirtysix manometer lines 

lead to a multi-tube manometer. The reference point, R, 

was inter-connected at R and the single manometer line from 

here connected to the reservoir of the manometer. Thus all 

pressure drops were measured relative to R and it was 

particularly vi tal that this line was frequently checked for 

leaks and deposition of solids. 

4.4.3.1 Experimental F~ocedure 

The experimental routine was similar to that outlined 

in section 4.4.2.1. The principal differences being that there 

were many more pressure readings to record and a considerable 

number of manometer lines to be cleaned after each test run. 

Apart from the physical difficulty of reading thirtysix 

closely-spaced manometer levels, which m~ be fluctuating 

slightly, it was felt that the flow conditions may vary 

between estimating the first and last manometer reading. To 

overcome this problem a 35 mm camera was mounted on a tripod 

and positioned one metre from the sloping multi-tube 
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manometer. Successful nesai;ives were only prod.uced after 

many attempts to eliminate the reflections, in the glass front 

of the manometer, from fluorescent lights and laboratory 

skylights, by sufficient and carefully placed black-out 

screening which allowed enough light to expose the film. 

The film itself needed to have a high contrast and the 

exposure times were appropriately varied to suit the 

laboratory lighting conditions 0 The technique was finally 

mastered and the thirty six manometer readings were recorded 

by the camera in less than one second. The film was 

developed in the laboratory immediately following a test 

run in case of a mishap requiritlg a repeat of the test, 

this fortunately only occurred once in over one hundred and 

fifty tests. Though this procedure was admirable for the 

speedy completion of experiments, the reading of the 

projected negative was unbelievably laborious and over 

ninety thousand readings were recorded in this manner. Many 

of the negatives were so good that the bottom of the meniscus 

could be clearly seen (see Plate 6), however, photographing 

a fluctuating level inevitably produced a blurred result but 

the mean value was relatively eas,y to assess. 

The manometric fluid in the multi-tube manometer had 

a specific gravity of 1.00, and an inclination of 18 degrees 

to the horizontal was used for all the three inch bend tests, 

whilst 45 degreas was used for the two inch bends. The one 

inch bend presented an immediate problem since the pressures 

were outside the manometer range, however, mercury was used 

as the manometric fluid and with a slope of 19 degrees it was 

equivalent to having a vertical manometer with fluid of 

specific gravity 4.4. 
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The flexible Dl&.Il.Omf.;ter tubine; np-eded to be heated 

in very hot water before being fitted onto the 1.25 inches 

long pipe-wall tubes. This was very effectiv8 in avoiding 

leaks but it was out of the question to remove them whilst 

cleaning out deposited solids after a test run. Consequently 

a novel and simple purging system was devised (see Plate 5). 

On completion of a test the manometer was clamped, and using 

a manifold system, all the manometer lines were purged clean 

with nitrogen at 2000 Ibf/in2
• This purging procedure was 

carried out in less than thirty se00nds and could be 

performed whilst the rig was still operating. 

A typical set of the measurements ta~en for one test 

is shown in Fig. 4.12, and the similarity \'lith the measure

ments described in section 4.4.2.1 is evident. 

4.4.4 Pressure Drop due to Air Only Flowing, 6Po 

It was realised that the contribution of the fluid 

phase to the total pressure drop associated with a gas-solid 

flow is likely to be affected by the presence of the solids. 

As a result, the data processing for this investigation has 

defined the specific pressure ratio as 6P~AFo, where 

6FT = APm in an experimental study. The determination of 

6Po is as follows:-

From the Equation of Continuity and equation (11):-

(20) 

Assuming the perspex tube to be smooth and using Nilruradse's 

relationship between friction factor and Reynolds' n~Jber, 

that 1s:-
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Ao = [o.ooon + ROO~~~1J 
e 

(21 ) 

an expression for ~o can be derivdd:-

where 6Po is given in cm H2 0; 

L in ft; 

D in inches; 

Pf in lb/ft3 ; and 

Wf in lb/min. 

The calculated tlPo values are compared with the 

experimental quantities obtained when air only was flowing 

tbro\lgh the vertical one inch and two inch diameter ducts. 

The curves (see Figs. 4.13 and 4.14) justify the inclusion 

of equation (22) into the computer program (see appendix 

A.1.2) • 

~ Measurement of Solids Mass Flow Rate 

4.5.1 Introduction 

There are many commercially obtainable devices?9 

which can be used for discharging solids into an airstream. 

These include various types of rotary valve, gravity feed 

devices, screw-feeders, fl~dised beds and hybrid combina

tions of these. The present requirement for a steady, 

adjustable and accura~ calibrated delivery rate of an 

abrasive powder that may be slightly cohesive severely 

restricts the choice. The abrasion factor rules out rotary 

valves, the cohesive property eliminates a gravity fced 

device as used by Farbar?, whilst the more positive delivery 

characteristics of the screw-feeder are ideally suited to 

the present application. As shown in appendix A.2., Fig. 1, 
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the feeder deli verB the solids uni.form..l."V into a mixing unit 

where it becomes intimately mixed with a previously metered 

air-stream. 

4.5.2 Screw-feeder Arrangement and Calibration Procedure 

It was important that the screw-feeder should be 

capable of discharging the solids over a large range of 
• 

delivery rates without sacrificing accuracy. As a result, 

the screw-feeder, which was rotated by a Kopp variator 

having an infinitely variable speed range from 0 to 180 

rev/min, was designed to accommodate several interchangeable 

sizes of screw-flight. Three flights were manufactured, 

classified simply as small, medium and large, but the small 

flight was not used due to the medium flight being able to 

deliver the solids at 2 to 3 lb/min for a shaft speed of 

;0 rev/min. The small flight will be useful for tests 

performed at extremely dilute conditions, say WpIWf < 0.4. 

The difference between the medium and large flights is 

evident from Table 4.6:-

Table 4,6 Screw-flight Geometry 

Screw Shaft Flight Overall Flight Mean Number 
Classi!i- diameter thickness length diameter pitch of 
cation (in) (in) (in) (in) diameter flights 

(in) 

Medium 0.625 0.125 16.1 1.69 1.;1 9t 
Large 0.625 0.125 16.1 2.50 1.81 6t 

The calibration procedure WaS as follows:-

(i) With the particular screw-flight in position, fill 

the solids supply bunker with the appropriate 

powder through the access hole in the side of the 
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bunker; the bllnkal.~ will hold about 300 lb of 

alumina .. 

(ii) Remove the base of the mixing unit and place an 

empty container of known weight beneath the tmit. 

(iii) Switch on the Kopp variator, carefully adjust the 

speed of rotation and collect the solids in the 

container over a selected period of time. Repeat 

for a full range of Kopp speeds. 

Typical calibration curves are shown in Figs. 4.15 to 4.22, 

and Table 4.7 is a representative set of data. 

The relationship between the Kopp handwheel setting 

and the output shaft speed was established by two different 

methods:-

(a) Using a tachometer having a full-scale range of 

o to 200 rev/min. 

(b) The input speed of the variator was constant at 

1%0 rev/min. With the rear cowl of the variator 

removed the number of turns of the fan for one 

turn of the output shaft was recorded. Thus, the 

input speed divided by number of turns of fan is 

equivalent to the output shaft speed. 

The calibration accuracy is evident by reference to 

Table 4.8 and the calibration curve shown in Fig. 4.23. 
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J.able 4.1. Medium Screwf'eeder Calibratiop. after Test 6. 

Powder mesh: 240 5th May 1970 
-

Kopp Shaf't Time 'tl Weight of l' Remarks Variator Speed powder, lb min. Ib/min Setting rev/min 

0 30.0 23.5-9.1=14 .. 4 5 2.88 
. static powder 

he:i.ght 15 in 10 41.5 28.7-9.1=19.6 5 3.92 above hopper 
base at st;P5:-t 

, and about 9.5 in 
! above at en.d of 20 52.5 34.3-9.1=25.2 5 5.04 
I the calibrations 

except for Kopp 30 63.5 39.0-9.1=29.9 5 5.98 I settings 60 and 
; 70. 

40 74.5 J}5.4-9.1=36.3 5 7.26 

50 86.0 43.0-9.1=33.9 4 8.48 
static powder ) 
height at end of j 60 98.0 37.9-9.1=28.8 3 9.60 calibration 7 11 

above hopper base 
1" above hopper ( 70 110.0 41.9-9.1-32.8 3 10.93 base at end o:f 
calibration . 

80 123.0 45.8-9.1-36.7 3 12.23 , 

90 136.0 49.4-9.1 .. 40.3 3 13.43 

100 150.5 53.5-9.1=44.5 3 14.83 

110 166.0 57.6-9.1-48.5 3 16.17 

120 182.5 61.5··9.1=52.4 3 17.47 
i 

9.11b .. weight o:f empty oontainer. 
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Table 4.8 Kopp Variator Cali]:>ration 

Kopp hand-wheel ;Number of turns of I Output shaft speed 
setting fan for one turn for constant input 

of output shaft speed of 1460 rev/min 

calculated'from tachometer 
I 

0 48., ,0.2 I 30.0 

10 I 35.0 I 41.7 41.5 

20 27.7 52.7 52.5 

30 23.0 63.5 6305 
I 

40 19.8 73.7 74.5 

50 17.0 85.9 86.0 

60 14.9 98.0 98.0 

70 13.2 110.6 110.0 

I 80 11.9 122.7 123 .. 0 
I 

90 10.7 136.4 136.0 

100 9.7 150.5 i 150.5 

110 8.8 165.9 166.0 

120 8.0 182.5 182.5 
I ! I 

4.5.3 Discussion and Results 

The calibration procedure explained in sect jon 4.5.2 

was performed with zero pressure differential between the 

solids discharge and the top of the powder in the solids 

supply bunker. To avoid invalidating the screw-feeder 

calibrations it was necessary to balance the pressure 

between the mixing WLtt and the top of the powder in the 

bunker. This was effeoted by connecting a length of 

manometer tube between the unit and the centre hopper, the 

bottom Mucon valve remaining open throughout a test run. 

The phenomenon of "rat-holing" is one of the hazards 
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often e.ucouuteJ.'ed i.n tho n,go or a calibro.ted screw-feeder. 

In the present study there was no evidence of rat-holing 

due to the solids being relatively free-flowing and a fairly 

high level of solids being maintained in the supply bunker 

to the screw-feeder, this latter precaution was particularly 

important to avoid starvation of the feeder. 

Calibration of the screw-feeder was found to be 

independent of the height of the powder bed in the supply 

bunker, this characteristic has been reported previously by 

Richards80 , unless the screw-feeder was severely starved of 

solids. 

The problem of sealing th~ screw-feeder drive shaft, 

which is rotating in a bed of abrasive powder and across 

which a pressure differential exists, is discussed in 

appendix A.3.2. 

Fig. 4.15 shows that the medium screw calibration for 

the 240 mesh powder only increased by approximately ~ from 

test 1 to test 230, which represents a period of over one 

year during which time the rig was used extensively. The 

two curves illustrated, effectively protr~ the boundaries 

which enclose the results of several other calibrations. 

Thus the error in the solids flow rate for all test runs is 

estimated to be not greater than 1%. The 320 mesh calibra

tions shown in Fig. 4.16 are very similar, whereas the 500 

mesh results in Fig. 4.17 indicate a large variation of 15% 

between tests 17 and 88. The deviation for the 500 mesh 

powder was on account of the test 17 calibration being 

performed with new powder, and the graph justifies the 

procedure used in this study of circulating new powder 

around the rig several times before carrying out calibrations 
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or pressure drop tests. 

Fig. 4.18 shows ·t;ho l.arge effect of particle size 

upon the screw-feeder performance, and Figs. 4.19 to L~.22 

illustrate that the characteristics of the large screw-flight 

are almost identical to the medium screw. It is interesting 

to note that the solids delivered increases with time, 

possibly indicating that a loss of fines out of the original 

batch of powder has effectively increased the screw-feeder 

efficiency. On the other hand it partially conflicts with 

the concept that attrition of the particles is a consequence 

of circulation and of passing through the screw-feeder. 

At the conclusion of the vertical pipe tests, that is, 

after about four months of continuous use, the section of the 

screw-feeder drive shaft which was centr~l in the mixing 

chamber had eroded from 0.625 inches to 0.25 inches diameter. 

~ Powder Property Determinations 

4.6.1 Introduction 

The "white bauxilite abrasive" or white fused alumina. 

used ~n this investigation is manufactured by the Universal 

Grinding Wheel Company. The SUb-sieve sizes (240 to 1200 

mesh) are made under laboratory controlled conditions to give 

powders of the closest possible range of particle sizes. The 

mesh sizes selected from the above range were 240, 320 and 

500 mesh, which have respectively, mean particle diameters of 

53, 30 and 14 microns. A chemical analysis shows the powder 

to contain more than 99% Ala03, whilst a physical analysis 

gives a specific gravity of 3.94 and a hardness factor 

(Knoop, K1OO) of 2,100. 

4.6.2 Routine Analysis of Powder Samples 

The particle size analyses and various other powder 
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property evaluations 'Were carri.ed out by the School of 

Pharmacy, Liverpool Polytechnic. Table 4.9 presents a brief 

summary of this work, except for the particle size analyses 

which are mentioned in section 5.8, Figs. 2a and 2b. 

Table 4 • .2. Bulk D(:ms:i.ty ann Angle of Repose Measu:T:,ements 

Powder Olassification Maximum bulk Poured Angle 
densi~ 
(g/cm 

of Hepose 
(degrees) 

240 mesh; after test 79 I 2.33 30 

240 mesh; after test 128 2.44 35 

320 mesh; original powder 2.06 39 

320 mesh; after test 46 2.10 35 

320 mesh; after test 71 2.22 35 

500 mesh; origlnal powder 1.85 49 

500 mesh; after test 41 1.95 40 

500 mesh; after test 110 I 1.96 40 
I 

Powder properties are also discussed in section 8.4.5 

of this study and reference should be made to Table 8.2 for 

further details about the 240 mesh powder, and to Figs. 8.8 

to 8.11 which clearly illustrate the change in particle shape 

and size distribution due to re-circulation. 

Examination of the particle size spectra illustrated 

in Figs. 4.24 to 4.26 shows that re-circulation of the 

relatively large particles (240 mesh) results in a higher 

percentage number of fines through attrition of the particles. 

Converting the ordinates of these Figs. from percentage number 

frequency to percentage weight masks this observation simply 
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because the very fine parb:ic1.ea weigh so little. Conversely 1 

Fig. 4026 shows that re-circulation of the 500 mesh powder 

reduces the percentage number of very fine particles, this 

is explained by the limitation of the cyclone separators. 

Despite these anomalies, it is quite remarkable that the 

mean particle size of the three powders, as determined from 

the percentage weight versus particle size curves, changed 

so marginally throughout the investigation. 

The repeatability of the screw-feeder calibrations 

is also confirmation that the nature of the powders did not 

change so drastically as to render the pressure drop 

expe1'iments of doubtful value. 
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CHAPTER 5 

GAS-SOLID FLOW THROUGH VERTICAL DUC!§ 



'-1-0.8-801 i.d Flow t12:£_~~ V~rtical Dncts 

.2.!.1 Introdu.ction 

The pneumatic transport of granular materials had 

been exploited commercially for many years before the advent 

of fluid catalyst processes, which focussed attention on 

the acute shortage of reliable and quantitative information 

on the pressure differentials needed to produce the flow of 

suspensions of solids in gases through pipelines. The 

resulting studies generally attempted to develop correlations 

for predicting the effects of variations in solids flow rate, 

velocity, particle characteristics, duct diameter and 

numerous dimensionless relationships, on flow behaviour or 

power requirements. 

Examination of the vast literature covering gas-solid 

two phase flow emphasises that the science remains inadequate. 

The mere presence of particles in a gas yields a large number 

of parameters which renders the problem too complex for 

complete solution, and the technological difficulties of 

circulating solids makes the study unattractive. 'l.'he parallel 

case of circulating solids in liquids is relatively easy, 

since the smaller difference in density between the phases 

allows the suspension to be more stable at low velocities. 

The fundamental aspects of gas-solid flow were 

reviewed by Torobin and Gauvin14 in a detailed survey which 

confir.ms that the field of gas-conveyed solids is a most 

unsatisfactorily studied aspect of gas-solid two phase flow. 

However, the mechanics of the turbulent flow of single phase 

fluids are so complex that empirical methods have been more 

effective in correlating the relations involved. When solids 
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are .pr(~seL.t wi thin a fluid phRRe f:Lowing turbulently 1 it 

UGcomes necessary to describe the solid phase by variables 

such as the mean particle diameter, particle density, 

particle shape, the ratio of solids to fluid in the flowing 

suspension, and so on. 

rn the literatu."t'6 survey which follows, fundamental 

approaches to gas-solid flo\'ls have generally been omitted 

and the possibly more rewarding area of empirical analysis 

examined in some detail. The literature S'i.1.:::vey is followed 

by a brief reference to the experimen'tal work (section 5.3), 

whils·t the simple th.eoretical approach used in the present 

stu~y is considered in section 5.4. 

~ Literature Survey 

Although it is not complete~ exhaustive, this 

review is intended to be discriminative and cover all 

~portant previous contributions in this field of dilute 

phase, gas-solid flow through vertical ducts. 

Most investigators of pneumatic transport have 

focussed attention on the region in which the particles 

travel as a well-dispersed phase, the controlled flow 

conditions remaining stable for a rang~ of solids and air 

flow rates. 

Probably the earliest work of significance is that of 

cramp15,16 who investigated the vertical conveying of cereal 

seeds. Cramp considered that the force on a particle was 

proportional to (Ut - Up)2, and the difference between this 

force and the weight of the conveyed solids provided the 

force to accelerate the particles up the duct. By assuming 

the particle to be continuously accelerating, he obtained a 

relationship between Uf and Up for a given distance of 
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part;i'!1'3 travel. C!.'amp -=md Priest:'Ly 1'~' cont;inlled exreriPl.entol 

work on the vertical conveying of grain, and they developed 

an expression describing the frictional resistance of the 

grains. 

Vogt and White8 investigated the dilute phase 

conveyin.g of sand, steel shot, clover seed. and wheat through 

both horizontal and vertical 0.5 inch nominal bore steel pipes. 

They derived a correlation in terms of the ratio of p~essurG 

drop with the suspension flowing to that o~tRined with the 

carrier gas alone, the mass ratio of solids flow to gas flo\,I , 

and properties of tho solid and gas. The interpretation of 

their work for vertical pipes presents some difficulty in 

that an allowance for static head is not evident. 

Hariu and Molstad11 measured the pressure drop in 

the transport of sands and silica-alumina cracking catalyst 

through vertical glass tubes of 0.267 and 0.532 inches diametero 

Unfortunately, their results are obscured by the initial 

disregard of pressure drop due to acceleration, and they 

acknowledge that later measurements showed that the major 

portion of the apparent friction was due to particle accelera

tion in the test section. 

The vertical transport of spherical catalyst through 

steel pipes of 0.473 and 1.023 inches diameter has also been 

investigated by Belden and Kasse118• From dimensional 

analysis they considered the longitudinal pressure gradient 

to be a function of Re , Fr , Pp/Pf' dp/D, and the ratio of 

particle mass velo~it.y to gas mass velocity. Their final 

correlation for the frictional pressure drop is independent 

of the particle diameter and density, also confirmed by 

Korn19 , and they question Vogt and White's dependence of the 
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pressure droI> Ul'r')D \(D I'" ~ _ 
-1'/ 

The work of Farba:c? is ()f ps.rticular interest since 

he conveyed mixed sized particles (Jf a silica-alumina catalyst 

through a vertical glass tube c.lf 17 mm diameter. His results, 

which are presented in the form of specific pressure drop 

(/:spmj/:SPO) plotted against the ratio of mass of solidc. to mass 

of gas, show a departure from the linear relationship between 

these variables reported by GasterstRdt6 and Vogt and White8
0 

More progress towa~ds understanding the dynamics of 

the transport of solid particles by gases resulted from the 

work of Mehta et al4 • They correlated the pressure drop data 

by adding thl3 contributj.ons associated with wall friction, 

particle friction., particle and air acceleration, and support 

of the particles. Mehta observed completely different flow 

behaviour of the solid particles for the two sizes of glass 

beads tested. The pressure drop correlation is expressed as 

a modified Fanning equation which includes particle velocity. 

Although they emphasise the importance of particle velocity, 

their indirect method of its determination is somewhat crude. 

Bannister24 reviewed the literature on pneumatic 

s.ystems in 1959, and he concluded that the correlation of 

variables based upon empirical relationships provides the 

only means available for design. He states that the best 

approaches to pneumatic conveying are those of Clark et a125 

and Coulson and Richardson26• The latter developed the 

following equation for vertical pipe flow from mathematical 

considerations:-
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where pi appears to be the average density of the suspension 

and. Uo is the terminal velocity of the p::lI'ticles. The 

proportion of the total pressure loss caused by the presence 

of the solid particles, DPpt can, however, only be evaluated 

from equation (1) if the particle velocity and density of 

the dispersed solids are known, the other variables in 

equation (1) being relatively easy to determine. Clark et al 

used this equation and obtained a general correlation between 

friction factor and a modified Re • 

The extensive researches of German workers up to 1960 are 

summarised by Barth9,20. Barth initially proposed that gas

solid transport systems be compared on a basis of similar 

Reynolds' and Froude numbers, and similar ratios of geometric 

sizes, densities and viscosities. Barth latter reported that 

that gas-solid flow phenomena in the vertic.al plane arc more 

dependent upon Froude number than upon Reynolds' number, this 

was independently supported by Hitchcock and Jones21 • 

Consequently, the results of several German investigators are 

presented as resistance coefficients versus Froude number for 

different solids-to-air loading ratios. Their general 

approach to evaluating the pressure drop data is to sum the 

different contributions in a manner similar to Mehta et a14 • 

However, the portion of the total pressure difference caused 

by the presence of the solid particles is presented in a 

slightly modified form. The.y include terms to represent the 

pressure loss due to the particles striking the pipe walls 

and that due to interparticulate collisions, whilst Mehta 

et a1 simply refer to particle-particle friction loss. Since 

the remaining pressure loss contributions of the Germans and 

Mehta are the same, it becomes difficult to reconcile the 
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differences. It is possible that for a stea~ flowing 

suspension of solid particles the wall inpact losses are 

minimal. Also, the loss due to interparticulate collisions 

m~ be considered negligible, since the total energy of the 

travelling particles will remain essentially constant, the 

only losses incurred being those due to attrition, non

elastic collisions, and the generation of alternative forms 

of energy. Similarly, the particle-particle friction term 

of Mehta is of doubtful overall importance, particularly for 

very fine particles. Thus the magnitudes of these specific 

contributions are probably so small compared with the total 

pressure loss, that any fundamental differences between both 

approaches are not highlighted in experimental programmes. 

Previous research work had generally been confined 

to small bore pipes, although the validity of some of the 

equations developed has been tested by using data from 

industry9. Stemerding22 conveyed a fine cracking cata~st 

through two inch diameter vertical ducts, and obtained an 

empirical relationship between total pressure drop and 

several characteristic variables. He justifies his investi

gation on the grounds that earlier work had been confined to 

the transport of granular solids or very coarse materials 

flowing through horizontal pipes. 

Experiments on the transportation of maize, wheat and 

granulated cork through two, three and four inch diameter 

steel pipes were reported by van der Lingen and Koppe2? 
Their results are ~resented as specific pressure ratio, 
APm IAPo, versus mass of solids to mass of air for a range 

of constant air velocities, and a relative resistance number 

against material Froude number. The scatter of points in 
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their graphs l:eflcct;,s tllflir comme • .l';; thAt the limi teJ number 

of conclusions are rather tentative. 

Uematsu et al28 transported millet seed through 2.88 cm 

diamete;r;' steel tubing, and from the data they derived an 

empirical expression for the pressure gradient in a vertical 

duct. Their expression relates to the region where the 

particles have been accelerated to a steady velocity, and 

requires only a knowledge of Re , D, L, Pf' uf and Wp/Wf. 

Jones et al2 stated that their objective was to develop 

expressions for the prediction of pressure drop in vertical 

tubes using only easily determined physical properties of 

the solid particles. Their approach consisted of separating 

the pressure drop into individual components and applying the 

following relationship:-

(2) 

where 6Pf • • total pressure drop due to friction only per 

one di ameter of pipe length; 

h • velocity head of the carrier fluid; 

~f • friction factor for air; 

Ap - friction factor for solids; 

Ao • surface area of solid particles per unit volume; 

6 • specific loading, lb of solid/lb of air; 

X - dimensionless surface shape factor of the solid 

particles. 

6P. ~ .DIL 
The expression -,f- - Fs t which is the well known form 

, iPf uf
2 

of the friction factor of the suspension, A , and so, like s 
many other workers5, they have assumed that the friction 

factor for the solids may be defined by the equation:-

- 109 -



The purpose of equation (2) was to determine the value of 

A , which could then be used in the following total pressure 
p 

drop equation, which includes acceleration effects:-

Unfortunately the precise definition of the surface shape 

factor is not explained, it is probable that X = ~2p/~' 

which reduces to unity for spherical particles. They 

recommend use of equation (1) for the range of Ao from 

6,300 to 20,000 ft2 /ft3
, compared with the present study 

in which Ao ~ 15,000 ft2 /ft 3 for the 240 mesh alumina powder 

and Ao ~ 60,000 ft2 /ft3 for the 500 mesh powder. However, 

deviation of their experimental and calculated values was 

in the majority of cases less than 5%, and their experimental 

data correlated satisfactorily using Hinkle' s23 relationship. 

Jones et al state that fluid rate and density, duct 

diameter, solids rate, density, surface area and surface 

shape factor are the only quanti ties which need to be known 

for the prediction of the total pressure drop. They make 

no reference to the determination of particle velocity, up, 
which is an essential parameter in equation (3), and their 

determination of the dispersed density of the solids, Pds' 

is questionable. Despite these and certain other defficiencies 

the concept is quite original and the wide range of solid 

particles of diame~ers var,ying from 200 to 765 microns used 

in the investigation deserves recommendation. 

An impressive contribution towards understanding the 

turbulent fl.-ow properties of gaseous suspensions of fine 
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particleA flowing ve:x.-t.i.cA.l1y upwards through ducts has been 

made by Boothroyd1 ,29,30,31 ,32• Boothroyd's work is general~y 

concer.ned with the effect on fluid turbulence by the presence 

of the solids. He shows that the frictional pressure drop 

for gas-solid flow through a one inch diameter pipe is less 

than that for air alone, whereas the pressure drop in larger 

diameter pipes was usually bigher than that for air alone. 

This is supported by the present stUdy3 for the flow of 

alumina particles of similar size distribution as Booth£oyd's 

zinc dust. Boothroyd1 deals with the problem of correlating 

pressure drop data for design purposes by a theoretical 

approach based upon dimensional analysis and supported by 

experimental data. 

A most interesting investigation of gas-solids flow 

at high Reynolds' number (10~ to 106
) and low solids loading 

(Wp /W f < 0.6) through a one inch diameter tube, in which 

acceleration effects were small, has been carried out by 

McCarthy and Olson33• They report that the two phase friction 

factor decreased with increased solids loading, as seen 

clearlY in ~ reference (3). ~e friction factor correlation 

proposed by McCarthy and Olson is:-

(4) 

and since 

then the rate of decrease in the friction factor decreases 

with increasing solids loading, which is consistent with the 

fact that zero friction loss is not possible. Since the 

second derivative of equation (5) is positive, then equating 
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d(AcIA ) A W 
d(fi7J-;- to 7,eI'O produces a ndnim1..llil of s,'A f at P /Wf = 0.8. 

p f W 
They quote a standard de'nation of ±0.4 for P!Wf' and £0 

the m'!..nimum v-alue of "s /Af occurring at Wp /W
f 

= 0.8 should 

be used with caution. The results from the present study, 
A 

as reported in reference (3), gave minimum values of S/Af 
W 

at P/Wf in the range 0., to 0.7 for the flow of alumina 

particles, having a mean diameter of 15 microns, through a 

'i;wo inch diameter duct. Sim:i.lar results were obtained for 

flow through a three inch diameter duct, but these minima 

are very dependent upon particle size and probably do not 

exist for particles above 100 microns. The increase in 

friction factor at higher solids loading shown in reference 

(3), are possibly due to particle-particle and particle-wall 

impacts becoming important. 

Boyce and Blick36 state that one of the most important 

characteristics of gas-solid flow is its frictional energy 

dissipation ability. They were quite satisfied that this 

characteristic had been extensively investigated for liquid

solid flows but concluded, after an extensive li'terature 

search, that work in the gas-solid flow region had been 

rather limited in the number and range of parameters 

investigated. ~eir work involved measuring pressure 

gradients for the gas-solid flow through a 2.75 inch diameter 

tube of plexiglas, for a range of solids-to-gas mass flow 
Wp 

ratiO, /Wf.' from 0 to 3, and a Reynolds' number range from 

0.9 x 10'" to 6.3 x 10.... The scope of their work appears to 

be more restricted than many earlier workers, and their 

claim that this extensive variation of the important parameters 

has given a fuller understanding of the fluid flow phenomena 

in dusty air is difficult to appreciate. They did, however, 
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cir~ulate five different particle dizes, which varied from 

s:i.lica dust having a size distribution from 2 to 60 microns 

to glass beads of 100, 200, 840 and 1680 microns mean diameterD 

Their results are represented as percentage reduction of skin 

friction drag versus weight flow of particles for different 

ranges of Reynolds' number. They concluded that the maximum 

reduction of the skin friction coefficient occurred in the 

low end of the fully developed turbulent flow region. 

A recent paper by Chandok and Pei37 , who transported 

spherical glass beads, 150 to 500 microns, through a 10 cm 

diameter vertical pipe, stated that the air velocity profile 

and the pressure drop due to air alone are unaffected by 

the presence of solids up to a solids loading ratio of 3 -

the limit of their experj~ental programme. Their results 

indicate that total pressure drop is independent of particle 

diameter, and the slope of the pressure drop lines at 

different pipe Reynolds' number is constant, with the 

intercepts on the Wp S 0 line corresponding to the pressure 

drop due to air alone. Unfortunately the pressure drop 

relationships are not shown in their paper, however, they 

give the very simple relationship:-

(6) 

where the pressure drop due to the presence of the solids, 

APp' is measured in cm H20, the pipe length, L, in metres, 

and the solids flow rate in kg/min. They quote a standard 

deviation of :to.OL.25 em H2 0/ro, which is equivalent to 

±0.0130 em H20/ft, whilst equation (6) can be written as:-
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wht;J.~o ~p.p" is in em !:!.;.<O'I I, in t"-t tind VIp in lb/lLlin, which 

ccre the units employed in the present study. The relevance 

of eq11ation (7) to the present work is discussed in section 

5.6. 

Some recent wor~ by Leung et a147 develops a design 

procedure for calculatjng pipe size, air flow rate &ld 

pressure drop in steady state vertical pneumatic conveying. 

Their pressure drop correlation is based upon the work of 

Hinze46 and Jones et al2, and is applicable to dilute phase 

flow:-

APT ~ [!1' : u :1' + _p ... P_( 1_~_E_)_U_:p J 
o 

where E = voidage, 

z = verticQl pipe axial coordinate, 

Uaf .. actual average gas velocity .. uf/( 1 - E), 

Uap = actual average solids velocity. up/(1 - E). 

The two terms in the square brackets represent the accelera

tion losses of the flowing suspension, the next two 

quantities are concerned with supporting the gas and solid 

in the test-section, whilst the final term describes the total 

frictional losses. It is reasonable to assume for uniform 

suspension flow of very fine particles that:-

(i) Pf is sensibly constant throughout the test-section; 

(1i) Uat III Uap' that is, iif • ~; and 

(iii) the voidage, E, is invariant. 

Thus, equation (8) reduces to:-
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but, the density of the dispersed solids, Pds' m Pft + pp(1 - e), 

so, ( 9) 

Comparing equations (3) and (9), it can be seen that the 

difference between the correlations of Jones et a12 and 

Leung et al4? is the factor (1 - ~)2 in the denominators of 

the acceleration and frictional terms of equation (9). Since 

(1 - ~)2 reduces to unity for dilute phase flow having a low 

solid concentration, it is apparent that comparison of 

equations (3) and (8) would result in only minor differences 

in the predicted total pressure drop for dilute phase flow 

of fine particles. 

A selection of the more theoretical, as distinct from 

fundamental or empirical, approaches to the analysis of 

gas-solids flows are those of Stannard43 , Kovacs44 and Chand45• 

This survey has attempted to be in chronological order 

and yet the extensive researches of Zenz38 ,39,40,41 have not 

been reported. The justification is that Zenz was more 

concerned with the limiting conditions of "choking" for vertical 

pipes and "saltation" for horizontal flow. He states that the 
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region of greatest into~oo~ to tho designer i5 that at gas 

velocities just above choking and saltation, a review of the 

literature relevant to this region has been carried out by 

Doig and Roper42• 

~ Experimental Procedure 

The method of plant operation is described in section 

3.4, the arrangements for pressure drop measurements in a 

vertical duct explained in section 4.4.2 and the experimental 

procedure detailed in section 4.4.2.1. A eimplified account 

of the experimental work is outlined in the paper in section 

5.8 at the end of this chapter. 

~ Data Analysis 

The pressure drop in the vertical transportation of 

solid particles may be attributed to six factors:-

(i) The pressure drop due to acceleration of the solid 

particles, 6Pap ' which m~ be determined by application 

of the momentum principle to gas-solid flow through 

an annulus of width dr at a radius r, in which the 

particles have a velocity ~:-

D/2 D/2 
~ ap = 21T (Co! rPdSU;drJ - [J rPdSU;drJ J (1 0) 

2 I 

This cannot be evaluated without details of the solids 

velocity and density of the solid phase dispersion in 

the carrier fluid. Earlier evidence1 indicates that 

for the flow conditions under investigation, equation 

(10) can be replaced, with significant loss of 

accuracy, by: .. , 
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OUf :'\ since for these very fine :>ar-liicles o:e::-- ~ x along 

the upper part of the test section. 

(ii) Similarly, the pressure drop due to fluid acceleration, 

ISP a.f' may be expressed in the form:-

D/2 D/2 
Li'e~ = 21T[[J rp~U;drJ - [J rpf'U;drJ J (12) 

2 I 

For calculation purposes, equation (12) can be 

approximated by considering the change of momentum 

between two sections distance L apart:-

Applying the Continuity Equation:-

From the Equation of State:-

P. 
(pI'). -= RT, and 

(14) 

(15) 
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substitute (14) into (15):

W :2 

6Paf = R( -f) [~: - ~: ] (16) 

(iii) The pressure loss due to supporting a column of air, 

APpf ' which may be evaluated from direct measurements 

of temperature and pressure in the test section using 

f
L p 

6P pf. = R 0 'T. dx (17) 

(iv) The pressure loss due to the static head of the solid 

particles llPpp' which may be estimated f.rom:

W 
6Ppp = ~ • APPf (18) 

on the basis_that the mean velocity ratio of the gas 
Uf and solids, =- ~ 1, for all but the very lowest values 

~ 
of Reynolds' number. This assumption was used in all 

the routine computer calculations for the present study. 

The difference in axial velocity between the two phases 

results in equation (18) generally underestimating the 

value of 6Ppp• However, the fine particles were 

observed to be in a bighly fluidised state and so the 

slip ratio would not affect the value of. 6Ppp by more 

than one or two percent. 

(v) The frictional losses due to the carrier fluid flowing 

through the pipe is frequently determined from standard 

Fanning friction factor equations(2). This presupposes 

that the air friction factor is the same for air alone 

flowing through the pipe, as it is when the air is 

conveying solid particles. The actual air friction 

factor is dependent upon the turbulence level in the 
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flo"rilJ.g 2;9.S-sl"Il:i.cl ~usPGnsi("\no 'llhis is inf'luenced by 

Reynolds' number, pipe roughness and the nature of the 

transported particles, which m~ even suppress the 

level of turbulence3• 

(vi) The pressure drop due to additional frictional losses 

caused by the presence of the solidso This contribution 

to the overall pressure drop may be due to collisions 

between particles and between particles and the pipe 

wall. This phenomenon has been analysed using a drag 

coefficient approach4 , and also using the concept of 

a solids friction factor3,5. It is often assumed that 

the pressure drop due to solids friction, 6PFp ' can 

be represented by a Fanning-type expression:-

(19) 

where ~ is a solids friction factor. The evaluation 

of APFp from equation (19) requires a knowledge of ~p' 

Pds and up, all of which present some difficulty. 

Several attempts to simplify the evaluation of (19) 

have used the relationship:-
6PT Specific pressure ratio, ~ - (20) 

This equation is applicable to a system in which the 

acceleration is zero, the manometer lead lines contain 

the same fluid as that in the test section (thus, 

APPf - 0), and the duct is horizontal (thus, AP = 0). 
6P w pp 

So, the slope of a curve of ~ against ,;t is equal 

to ~. Gasterstadt6 dete~ed the sl~pe to be 
f f 

constant for a given air velocity, but other studies7,8 

have shown this not to be generally true. 
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In an attelJ~pt to f\void the A.Ilomalies inherent in 

evaluating the fric·t;ional pressure drop due to air in a 

flowing gas-solid suspension, and that caused by the solids 

themselves, the following procedure was adopted:-

APT = bJ'm = APa!' + bJ'ap + APpp + AP p!' + APFp + APFf' 

where the pressure drop due to the composite fluid friction, 

APFs ' = APFp + APFf 

so, 6PFs = APm - ~af' - ~ap - ~pp - ~Pf' (21) 

In the present investigation, the fluid in the manometer 

lines and the test section was air at similar conditions of 

pressure and temperature, and so equation (21) can be 

written:-

APFs = ~m - (Al? a1' + AP ap) - AP pp (22) 

where (.6Paf + t::.Pap) is determined from equations (11) and 

(16), whilst 6Ppp is estimated from (17) and (18). 

The friction factor of the suspension, As' is defined 

as:-

APFs·D 

whilst the friction factor, AO, for the flow of gas alone 

in smooth pipes, is defined as:-

'Ao = ... 7"..-0 __ 

iPt u; = (24) 

It is pointed out that the combined solid-fluid friction 

factor has been based upon the velocity and density of the 

fluid phase alone, in agreement with other researchers9. 

Thus, 

(25) 
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'\ and ro - 1 (26) 

The friction coefficient is quite frequently defined 

(27) 

which has the advantage of expressing the friction coefficient 

more clearly in terms of the dynamic pressure, tpiif 
2

, of 

the conveying air. Thus, equations (23) and (24) may be 

written as:-

(28 ) 

and D 
· r (29) 

The definition of friction coefficient producing equations 

(28) and (29) will be used in this study. It is quite 

evident that equation (25) is independent of the particular 

definition adopted, and so the graphs shown in section 5.8 

are unaffected. An additional non-dimensional coefficient 

which has been used by many German investigators is simply 

called a resistance number, f/I, and it is defined as:-

~m D 
~ = 1 - 2 • L (30) 

·1J.Pfuf 
It is clear from equations (28) and (30) that the suspension 

friction coefficient and the resistance number are equal 

for non-accelerating flow, that is, when APm (a APT) 

becomes equal to 6:Fs• 

~ Results and Discussions 

The pressure drop data for the vertical test sections 

have been illustrated in different ways in an attempt to 
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produce some useful correlations and a better understanding 

of the flow behaviour. Figs. 5.'1 to 5.3 show the pressure 

drop per unit length of pipe expressed as a function of the 

superficial air velocity for several solids-to-air flow 

ratios. The slope of the curves indicate the influence of 

fluid friction in a mixed phase system. The almost linear 

relationship between pressure drop and velocity of the 

carrier fluid at higher solids loading, particularly for 

the one and two inch diameter pipes, indicates the constancy 

of solids frictional effects and the linear correlation 

between pressure drop and an increasing superficial velocity. 

The distribution of solids in the flowing suspension appeared 

to be most uniform for the two smaller pipes, whilst the 

flow in the three inch pipe was characterised by a swirling 

stream of dense phase flow induced by the 90 degree bend at 

the bottom of the vertical pipe. 

The ~m/L versus Uf curves for constant WpIWf shown 

in Fig. 5.1 illustrate clearly a particle size effect, but 

no significant influence of WPIWf in the one inch pipe. The 

240 mesh powder shows an almost identical characteristic 

curve as that for air only at the higher values of Uf , which 

infers that even with relatively large particles suppression 

of turbulence occurs, this confirms the conclusions from the 

AS~O versus WPIWf curves illustrated in Fig. 7 of the paper 

in section 5.8. Turbulence suppression is distinctly more 

evident with the 500 mesh powder, the curve being well below 

the results for air only. These curves are very similar to 

those shown in Fig. 6 of reference (4), which are for 36 

micron particles flowing through a 0.5 inch diameter pipe, 

but at much lower air velocities than those of the present 

- 122 -



study .. 

Fig. 5.2 illustrates that particle size affects the 

flow throughout the entire range of uf ' except for the very 

dilute phase situation when uf > 110 ft/s. It is possible 

that the presence of relatively few solid particles has 

little influence on the flow at high velocities and so 

there is no significant difference between the effect of the 

240 and 500 mesh powders. For lower velocities the finer 

particles suppress the turbulence level quite markedly, 

the curve following closely to the "air only" curve, whereas 

the curve for the larger particles begins to diverge upwards, 

aw~ from the 'air only' curve, and indicates that the condition 

of "choking" will be reached sooner with the 240 mesh powder. 

It was visually observed throughout all the pressure drop 

tests, that the ability of the air to convey the finer 

particles was greater than that to transport larger particles. 

The superficial air velocity was reduced until the particles 

were observed falling back down the duct distances of up 

to four feet before being arrested and re-conveyed. For 

this flow situation of "near-choking" the manometer levels 

fluctuated violently and it was not possible to record 

reliable pressure drop measurements. However, the visual 

observations can be related qualitatively to Figs. 5.2 and 

5.3, in that if the curves were extrapolated for decreasing 

Uf it would be expected that the pressure drop would increase 

suddenly and the curves would exhibit the characteristic 

"hook" or "cup" shape reported by Zenz38• 

The three inch pipe results in Fig. 5.3 illustrate 

a distinct particle size effect upon the flow for WP/Wf 

in the range 4.0 to 5.0, however, particle size has little 
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influence for l"Ipf\.l;f < 3.08 This Fnl.bstant:i.Ates the swirling 

motion mentioned earlier, in that this phenomenon has more 

consequence on the flow behaviour than the ability of the 

particles to suppress turbulence. As l"Ip/Wf increases, the 

phase density is such that the solids burden effectively 

dampens down the longitudinal eddying or swirling motion, 

the flow becomes more uniform and turbulence suppression by 

the 500 mesh particles is evident in reducing the overall 

pressure drop for the same values of air velocity and 

solids loading. Another possible explanation is that in 

the three inch pipe the time-scales of eddies near the wall 

are quite large, thus enabling fine particles to follow 

the fluid motion more easily and suppress the turbulence 

much less. It is interesting to note that for very dilute 

phase flow in the three inch pipe, that is WP/Wf < 0.5, the 

pressure drop is less with solids present than for air only, 

this tends to support the minimum \"'0 concept which is 

shown in section 5.8, Fig. 9, and is also referred to by 

McCarthy and 01son33 (see section 5.2). The curves in Fig. 

5.3 for higher WpIWr values exhibit remarkable tendencies 

for air velocities in the range 40 to 50 ft/s. For a 

marginal increase in the velocity of the conveying air the 

pressure drop increases rapidly, resulting in a highly 

inefficient transport system. 

The relationships shown in Figs. 5.1 to 5.3 indicate 

how the pressure drop varies when the system parameters 

are changed and it is clearly erroneous to suggest that 

particle size, duct diameter or solids loading generally 

has a particular effect or otherwise upon the pressure 

drop. 
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The system parameters o:f Chandok and Pei37 give a 

mmcLmum value for dp/D of 0.005 and so, according to 

Duckworth5, their flow conditions throughout were likely 

to be in the form of a homogeneous suspension. The relation

ship produced by Chandok (see section 5.2, equation (7)), 

~p/L = 0.3064Wp' suggests that the contribution of the solid 

particleo to the overall pressure drop varies linearly with 

the solids flow rate. It is difficult to believe tha"t the 

correlation is so elementary, since reference to Figs. 5.4 

to 5.9 shows clearly that not only io there a duct size 

effect, but that different particle sizes inhibit the two 

phase flow in a varie~ of ways. In fact, the response of 

the solid particles to the turbulent movement of the fluid 

is probably of prime importance. 

Fig 5.4 to 5.9 illustrate the variation in pressure 

drop per unit length as a function of solids flow rate for a 

range of mixture densities. The one inch pipe results (Figs. 

5.4 and 5.5) indicate a linear increase in pressure drop for 

increasing solids flow rate, with a very large air flow rate 

effect. It is quite noticeable that transporting the finer 

powder produces less pressure drop, which may possibly be 

attributed to turbulence suppression. The two inch pipe 

tests with the 240 and 320 mesh particles only exhibit the 

above linearity for higher values of solids flow rate, in 

fact, an actual minjrnum pressure drop is observed for 

particular flow conditions, this minimum increasing with 

increasing solids dnd air flow rates. These correlations 

are quite similar to those obtained by Farbar?, whilst a 

linear relationship was obtained by Hariu11 • Fig. 5.8 

shows the pressure drop characteristic for the 500 mesh 
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powder flowing througl:l. tho two incL. pipe, the minimum 

pressure drop phenomenon is clearly evident and there appears 

to be a definite tendency towards the independence of pressure 

drop w:t-i:;h respect to solids loading for the higher solids 

flow rates. This trend indicates the prominent part played 

by very fine particles in suppressing turbulence and 

increasing their conveyability. The three inch pipe results 

shown in Fig. 5.9 do not indicate the same dependence of 

pressure drop upon air flow rate, in fact, the single curves 

are, drawn for air flow rates varying from 7.0 to 9.5 lb/m:i.n, 

that is, almost 40% variation. The 240 and 320 mesh curves 

in Fig. 5.9 are very sim.i.lar to those of Farba.r7 with 

oP/oWp increasing as Wp increases. As the solids flow rate 

of the 500 mesh powder increases, the numbers of very fine 

particles in the two phase flow markedly affect the turbulence 

level and °p/ow starts to decrease in a similar way to that p 

shown in Fig. 5.8 for the two inch pipe, but not as dramatic. 

The curves illustrated in Figs. 5.10 to 5.12 relate 

the resistance number or total friction coefficient, ~v' 

to Reynolds' number for various solids-to-air flow ratios. 

All the results indicate that the friction coefficient of 

a flowing gas-solid suspension becomes independent of 

Reynolds' number at high values of Reynolds' number, but is 

very definitely dependent upon Reynolds' number at low 

values. These curves are in the dp/D range where 

0.0027 > dp/D > 0.0002, which according to Duckworth5 clearly 

classifies the flow as being in the form of a homogeneous 

suspension. Thus the frictional resistance will arise 

primarily from the exchange of momentum between the particles 

and the carrier air, rather than from particles impinging 
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on the pipe walls. Although it is not clea.:t:' in ref0rence (5) 

whether Figs. 4 to 7 refer to suspension flowchrough 

horizontal or vercical pipes, they ne"Vertheless show similar 

trends -1;0 the present investigation despite substantial 

differences in s,ystem parameters. 

Mehta4 shows in Fig. 11 the suspension friction factor 

as a fun~tion of Reynolds' number for two particles sizes, 

97 and 36 microns, flowing through a 0.5 inch diameter pipe. 

He classifies the flow behaviour of the larger particles as 

"bouncing flow" and that of the smaller particles as 

"suspension flow", the dp/D in the latter case being 0.0028, 

which is almost identical to the dp/D ratio for the 240 mesh 

curve shown in Fig. 5.10 of the present investigation. 

Unfortunately Mehta's results are so scattered that he could 

only suggest that the friction factor becomes constant at 

high Reynolds' number. He also postulated that the suspension 

friction coefficient is essentially the same for both vertical 

and horizontal flow and independent of solids flow rate, 

this latter conclusion is refuted by the present study. 

It is evident from Figs. 5.10 to 5.12 that particle 

size has little influence on the resistance coefficient in 

the three inch pipe and a significant effect in the one inch 

pipe, this ccnfirms the conclusions derived from the APm/L 

versus uf curves shown in Figs. 5.1 to 5.3. 

The relation bet\'reen the resistance coefficient for a 

upward flowing suspension and the Froude number is illustrated 

in Figs. 5.13 to ~.15. The results for both the one inch 

and two inch pipes show that this coefficient rises rapidly 

as the Fraude number decreases, the rate of increase being 

more emphatic for higher values of solids-to-air ratios. 
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Th6 rel~b~o~qhiD ~D 1CYOrOe~ at high Froude number, for 

which the resistance coefficient assumes a constant value 

for a particular flow situation. Although Barth's9 results 

are for coarse particles his correlations between friction 

coefficient and Froude number were not dissimilar to those 

portrayed in Figs. 5.13 to 5.15. 

It is not clear from Figs. 5.13 to 5.15 whether ~ 

not a Reynolds' number effect is inherent in the trends 

illustrated, which are so simila~ to those .shown in Figs. 

5.10 to 5.12. In an attempt to obtain a better correlation 
t/I W 

a relative resistance coefficient, v/~, is expressed as a 
f 

function of Froude number, for different ranges of Reynolds' 

number, in Figs. 5.16 to 5.17. It is apparent from Fig. 5.16 

that there is a prominent Reynolds' number effect, which can 

be seen more clearly by reference to Fig. 5.18. An apparent 
'" W minimum value of Vii: is obtained, for flow through the two 

f 
inch pipe, which is possibly independent of particle size 

(compare Figs. 5.17 and 5.18). It is suggested that as 

Froude number decreases the curves would pass through the 
t/I. W 

mjnimum value of v/~ and then begin to increase rapidly, 
:r 

since the resistance coefficient would increase more rapidly 

than WpIWf as the cond! tion of "choking" is approached. 

Boothroyd30 suggested that the ratio of the time scale 

of eddies near the pipe wall and the particle response time 

may influence an upward flowing suspension of fine particles. 

Continued analysis lead to the conclusion that the flow 

behaviour depended upon both the ratios, Pf D2 IP pdp
2 Re and 

PfD2Ipp~2Re2, the latter ratio baing more appropriate for 

correlating flow near the wall. A brief attempt is made in 

Figs. 5.19 and 5.20 to assess the above correlation procedure 
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and in both instances straight line relationships were 

obtained for a wid9 range of solids-toF'air flo·w ratios, for 

the 320 mesh and 500 mesh particles flowing through the one 

inch pipe. The results are insufficient to establish any 

recommended functional relationship between these vfl.rie.bles. 

The two inch pipe tests produced a considerable scatter of 

points for the same axes as Figs. 5.19 and 5.20, which 

indicated that no simple relationship exists. It is proposed 

to p~ some detailed attention to t~ts suggested correlation 

procedure in the near future. 

Conclu3ions _.,......,.;,;;;;;0,,;0, __ 

It is apparent from the results that there is no 

justification for assuming that the flow properties of a 

suspension of fine solid particles in gas will resemble those 

exhibited by the flow of gas alone. The very fine particles 

appear to stabilise eddy formation and so suppress the level 

of turbulence rather than generate turbulence. 

In the application of dimensionless scaling ratios it 

is generally accepted that similar particulate material must 

be used in the s.ystems being compared. The present investi

gation indicates that it is not adequate to account for 

particle size by ~corporating the mean particle diameter 

into one or several dimensionless groups. It is considered 

that the use of scaling ratios be restricted to material of 

the same nature and similar particle size distribution. 

Description of a gaS-SOlid flow by a correlation curve 

of resistance coefficient and Froude number, for known solids

to-air flow ratios, is of limited value owing to this 

correlation varying with Reynolds' number. It is proposed 

that a more useful correlation is that of a relative 
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I/J W 
resistance coefficient t v 1rJ: ' with Froude number for a. 

f 
particular 'ralue of Reynolds' number. 

2iZ ~ggestions for Further Work 

It is proposed to scrutinize the data obtained from 

this investj.gation, and not presented here, in an attempt 

to derive an expression for predicting the total pressure drop 

due to a gas-solid suspension flowing vertically upwards. 

The author intends to arrange with industry for the personal 

acquisition of data from large scale plant and thereby verify

ing or otherwise the validity of the pressure drop equation. 

It is believed that further progress in the study of 

solid transport behaviou~ depends upon a deeper understanding 

of the following factors:-

(i) Particle velocity; it is proposed to use a laser

doppler arrangement to measure the particle veloci~J 

profile in a dilute-phase suspension flowing up a 

vertical pipe .. 

(ii) Density of a dispersed gas-solid suspension; for 

dilute-phase suspensions it should be possible to 

obtain a correlation between the dispersed phase 

density and the attenuation of a laser beam. 

(iii) Particle size distribution in a flowing suspension; 

it has often been suggested that the larger particles 

in a mixed-size two phase flow travel along the 

central core of a vertical pipe, whilst the finer 

particles occupy the region Of high shear stress 

near the pipe wall. This featuret together with 

the industrial problem of particle segregation 

and the effect of particle agglomeration may 

possibly be examined using holographic techniques. 
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(iv) Electrostatic charging; this has recent~ become 

the subject of serious consideration, but the 

contribution of electrostatics to the total 

pressure drop and to other flow phenomena remains 

somewhat of a mystery. The explosion hazard alone 

should be sufficient incentive to warrant an 

extensive examination of this phenomenon. 

It is generally concluded that this subject should be 

examined by a programme of careful experimental studies which 

should be extended to tests on full scale plant. 
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2.& Q2¥ll?a'1'ison of Friction FAct'?!:§. 

In section 5.5 and in Figs. 5.1 ~o 5.20 there has 

been no mention of the relattonship between As~ and the 

solids loading ratio. This p~t of the present work was 

reported in a. paper gi van at the British Hydromechat'ics 

Research Association's conference, "Pneumotransport 1", 

held at Churchill College, Cambridge, 5th to 8th September 

1971. The presentation here is in preprint form. The 

nomenclature for the paper is marginally different from 

that used in the remainder of this thosis and so attention 

is drawn to the nomenclature given on page C1-2 of the paper. 
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CH.Al?TER 6 

GAS-SOLID FLOW THROUGH HORIZONTAL DUCTS 



G~.§.:.Solid Flow "through Horizontal Ducts 

£.~ Introd~ction 

It has frequently been D'Gated that there are two 

principal categories of solids flow encountered in pneumatic 

transport through horizontal ducts:-

(i) When the solid particles are conveyed in a 

uniformly dispersed phase; and 

(li) when the transported material mainly occupies the 

lower part of the conveying line and assumes the 

form of a moving layer, or moving "dunes" or 

"balls" of solid particles9 ,25,38,41,61. 

The transition from (i) to (ii) occurs when the air velocity 

is decreased or the solids flow rate increased, due to the 

continual deposition of solids from the two-phase flow. 

The above classification has been named "dilute-phase" 

for transport in the dispersed phase, and "dense-phase" when 

the conveying air velocity is below that at which "saltation" 

(analogous to the i'chokiug" phenomenon in vertical transport 

lines) occurs. 

Examination of the literature reveals that considerable 

work has been carried out to establish correlations for 

frictional pressure differentials, and some recent work34,35 

has developed a technique for calculating the length of 

circular pipe required to ensure that the solid particles in 

a flowing suspension have been accelerated to a stea~ 

velocity. Since the total pressure differential is the 

addition of the pressure drop contributions in the accelera

tion zone and in the region where the flow conditions are 

established, it appears relatively straightforward to be able 
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to pred~_ct the overall prossure drop usi~g the procodure 

outlined by Duckworth and Rose34,35. However, Duckworth's 

work was concerned with granular materials flowing th~ough a 

1.26 inch diameter pipe, and au appropriate extension of 

this investigation would be to acquire transport data for 

the suspensions o£ fine particles flowing through different 

diameter pipes. 

The limitations of the apparatus used in the present 

study prevented long horizontal runs of ducting from easily 

being incorporated into the design. As a result, the 

emphasis of this part of the work is concerned with the flow 

behaviour and pressure drop along a horizontal duct immediately 

following a 90 degree bend. 

The introductory remarks made in section 5.1 apply 

equally to this section and the literature survey which 

£ollows attempts to avoid ~ duplication of the survey 

reported in section 5.2. 

~ Literature Survey 

This survey is a brief summary of the more important 

contributions to the field of gas-solid flow through horizontal 

ducts. Particular attention has been given to studies which 

have been largely concerned with flow behaviour in the 

acceleration zone. 

Gasterstadt's6 investigation into the horizontal 

transportation of wheat appears to be the first detailed study 

indicating the possibility that a relationShip m~ exist 

between the pressure drop of a single gaseous phase flowing 

through a duct, with that encountered for a multi-phase 

system. Unfortunately, Gasterstadt assumed the acceleration 

pressure drop to be independent of solids loading. 
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Farbar? observed for horizontal transport that at low 

solids concentration the solid particles appeured to travel 

in a sinuous path, that is, clusters of particles or dense 

masses strike the bottom wall o~ the duct and then deflec·c 

back into the main stream. The wave lengtih of this motion 

increasing with increasing air flow, but decreasj.ng with 

increasing solids flow rate until two distinct flow categories 

become apparent; a dense phase moving in the lower half of 

the duct and a dilute phase in the upper part of the duct. 

Farbar used material having a size distribution of 10 to 220 

microns and he noted tha't the larger particles were prevalent 

in the dense phase. It was visually observed in the present 

study that, for 15 micron alumina part;icles flowing around a 

;0 inch radius bend into a three inch diameter horizontal duct, 

the suspension ra'Pidly became uniformly distributed throughout; 

the duct at an air velocity of 50 ft/s and a solids flow rate 

of 18 lb/min, giving a Wp/Wf value of 1.8. Increasing the 

solids flow rate to ~ lb/min caused a reduction in the air 

velocity to ~5.6 ft/s with WP/Wf beCOming ;.6, and this flow 

was characterised by a high concentration of solids in the 

lower part of the duct with the dilute phase above the dense 

layer moving at a far greater velocity. The top layer of the 

moving bed of dense particles was continually disturbed by the 

turbulently moving particles above. ~e solids flow rate was 

increased to 63 lb/min, the air velocity becoming 42 ft/s 

whilst WpIWf increased to 7.5. The very dense lower l~er 

was transported by a continual "turning-over" or scouring action 

by the fast moving dilute suspension in the upper part of the 

duct. Even at this high solids concentration none of the 

powder remained entirely static, although slight reduction in 
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the air velocity WOUJ.ct 'Jlldoubtedly ~Iav'.:; eauseJ. the tube to 

bac;;ome blocked. The bend preceding tib.0 horizontal duct did 

induce the suspension to be deflected, but this "bouncing 

flow" was soon "damped-out" by the inertia of the suspension 

as it passed through the horizontal duct. There was no 

evidence of dense masses of particles being deflected from 

the bottom wall of the duct and back into the main stream 

as reported by Farbar. The author feels that it is unlikely 

that such deflected particles would have ~ufficient energy 

to penetrate through the thick lower bed of powder, although 

the previously ment;'oned scouring of the top surface may be 

mis-interpreted to be deflecting flow. However, Farbar's 

test section was only 0.67 inches diameter, compared with 

three inches used in this investigation, and he must have 

experienced considerable difficulties in making visual 

observations in such a small duct. 

Clark et al25 investigated the dilute phase conveyance 

of a number of different seeds, including cress, rye, rape, 

turnip and radish, through a one inch diameter horizontal pipe. 

']hey contend that the additional pressure drop due to the 

presence of the solids arises because energy is continuously 

transferred from the air to the particles, in order to over·· 

come inertia and to accelerate the particles, and to 

compensate for energy losses occurring when particles collide 

with the wall or with each other. The rate of transfer of 

energy is greatest when the particles are being accelerated 

from rest, and de~reases as the velocity of the particles 

increases. Clark et al derive an equation to calculate the 

pressure drop due to the solids in a region where the particles 

are fully accelerated, their expression reduces to zero if 
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there is no slip between the particles and the conveying 

air, and it is not v-alid when the particles are in contact 

with the pipe wall for a finite conveying distance. They 

observed that the particles were evenly dispersed at high 

rates of flow, and as the air velocity is reduced the 

particles travel preferentially in the lower half of the 

tube where they segregate into regions of alternately high 

and low solid concentration. As the air velocity diminishes 

further deposition of the particles results in the formation 

of small dunes, and transport is effected by the movement of 

particles from one dune to the next and by occasional sliding 

of the dunes along the bottom of the tube. ~e relationship 

between flow behaviour and pressure drop enabled the flow 

conditions for the onset of "slugging" to be evaluated. 

Pinkus53 studied the pneumatic transport of two sizes 

of sand in a one inch diameter horizontal steel pipe. He 

emphasises the care taken in avoiding the inclusion of the 

acceleration pressure losses in the data for frictional losses, 

and his experimental results indicate that acceleration 

effects ceased within a distance of eight inches from the 

solids feed point. Pinkus's particles were relatively large 

compared with the present study end so it can be expected 

that, according to Pinkus, the pressure loss due to 

acceleration of the particles will be contained in the overall 

pressure drop tor the bend and a mjnjmal contribution in the 

pressure drop along the horizontal. However, for some flow 

conditions the dep)sition of solids reduces the cross-sectional 

areaav~le for flow and causes the airstream to accelerate 

continuously. 

A theoretical examination of the starting section in 
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pneumatic ~rain convey~ h~o bden ~arried out by Papai10, who 

derives an equation for the eValuation of the pipe length 

required for grains to acquire the speed of uniform rate of 

delivery. He concludes that the equivalent pipe lengths for 

horizontal and vertical starting sections, under equal working 

conditions, are substantially different, with the smaller 

length being that for horizontal delivery. This contradicts 

the work of Pinkus and many other investigators, however, 

'. Papai did assume completely uniform flow situations for both 

horizontal and vertical transportation. 

Some interesting correlations between several dimension

less groups encountered in pneumatic transport have been 

obtained by Hitchcock and Jones21 • They conveyed large uniform 

particles through horizontal steel pipes two and three inches 

diameter and 100 ft long. The investigation was confined to 

that part of the pipeline in Which the particles travelled with 

constant velocity. 

The flow characteristics of dense solid-gas mixtures 

(80 < WpIWf < 750) flowing through it it i and 1 inch diameter 

horizontal pipes have been examined by Wen and Simons89• They 

observed that such rlowB are Characterised by a large amount 

of slip between the gas and solids, typically 5~~. It is 

particularly interesting to note that the primary factors 

influencing the total pressure drop were acknowledged to be the 

solids lOading and the particle velocity, whilst particle 

shapes and sizes were of insignificant effect. Their 

justification for the latter statement is based upon the 

visual observation that the particles travel predominantly 

along the lower part of the pipe as agglomerated masses rather 

than as individually suspended particles. It is well known 
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thaJIj Iw-rticle size has ~ direct- in.fluence '.Ipon the age;lomerati v(; 

properties of particulate ma:l;ter, and it is likuly that 

particle shape affects the tendency of the particles to rotate 

about their own axes and so prod-ucing a lift component. It is 

the author's view that insufficient data and a llnuted v:u-iation 

in the ~stem parameters resulted in some rather dubious 

conclusions, although it is agreed that particle size and shape 

may well be of secondary importance in many instances. Zenz9lj· 

maintains that lower air velocities are required to transport 

angular particles compared with spherical particles. He 

attributes this to the greater rebound of the angular particle 

when it grazes the bottom of the pipe, whils'c the spherical 

particle tends to roll and any deflection is merely a function 

of its angle of incidence. Zenz compared other accepted 

studies95,96,97 from which it was concluded 'Ghat the smallest 

particles may be the most difficult to convey. Although this 

latter observatj.on is refuted by the present study t there seems 

little doubt that Wen'sB9 disregard of particle size and shape 

is questionable. Trezek and France9B reported a marked 

dependence ot the gas-solid dynamic parameters upon a variation 

in particle size (110 to 390 microns); a viewpoint generally 

supported by the present study. 

Patterscn92 conveyed pulverized coal, having a particle 

size spectrum which allowed 99% to pass through 200 mesh and 

90% through 325 mesh, along eight and twelve inch diameter pipes. 

He observes that friction factors for flowing gas-solid 

suspensions are dif1icult to determine because of the comp]j.ca

tions of drifting in horizontal pipes, and acceleration and 

retardation effects of particles travelling between dunes of 

material. ~e investigation was carried out at low values 
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of solids-to-air ratios, generally below unity, but ~uch 

solids concentrations are typical in the transport between 

pulverizers and burner nozzles. In the operating range of 

Patterson's experiments, friction factors of 0.024 to 00026 

for the 12 inch pipe and 0.017 to 0.018 for the 8 inch pipe 

were obtained. An interesting examination of the drifting 

patterns following bends in various orientations, lead to 

the dubious conclusion that for upward flow 90 degree bends 

there was no tendency towards drifting regardless of the 

length of horizontal pipe following the bend. 

Richardson and McLaman61 investigated the flow of a 

wide range of materials through. a one inch diameter hori zontal 

pipe having a length of 114 ft. The mean particle diameter 

of the materials varied from 230 to 3,800 microns and their 

work was confined to the non-acoelerating flow region. The 

study is of particular interest since it attributes exceedingly 

high increases of pressure drop during the course of the 

experiments to the effeots of charge transfer bet-ween the 

particles and the pipe wall. Although some electrostatic 

charging was evident in the present investigation, it was only 

after the installation of new ducting and the introduction of 

new powder did the fall in test-section pressure increase 

with time. 

An experimental investigation of particle movement and 

velooit,y distribution in a pneumatic transport line by 

Uemata and Morikawa93 revealed that the distribution of 

particles in a hor~zontal line is related to the turbulence of 

the oonveying air. Their results indicate that the speed of 

fall of the particles is less than the fluotuations in velocity 

of the air flow. 
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A review of the considoX'o.bl", %'~ccc!l .. .1:ches of such German 

workers as Weidner, J"ung, Guenther, Hesso aId 11uschelknautz 

has been reviewed by Doig and Roper99 , whilst Barth's work is 

referred to in Chapter 5, section 5.2. 

Recent papers by Jotaki et a1100 and Ikemori et a1101 

investigate the velocities of a variety of granules and the 

consequent pressure drop for flow through a horizontal 

conveying s,ystem. They relate the solids friction factor to 

the Froude number and Ikemori observes that the relationship 

is independent of solids-to-air mixture ratio providing that 

the latter is greater than unity. 

This reasonably comprehensive survey discloses the fact 

that very little work has been carried out with non-spherical 

particles below 100 microns diameter, being transported 

through ducts of moderate diameter, say two and three inches. 

Patterson92 and Farbar? both used relatively fine particles, 

but Patterson used very large conveying lines, whilst Farbar 

employed a duct well below one inch diameter. Since the 

present study illustrates that particle size and shape, and 

duct diameter, affects the behaviour of a flowing gas-solid 

suspension, then comparison of this work with that of other 

investigators can only be made somewhat tentatively. 

~ Experimental Procedure 

The method of plant operation is described in section 

3.4, the arrangements for pressure drop measurements in a 

horizontal duct outlined in section 4.4.3 and the experimental 

procedure explain~d in section 4.4.3.1. The part of the 

suspension flow loop indicated by (N) in Fig. 3.2, was mild 

steel ducting for the entire series of pressure drop tests. 

This steel ducting was then replaoed by perspex tubing to 
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enable a. visual appreci.a-tion of the flo-w behaviour at variolls 

solids loadings and superficial ru.r velocities to be executed. 

~ Data Analysi~ 

The pressure loss analy81s for vertical transportation 

of solid particles was outlined in sec't;ion 5.4. The procedure 

for horizontal transportation differs only in that tho pressure 

drop contributions required for the support of a col~ of the 

suspension, represented by equations (8) and (9) in section 

5.4, reduce to zero. Thus, the pressure drop due to the 

composite fluid friction (compare equation (12) in section 

5.4), ~Fs' m~ be evaluated from:-

(1) 

where 6Pm is the total measured pressure differential, and 

(APaf + APap) is the pressure drop attributed to acceleration 

of the conveying ai~ and the solid particles. 

The resistance number defined by equation (20) in 

section 5.4 applies equally well to flow through horizontal 

conduits, provided that AFm is the total pressure drop along 

a horizontal pipe of length, L, and diameter, D.-

~ Results and Discussions 

The direct experimental results, a plot of the total 

modified pressure drop, APm/L, of a horizontal straight pipe, 

as a function of the mean gas velocity, uf ' for different 

solids-to-air flow ratios, are shown :i.n Figs. 6.1 to 6.6. 

According to these plots the relationship between ~Pm/L and 

uf is always deperdent upon WpIWf' the extent being dependent 

upon the duct diameter and particle size. Fig. 6.1 is of 

particular interest in that a distinct minimum of 6P mIL is 

obtained for the 500 mesh alumina powder flowing through a on~ 
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incli uLeme~er pipe~ At conveying velocities below that for 

this mjnjmum, the solid particles wi.ll deposit on the bottom 

of the pipe with a consequent rise in l:J?m/L, as indica·l;ed in 

Fig. 6.1, and eventual~ the conveying line could become 

blocked. Since the air velocity must be greater than that at 

which saltation occurs, it is suggested that the optimum 

conveying velocity is that which corresponds to the minimum 

tiPm/L value, this is in agreement with Schuchart 103. The 

results depicted in Fig. 6.2 show no such minimum and yet the,y 

represent similar flow conditions to those just discussed and 

apply to the same one inch duct. The only system parameter 

which has been varied is the particle size, now being 320 mesh 

powder, that is, a mean particle diameter increase from 15 to 

40 microns. The particle size effect is very apparent even 

for velocities greater than that at which the minimum tiPm/L 

occurs, for example, comparison of Figs. 6.1 and 6.2 illustrates 

that above 220 ft/s the 320 mesh curve for a WpIWf value of 

0.65 is almost identical to the 500 mesh curve for Wp/Wf in 

the range 2.0 ~ 4.0. The ability of the finer particles to 

suppress turbulence levels and consequently reduce the total 

pressure drop is once again demonstrated. 

The APm/L versus uf curves for the 500 mesh powder 

flowing through a two inch diameter duct are shown in Fig. 

6.3, this family of curves, Which are similar to those of 

Mehta et a14 and Duckworth and Rose34, exhibit a large 

WP/Wf effect, particularly at low values of WpIWf. The 

interesting featurd of Fig. 6.4 is that the 320 mesh alumina 

exhibits almost identical characteristics to those of the 

500 mesh alumina, thus producing a minimal particle size effect 

for flow through two inch horizontal ducts. 
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Similar families of CQ~ves for ~low through 8. three 

inch diameter pipe are shown in Figs .. 6.5 mJ.d 6.6, the 

WPIWf effect for the 500 mesh particles diminishes as uf 
decreases. A particle size effect is possibly more evident 

than in the case of two inch duct flow, but again it is not 

as strikingly apparent as that for gas-solid flow through a 

one inch pipe. 

The pressure drop data for the horizontal test sections 

are also shown in Figs. 6.7 to 6.11, as a function of the 

solids rate of flow for several different air flow rates. 

The spread in some of the points is due in part to each curve 

representing a range of air flow rate, Wf , and also to 

occasional erratic manometer readings for the higher solids 

flow rates, Wp. The curves for the one inch pipe, shown in 

Fig. 6.7, indicate a general trend of initial linearity with 

a decreasing slope £or the upper values of Wp ' this distributioJl 

of points was repeated for the 500 mesh powder and so the 

graph is not presented. Figs. 6.8 and 6.9 show very little 

particle size effect, as noted previously for flow through 

the two inch duct, and a fair linear relationship for 

Vir >8.0 lb/min. The results differ considerably for 

Wf < 8.0 lb/min at relatively high solids flow rates, in that 

there is a definite tendency towards the independence of 

pressure drop with respect to solids loading. This phenomenon 

is repeated in Figs. 6.10 and 6.11 which represent the three 

inch test section results for the 500 and 320 mesh powders 

respectively; similar results were obtained by Farbar7, 

although the limitations of his equipment prevented him from 

establishing this "levelling-off" feature for more than one 

air flow rate. The latter two curves show a distinct particle 
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Siz.e Q~~ov-b, po.rt:lc'1.~A"t'1~ £or h1 gl-;. lIalllu8 of 'Wp where the 

pressure differential for the finer particles is much lower 

than for the large particles. 

It is generally beneficial to define the factors 

influencing gas-solid flows by appropriate non-dimensional 

characteristic data. In order to reduce the number of 

parameters to be examined it was thought advantageous to 

express resistance numbers, ¢, (defined in section 5.4) in 

terms of the concentration of the transported material 7 

Wp/Wf. As a result, Figs. 6.12 to 6.14 are plots of ~/~ 
I f 

versus Froude number for different ranges of Reynolds' 

number. The results for the two and three inch pipes show 
W 

the virtual indepehdence of ¢ / -12. upon Froude number at low / Yi 
values of Froude number. A family of curves is obtained in 

every case because of the large Reynolds' number effect, 

despite this the curves for a particular duct diameter all 

tend to a single minimum value of ¢/~. Figs. 6.14 and 6.15 

indicate a minjmum value of about O.O~8 for ~ r;;. occurring at 

a Froude number of 80. This value of Froude number corresponds 

to an air velocity of 25 ft/s through the three inch pipe, 

which is "equivalent" to 225 ft/s through a one inch pipe, 

whilst the optimum velocity indicated by Fig. 6.1 is 

approximately 200 ft/s, which shows such surprising similarity 

that it is possib~ worthy of further investigation. These 

curves showed no particle size effect for both the two and 

three inch ducts. 

The variat~on of resistance number with Froude number 

for different values of solids-to-air ratios is shown in 

Figs. 6.16 to 6.19. These curves are similar to the friction 

factor versus Froude number relationShips of Ikemori et 81101 
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and Duckworth et a15.. Ikemori states that the relationship 

is independent of the solid--to-air ratio, fo:r.~ Wp/Wf < 1.0, 

whilst Duckworth shows a distinct dependence upon WP/Wf for 

WP/Wf between 1.0 and 5.0. The present work, which is 

concerned with far smaller particles than Duckworth and 

Ikemori, indicates that even values of WpIWf as low as 0.2 

have a significant effeot upon the relationship between ~ 

and FR. Figs. 16 to 19 show that the Froude number, when 

low, has a considerable effect on the resistance number, this 

effect decreases as Frou.de number increases until the 

resistance number approximates to a constant value. 

The correlation between resistance ntunber and Reynolds' 

number, for 15 micron particles flowing through two and three 

inch horizontal ducts, is shown in Figs. 6.19 and 6.20. The 

data on these gral?hs are rather insufficient to make firm 

postulations, however, the trend indicated is that there is 

little dependence of resistance number upon Reynolds V number, 

except for relatively high solids-to-air ratios (WpIWf > 3.0); 

a conclusion reached previously by several investigators4 ,21,34. 

The location of static pressure tappings at a particular 

cross-section of the test section has rarely been mentioned by 

previous workers, with the exception of Schuchart49 who 

provided at certain intervals along the duct three pressure 

bores of one mm diameter. He interconnected the three tappings 

for the purpose of determining the static pressure. The three 

tappings were positioned such that two of them were centrally 

situated (similar 'LO the lIa" tappings of the present work 

indicated in Fig. 4.11), but it is not clear whether the third 

pressure bore is along the bottom of the duct ("b" in Fig. 4.11) 

or along the upper surface of the test-section ("C" in Fig. 4.11). 
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The author assumes~hat Schuchart adopted this arrangement 

for pressure determination in the case of horizontal pipes 

as well as bends, although this 1s not clearly explained. 

In the present study it was considered reasonable practice 

to interconnect the t'VTO centre tappings, although the presence 

of swirling or sinuous suspension flow would render these 

readings somewhat suspect, whilst the upper and lower static 

pressure values were recorded independently. The 90 degree 

bend preceding the horizontal test section causes the gas

solid flow to deflect as it enters the horizontal duct, the 

extent depending upon the bend geometry and the particular 

flow conditions. The curves in Figs. 6.21 to 6.27 fully 

justify the procedure of pressure determination adopted in 

this study, and cast doubt upon the reliabilj.ty of Schuchart's 

data. These c~~es include the results for only ten flow 

situations out of the 2,000 performed, and since their 

selection was completely random, only tentative conclusions 

can be made at the present time. 

The total pressure drop is plotted against the distance 

from the horizontal pipe entrance for fixed values of solids 

flow rate, Wpt and sOlids-to-gas mixture ratios, WpIWf' in 

Figs. 6.21 to 6.27. T.he flow of the 500 mesh powder through 

the one inch pipe, having a 10 inch radius bend preceding it, 

is illustrated in Fig. 6.21. The flow conditions of 

Wp • 10.2 lb/min and WpIWf a 1.32, show that the relationship 

between CiPm and L rapidly become linear. The" very low pressure 

drop indicated by the upper tapping, after travelling only 

8 inches from the pipe entrance, infers that the upward 

flowing suspension from the bend impacts upon the upper 

horizontal surface in the region of this tapping with the 
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result that a. dyna.mic. pressure cont.r'ibution is incorporated 

in the "static" pressure reading. The expected longitudinal 

pressure distribution would be a continuous decrease in the 

pressure gradient from a maxim\A.m value at entrance to a 

constant value some distance downstream. The large pressure 

differentials in the upstream sections of the horizontal pipe 

being necessary to overcome the inertia forces of the particles 

associated with acceleration of the solid particles and the 

frictional and other forces present in these flows. A constant 

pressure gradient is only achieved after the particles have 

been accelerated to a steady velocity and the flow is uniformly 

dispersed so that the pressure gradient can be solely related 

to frictional effects. This rather simplified explanation 

of gas-solid flow behaviour does not take into account the 

effects of particle size and possible turbulent suppression, 

the effects of particle shape aI:I.d the abrupt deviations of 

angular particles compared with the "rolling" motion of 

spherical particles, the direction of the two phase flow 

induced by the bend curvature at entrance to the test section, 

particle deposition as the solids flow rate increases with 

respect to the conveying air velocity, and so on. Fig. 6.22 

differs from Fig. 6.21 in that the solids flow rate has been 

increased from 10.2 to 36.5 Ib/m1n, resulting in Wr/Wf 
increasing from 1.32 to 5.00. Examination of the curves in 

Fig. 6.22 again reveals the dynamic pressure contribution 

reflected in the pressure reading of the first upper surface 

tapping. The linbar relationship between l:J? and L only 
m 

becomes established towards the end of the test section, 

this being related to the high solids loading. The flow did 

not deflect from the upper surface with a downward component 
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of suffi.cient IUel.e;ni tu.cl~ to cause impingement of the flow on 

the lower surface, since this would have been indicated by a 

sudden fall in the pressure differential. It seems reasonable 

to assume that for a wide range of solids loadings, gas-solid 

flow through one inch horizontal pipes very quickly achieves 

a uniformly dispersed state. 

The curves in Figs. 6.23 and 6.24 illustrate the 6Pm 
versus L relationships for several solids loadings of 500 mesh 

powder flowing through a two inch diameter horizontal duct 

preceded by a bend having a radius of curvature of 20 inches. 

The intial pressure gradient for the more dense flows, Fig. 

6.24, appears to be ze~ot along the upper surface of the duct, 

over the first 16 inches of test section, this is attributed 

to the previously mentioned dynamic pressure component. The 

results for the centre and bottom tappings are very similar 

along the entire length of pipe, although the initial pressure 

gradients are much less than anticipated. This may be 

explained by the fact that there was a downward flowing two 

phase portion of the flow and possibly some swirling motion 

induced by secondary flow phenomena associated with bends. 

The curves eventually exhibited a certain linearity. The 

total pressure drops, as recorded by the centre tappings, 

for the entire length of the horizontal test section were used 

for the results shown in Figs. 6.1 to 6.11, and for the 

determination of the resistance numbers used in Figs. 6.12 

to 6.20. The overall pressure drop was 9.97, 9.93 and 9.55 

em H~ for the centre, lower and upper tappings respectively, 

for the case shown in Fig. 6.24 when the solids flow rate was 

30.0 lb/min, which represents a maximum variation of 

approximately 4%. This compares with 72.4, 68.4 and 68.5 em H2 0 
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for the centre, lower and Upper tappings of the one inch pipe 

sho,m. in Fig. 6.21, wh:i..ch produces 9. deviation of 5%. The 

mean static pressure recorded by the two centre tappin.gs was 

employed in the results illustrated in Figs. 6.1 to 6.20 on 

account of them being less affected by deflecting flew induced 

by the bend curvature, although it is accepted that they 

would still be susceptible to most forms of unsteady motion. 

Fig. 6.23 shows relationships for more dilute flows and these 

curves indicate that the gas-solid flow progresses along the 

horizontal duct in a series of gentle deviations. 

The curves in Fig. 6.25 representing a very dilute 

gas-solid suspension of 500 mesh alumina particles in air, 

WpIWf • 0.26, flowing through a three inch duct preceded by an 

18 inch radius bend, exhibit very similar characteristics to 

the larger 240 mesh particles shown on the same plot. The 

lower tapping shows distinct linearity over the greater portion 

of the test section, whilst the centre and upper pressure 

tappings indicate a series of small deflections as noted 

earlier. The overall pressure differentials for the centre, 

lower and upper tappings with the 500 mesh powder are 0.72, 

0.58 and 0.78 inches HoO respectively, which represents a 

large deviation of up to 25%. The curves fo r WPIWf == 1.33, 

with 240 mesh powder, shown in Fig. 6.26 illustrate similar 

trends to the above except for the final pressure differential 

along the upper surface, consultation of the data observation 

sheet revealed that the manometer line leading to this tapping 

had become blocked. Also shown in Fig. 6.26 are the curves 

for 500 mesh powder flowing at 34.5 lb/min with WPIWf ~ 4.02. 

The lower and centre tappings have produced very similar 6Pm 
versus L curves, the early pressure differentials being low 
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due to the ~namic pressure influence followed by a linear 

relationship, except for the final tappings 1iThich were 

reported as blocked. Fig. 6035 is of particular interest in that 

the uppe~ tappings give a large negative pressure drop after 

entering 9 inches along the three j_nch duct. This is caused 

by the upward deflecting flow producing a large ~amic 

pressure effect along the upper path of the duct. The flow 

did not impact on the lower surface and it is noticeable that 

the three straight curves are parallel to each other. 

Fig. 6.27 shows the characteristics obtained for 500 

mesh powder flowing along a three inch horizontal duct which 

is preceded by a 90 degree bend of 30 inches radius of 

curvature. The solids flow rates are 1.8, 4.8 and 36.5 lb/min, 

corresponding to WpIWf values of 0.16, 0.44 and ;.97, and the 

percentage deviations in the total pressure drops are 27, 9 

and 12. The significant difference between these curves and 

those shown in Figs. 6.25 and 6.26 is the form of the pressure

plot for the upper tappings. The more gradual curvature of 

this bend results in the solid particles occupying the outer 

region of the bend and sliding, rather than "bouncing", 

around it. The curvature induces a slight downward trend for 

the suspension flow as it enters the horizontal pipeline and 

a suction effect is experienced by the pressure tappings 

along the upper part of the horizontal duct. The flow finally 

becomes reasonably uniformly dispersed by the end of the 

horizontal section. 

6.6 Conclusions -
The distribution of 15 micron alumina particles when 

flowing through a three inch diameter horizontal duct has been 

visually observed for a range of flow conditions. 

- 187 -



The conditions producing particle d~position along the lower 

part of the duct were characterised by a fast-moving dilute 

layer in the upper area of the test section, which continually 

disturbed the top surface of the moving bed of dense material. 

The correlations between c;Fm/L and uf are in agreement 

with other authors, although the relationship was always 

found to be dependent upon WpIWf. A definite particle size 

effect was evident for flow through the one inch duct, but 

this effect became minimal for the two and three inch test 

sections. 

An independence of pressure drop upon solids loading 

was obtained from plots expressing the ~m as a function of 

Wp for different air flow rates. 

The curves defining the flow behaviour in terms of 

non-dimensional groups were generally of the expected from, 

except that the correlation between a modified resistance 

number and Froude number indicated a considerable Reynolds' 

number effect, which is in conflict with the observations of 

other investigators21 ,}4,35. It is the opinion of the author 

that, for very fine particles, dimensionless parameters should 

be correlated in terms of both Reynolds' number and Froude 

number. 

It is recommended that examination of gas-solid flow 

downstream from a pipe transition, such as a bend, be effected 

by four static pressure tappings arranged at intervals along 

the test section and connected independently to a manometer. 

It has been shown ~hat deflecting flow behaviour and possibly 

swirling flow can be interpreted from careful arrangement of 

pressure tappings. ']he danger in assuming that all manometer 

readings indicate the true static pressure Of the flowing 
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suspensi.on has been damolletrated, reference having been made 

to dynamic pressure contributions and suction effects 

generated by deflecting flows. 

~ Suggestions for Further Work 

A more detailed examination of the effect of bends, 

immediately upstream from a horizontal conduit, upon the flow 

behaviour in the horizontal section will eventually be obtained 

from the data already available in the present study. At the 

same time, the effect on the flow characteristics of varying 

the particle pize spectrum will be scrutinized. 

An interesting problem requiring extensive investigation 

is the flow of extremely dense phases of fluidised solids 

through horizontal conduits of several inches diameter. The 

author recommends the use of a pressure transfer vessel of 

capacity betl-Ieen 20 and 30 ft3 t which would be capable of 

discharging over one ton of alumina powder in less than one 

minute. The author has recently acquired such a vessel and 

is currently designiDg a transport s,ystem which includes a 

300 ft horizontal run. It is proposed to convey different 

materials at solids-to-air ratios varying from dilute to 

very dense phase. 

There seems tremendous scope for research into the 

horizontal conveying of very fine particles over relatively 

long distances and through large di ameter pipelines. 
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CHAPTER ? 

GAS-SOLID FLOW THROUGH BENDS OF VARYING GEOMETRY 



Chapter 7 

~ Introduction 

Gas-Solid Flow thrOU~ Bends of 
Varying Geome ry 

The use of bends provides a pneumatic transport system 

with flexibility in l~out but unfortunately introduces 

increased pressure losses, possible attrition of solid 

particles, and erosion of bends when the conveyed material is 

abrasive. The erosion aspects are discussed in Chapter 8, 

whilst this chapter examines the flow behaviour in bends of 

the solid particles and the resulting pressure drop. 

Fundamental analysis of the problem is complicated by 

the secondary motion of the carrier fluid which is induced by 

centrifugal force effects. However, visual observations of the 

motion of particles has provided some understanding of the 

phenomena which occur in pipe bends. It has been reported32 

that there are two basic categories of flow. Firstly the 

particles m~ slide around the outer radius of the bend as a 

relatively well-dispersed l~er with the particles travelling 

much slower than the conveying air. The second category is 

usually restricted to large particles which suffer a number of 

collisions in traversing the bend, the particle trajectories 

between the particle-wall impacts sometimes being reported as 

straight lines32 and frequently as distinct curves 49. The 

actual motion of the solid phase undoubtedly depends upon particl~ 

velocity, phase density, bend geometry and orientation, and 

material properties, in addition to particle size. 

Schuchart49 summarises the work of Mflhle 117 who has 

studied extensively the paths followed by coarse particles 

when flowing around bends. Mnhle states that particles 
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situated along the centre-line of the straight pipe preceding 

a bend, travel rectilinearly until they impinge upon the outer 

wall of the bend. The particles are then reflected at an 

angle which causes them to rebound from the outer wall of 

the bend several times. He states that the number of particle 

impacts is mainly dependent upon the curvature ratio (bend 

curvature diameter/duct diameter, (3). The particles lose 

momentum on impact and are speeded-up after reflection by the 

flow medium. This sequence is repeated and, for a low initial 

velocity, the collisions m~ result in the particles eventually 

remajning in contact with the wall along which they slide at 

a decelerating rate. 

Flow visualisation experiments performed during the 

present stu~ with a vertical-to-horizontal 90 degree bend 

having a curvature ratio of 20, generally substantiates the 

observations of Mnhle even though the present work used fine 

particles having a mean particle diameter of 15 microns. 

Deviating flow was not evident for a solids flow rate of 

18 lb/min and a mean air flow velocity of 50 ft/s. This 

suspension appeared to be influenced by the bend curvature 

and a considerable proportion of the solids was well-distributed 

across the flow area, although there was a noticeable zone 

without moving particles along the inner bend surface. An 

interesting observation was the thin layer of static powder 

which had migrated to the inner wall and become deposited. 

The flow conditions were varied to 63 lb/min solids flow rate 

and 42 ft/s air velocity. The flOwing suspension entering 

the bend progressed vertically upwards, the particles near to 

the outer wall became influenced by the bend and "cut-across" 

the main stream to impinge on the inner surface. The material 
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was then deflected towAT'de the outer wall but had insufficient 

energy to penetrate the fast flowing main stream of particles. 

The deflections gradually became less severe but their 

influence was still apparent when the flow entered the horiz

ontal pipe leading to the air fitering plant. 

Relatively little information is available for the flow 

of single-phase Newtonian fluids in pipe bends, and it is a 

natural consequence that corresponding work for gas-solid 

suspension flows is particularly sparse. The following 

literature survey covers the majority of valuable contributions 

of which the author is aware. 

~ Literature Survey 

Wbite's118 investigation into the flow of the Newtonian 

fluids, air, oil and water, through pipes having curvature 

ratios from 15 to 2050 at Reynolds' number values up to 

4.1 x 104
, appears to be one of the first attempts to define 

the influence of curvature upon the resistance to flow. The 

experimental work was extensive and, despite the process of 

coiling the straight pipes causing some sections to become 

slightly oval, the overall accuracy of the results is 

impressive. White concludes his work with a simple empirical 

expression for the loss of head resulting from the flow of 

fluid in a coiled pipe. 

The variation in the character of fluid flow due to 

secondar,y circulation has been examined mathematically for a 

perfect fluid in the absence of bo~ forces by Hawthorne119• 

He noticed considerdble deviations in the pressure loss 

coefficients for pipe bends obtained by different investigators 

and he attributed the discrepancies to differing velocity 

distributions at inlet to the bend. Further work concerning 
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the flow of single-phase fluids in bends and the associated 

secondary flow phenomenon is reported in references 120, 121 

and 122. 

Extensive measurements of the resistance numbers of 

pipe bends has been carried out by Ito102,123, using water 

as the flow medium. Ito expresses concern over the conflicting 

correlations of many investigators and he suggests that a 

modified bend loss coefficient, 6Pm/tPfUf2.0.~t, expressed as 

a function of the non-dimensional number, Re/fi2, where fi is 

the curvature ratio and fJ the bend angle, provides a reliable 

correlation procedure and his experimental results seem to 

confirm this theory. Ito also draws attention to the fact 

that the influence of the bend produces sUbstantial pressure 

losses in the downstream tangent. 

The physical phenomena and the pressure drop which 

occurs when gaseous suspensions of solid particles are 

conveyed in bends have been studied by Segler12, Weidner124, 

Uematu and Morikawa 125, Haag 126, Uematu et al28 , Morikawa 127, 

Jung128 , Schuchart49 , Kriege1129 , and Kovacs130• 

Weidner developed equations for that portion of the 

total pressure drop for the bend, caused by the presence of 

the solid particles. He based his analysis on the assumptions 

that the material entering a bend is immediately thrown against 

the outer wall where it is decelerated by the frictional force 

between itself and the pipe wall; that the material receives 

no assistance from the gas stream as it travels around the 

bend, it relies sclely upon its own kinetic energy; and that 

on leaving the bend it is re-accelerated to its original 

velocity by the conveying air. The final assumption is 

questionable since the material may continue to glide along 
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the wall of the enslUUng etraighb ~o~t~~n, losing momentum, 

before it becomes re-entrained by the gas stream. The first 

assumption is partly dependent upon the bend orientation and 

completely ignores the possibility of the particles re-bounding 

from the wall surface and become re-entrained by the gas stream 

whilst still in the bend. The last point also casts doubt 

upon the assumption that the particles rely entirely upon 

their own kinetic energy. The limi ted experimental 

confirmation of Weidner's pressure drop predictions and the 

dubious nature of his assumptions renders the work of uncertain 

value. 

An experimental investigation into pressure drop 

relationships for granular materials flowing pneumatically 

around the bend of a horizontal conveyor has been performed 

by Uematu et al125• The starting point of their data analysis 

is that the pressure drop due to fluid only flowing around a 

smooth bend, ~bf' may be expressed as:-

APbf • "'bfotPfur 
2 (1) 

where "'bf • ¢[Re , 0, fil (2) 

"'bi is a coefficient of resistance for the bend, having an 

angle of deviation 0, through which a single phase fluid is 

flowing. Evidence is quoted that "'bf becomes a minimum for 

4 < P < 6, whereas the pressure loss rises hyperbolically for 

{3 < 4. Uematu was influenced by industrial practice and his 

90 degree bends had f3 values of 12 and 20, which are precisely 

the same as used ~ the present st~. The materials 

transported through the 2.74 cm diameter pipe network were 

millet seed and white sesame having mean particle diameter 

of 1630 microns. It is interesting to note that reference is 
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made to the difference ~ proGsure levels at various points 

in the same cross-section of the bend, as determined from the 

four pressure tappings at each interval. The pressures were 

recorded independently, but according to Figs. 2 and 3 there 

appears to be almost insignificant variation in the values, 

which is somewhat confusing when one considers the quite 

definite observations by other investigators of "bouncing 

flow" with large particles. In fact, they recommend the use 

of only one pressure-recording point whether or not material 

is being transported, and in the remainder of their work they 

averaged the four pressures at each cross-section. These 

fidn; ngs are completely at variance with the present study 

and although there is an enormous difference in the size of 

particles used in the two investigations, the author considers 

that the effects of flow deviation discussed in sections 6.5 

and 7.5 would have been noticeable had Uematu used more than 

one series of tappings between B • 0° and e - 90°. They 

conclude by observing that the effect of the bend on the 

upstream flow is insignificant, Whilst part of the additional 

pressure loss induced by -the bend occurs in the downstream 

straight section. The pressure loss attributed to the 

particles being transported is defined in the form of a 

resistance coefficient for the bend and particles, ~bP' being 

equal to B.WP/Wf' where B is a constant for a particular bend, 

for example, B • 0.830 when {3 - 20 and B • 0.964 when f3 • 12. 

This line of investigation was continued by Uematu et al28 in 

a programme of wor~ which again used millet seed and 2.88 cm 

bore tubing, but used six bends for the pressure loss tests 

having curvature ratios from 11.2 to 19.5. Their results 

showed that the pressure drop in a bend upwards from the 
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hOJ:·.iz;on~t'I) -bo "the vertical is greater than in a bend from the 

vertical upwards to the horizontal. Morikawa 127 has simply 

reproduced the work contained in references 28 and 125. 

Haag126 produced an oversimplified analysis for pressure 

losses in bends, the work being based upon dubious assumptions 

leading to such questionable conclusions that short radius 

bends can produce less pressure drop than long radius bends. 

An interesting series of extensive experimental tests 

with rather coarse particles (1490 -+ 2960 microns) flowing 

around bends of different curvature has been reported by 

Schuchart49 • He examined the resistance behaviour of the 

solids for horizontally situated 900 bends in an attempt to 

produce an appropriate resistance law. Analysis of the 

experimental data produced a simple empirical equation, 

applicable to the particular system parameters, in which only 

the curvature ratio is a variable:-

¢bp is the resistance number of the bend for the solids phase 

only, and ¢hp is the resistance number of the equivalent 

length of straight horizontal pipe for the solids phase_ Apart 

from the elastic properties of the particulate matter and the 

material of the pipe wall, Schuchart considered that the 

pressure loss around a bend due to the flowing suspension is 

dependent upon Ret FR, WPIWft pp/Pf ' dp/D t and. f3. The total 

pressure loss, APmt being related to the resistance number, 

¢, by the expressi.1n:-

6Pm D 
I/J- -2 -t' · 

-tPf-~ 
(4) 
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The length, L, of a duct o£ diFll1let~J:.'1 D, becomes the arc length, 

(~/4 • Curvature diameter), for a 900 bend. Schuchart noted 

that the solid particles accelerate well downstream from the 

bend and when evaluating the bend resistance number for the 

suspension flow, ¢bs' he used the total pressure drop due to 

the change in flow direction in equation (4), refer to Fig. 3. 

This presupposes that the downstream straight duct is of 

sufficient length and that the upstream length is relatively 

unimportant. 

Kriege1129 related the results of his bend wear 

experiments to pressure loss calculations by aS~lmiDg that the 

loss was directly proportional to the impulse of the boundary 

grains. These boundary grains are the solid particles at the 

extremeties of the flowing solid phase, which Kriegel infers 

are solely responsible for the development of the wear trough. 

He ignores the mass of particles between these boundaries on 

acoount of them impinging upon grains already present at the 

bend wall. Kriegel's procedure for the bend pressure loss 

evaluation is independent of the orientation of the bend, 

disregards the solids intensity and distribution, and does not 

allow for particles being sufficiently deflected to become 

re-entrained by the conveying air. Kriegel deals at length 

with Itots102,123 experiments and techniques of graphical 

interpretation, which influence his attempts to SUbstantiate 

a theory derived entirely from the impulse loss concept of 

the impacting boundary grains. He does express concern that 

his equation for the bend coefficient of resistance of the 

solid phase does not include a description of the conveyed 

material characteristics, which are well known to be a 

decisive factor in the erosion process. 
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In a recent paper Kovacs130 presents a mathematical 

approach for the calculation of pressure drop due to solids 

being conveyed around 900 bends having different orientationse 

His analysis assumes that the particles slide along the outer 

wall of the bend and become accelerated by the gas stream at 

exit from the bend. Consequently, the total pressure loss is 

a function of contributions from within the bend itself and 

in the downstream straight section. Kovacs concludes that 

the greatest pressure drop occurs with a vertical-to-horizontal 

bend, which completely contradicts Haagf s126 statement that a 

vertical bend with vertical approach is strongly recommended 

for pneumatic transportation, Whilst horizontal bends should 

be avoided. 

2.:2. Experimental Procedure 

The method of plant operation is described in section 

3~4 and the techni~e of acquiring pressure measurements for 

the bend explained in section 4.4.3.1. Continual attention 

was paid to the manometer tubes connected to the outer wall 

pressure tappings, since these generally were the first tappings 

to become blocked. This undesirable feature was immediately 

evident in either total cessation of the normal small 

fluctuations of the manometric fluid or in a continually 

rising manometer reading. The technique explained in section 

4.4.2.2 of purging the manometer lines with high pressure 

nitrogen was frequently carried out. 

~ Data Analysis 

The theoret.~.cal procedure outlined in Chapter 5. 

section 5.4 for gas-solid flow through vertical ducts applies 

also to this part of the study. 

Addi tional parameters evaluated by the computer program 
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(see appendix A.1.2) included several dimensionless groups 

declared of some importance by other workers in this field. 

Ito102,103 used the following two groups for correlation 

purposes:-

(i) An "extended Reynolds' number" 

• Re//3 2, where j3 is the curvature ratio. 

(ii) A "related resistance number" 

~m 

where e is the bend angle and equal to 1T /2 for 

the 90° bends used in the present investigation. 

The resistance number, as defined in section 5.4, was 

also evaluated for the bendS, the pressure drop used being the 

difference in the static pressures recorded by the centre 

tappings at e = 00 and e ... 900 • Thus, the bend resistance 

numbers, ~, referred to in this work do not include that 

part of the pressure loss induced by the bend which appears 

in the adjojning straight connecting pipes. 

~ Results and Discussions 

The results illustrated in Figs. 7.1 to 7.22 represent 

less than 10"" of the data available from the experiments 

performed on six bends during the present investigation. It 

has been mentioned previous~ that it is proposed to analyse 

the remainder of these results at a later date and it is hoped 

that this initial report utilizes sufficient data to enable 

certain concepts to be formulated and to guide the more 

detailed analYsis along the most fruitful directions. 

The curves shown in Figs. 7.1 and 7.2, t:U>m/iPfU
f 

2 

versus L/D, reveal the transition between the state of the 

transported material ahead of and beyond the two inch diameter 
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bend having a curva1:iure :L'atio of 20. The three curves shown 

in Fig. 7.1 represent flow conditions in which the phase 

density, defined by WP/Wf, is increased from very dilute 

<WPIWf a 0.24) to relatively dense <WpIWf = 3.28), whilst the 

duct Reynolds t number is decreased from 10.98 x 104 to 

6.20 x 104
• In all three instances the modified pressure 

gradient is linear for the suspension flowing vertically 

upwards from station A to station o. The gradient then 

increases from station C to station 2(a) due to the influence 

of the bend on the upstream pressure drop, the proportion, 

which increases with the solids-to-air ratio, is denoted by 

6P vb in Fig. ? .1. The transported material retarded by the 

bend is then re-accelerated. The relatively linear pressure 

gradient between stations 6(a) and 12(a) for the downstream 

horizontal duct following the bend suggests that the particles 

are fully accelerated within the bend. As a result, part of 

the pressure- drop due to the bend is not reflected in the 

ensuing downstream straight section which 1s contrary to the 

evaluation anticipated. Thus, the additional pressure loss 

brought about by the bend shows itself not only in the 

difference between the readings taken at the inlet and outlet 

of the bend, but also in the pressure distribution in the 

connected piping. The scatter of pOints in the bend section 

is explained during the discussion of Figs. ? 3 to ?8. The 

gradient of the lines representing the everall pressure loss 

for the particular section is defined as the resistance number 

of the flowing sus~ansion for that section. 

The pressure distribution recorded by the centre, inside 

wall and outside wall static pressure tappings, denoted by la t , 

'b l and 'c t respectively, is shown in relation to the axial 
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distance around the bend in Figs. 7.3 to 7.8. Referring to 

Fig. 7.3 it can be interpreted for the very dilute suspension, 

that the gas-solid flow impinges on the outer wall surface at 

a bend angle of about 20°, resulting in a relatively high 

pressure being measured at station 3(c) due to a contribution 

to the normal static pressure from the dynamic pressure of the 

flowing suspension, causing an apparent gain in static pressure 

between stations 2(c) and 3(c) instead of the expected pressure 

loss. The flow deflects from the outer wall and station 4(c) 

experiences a suction effect which reflects in a large apparent 

pressure loss from 3(c) to 4(c), after which a linear pressure 

drop is obtained suggesting a well-dispersed flow from 4(e) to 

the bend exit at 6(e). Meanwhile, the centre tappings indicate 

a large initial pressure drop from 2(a) to 3(a) and negligible 

pressure drop from 3(a) to 4(a), a similar distribution to that 

illustrated by the inside wall tappings, due to the flow 

deflected from 3(c) impinging upon 4(b) and the static pressure 

loss from 3(b) to 4(b) being compensated by a dynamic pressure 

component. The flow deflects more gradually from 4(b) causing 

only a slight suction at 5(b) with the resulting excess 

pressure loss from 4(b) to 5(b). The centre tappings, in like 

IDBImer to the outer wall tappings, record a relatively linear 

pressure distribution over the final section of the bend. 

Increasing the solids flow rate from 2.8 to 11.2 lb/min 

for a slightly reduced air velocity results in only a slightly 

modified pressure distribution. The increased number of 

particles impingins. in the region of 3(c) cause a measurable 

increase in the dynamic pressure contribution and substantial 

defleotion of the flow is noticeable by the excessive pressure 

loss from 3(0) to 4(c) and the apparently zero pressure drop 
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.from 3(a) '1.;0 ::-(u..) and 3(h) to .ll(h) .:£or this dilute flow 

situation in which WP/Wf * 1.07. The flow deviations become 

less severe with the solid phase fairly well-dispersed as it 

accelerates into the horizontal duct. 

The third set of curves in Fig. 7.3 represent a fairly 

dense phase situation in which WP/Wf na 3.28. The interesting 

feature is the linear pressure gradient shown by both the 

centre and inside wall tappings. The outer wall tappings 

conform to previous trends except for the final reading at 

6(c), the data observation sheet noted that this tapping was 

becoming blocked and, in fact t the system was purged with high 

pressure nitrogen immediately following t~ese recordings. 

Comparing the three flow situations it is interesting 

to note that the pressure differential recorded by the static 

tappings at inlet to and exit from the bend was similar for the 

very dilute and the relatively dense flows, the centre tappings 

measuring 4.44 and 3.57 em H20 respectively. It appears that 

increasing the solids flow rate from 2.8 to 21.8 Ib/min has a 

similar but reverse effect on the pressure loss to reducing 

the conveying air velocity from 128 to 76.3 ft/s. This 

observation illustrates the importance of operating a pneumatic 

transport system at the minjmum safe conveying speed. The 

deflecting flow was evident for all the flow conQitions, 

although there were indications that, with increased numbers of 

very fine particles moving relatively slowly, the deflecting 

flow subsequent to particle-wall impact and the secondary flow 

phenomenon induced bJ the centrifugal force was effectively 

suppressed and a linear pressure gradient, as reported for 

coarse particles, obtained. 

Fig. 7.4 illustrates the effect of WPIWf and Reynolds' 
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number upon the press'lll'e d1.ovr:i..bu1.1.on o'btained from the static 

pressure tappings situated around the bend. The expected 

large pressure differential towaI'ds the bend exit, due to 

the arrested particles becoming re-entrained by the conveying 

air and accelerated out of the bend, is obscured by the 

dominating influence of the deflecting flow characteristic of 

the suspension. 

The pressure distributions for the three inch bend having 

a curvature ratio of 20, Fig. 7.5, and the one inch bend with 

a curvature ratio of 20, Figs. 7.6 to 7.8, can be analysed 

in a similar manner to the detailed case history just explained 

for the two inch diameter bend. The one inch bend pressure 

distributions are generally characterised by acceptably linear 

pressure gradients between stations 3 and 6. Fig. 7.8 clearly 

illustrates that the centre tappings at station 3 experience a 

pressure increase which substantiates that these "early" 

tappings do "beneti t" from a dynamic pressure contribution. 

The functional relationship between the bend resistance 

number, for either the flowing suspension or for the solid 

particles alone, and the sol1ds-to-air mixture ratio has been 

reported as straight lines by Uematu et al125,28, Morikawa127 

and Jung 128. It is not clear whether Jung's results are for 

suspension flow at a single value of Reynolds' number or not. 

He states that the only deviation from a linear relationship 

between the bend resistance number and the solids loading 

occurred for one bend only when WPIWf > 0.6. Jungt s results 

covered the solids loading extent defined by 0.22 < WpIW
f 

< 1.3. 

Both Uematu and MOrikawa plotted the bend resistance number for 

the solid particles only against solids loading for different 

values of the mean air flow velocity. Their results were 
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confined to the range 0.25 'WplWr / 5.0 for the two 900 

bends having curvature ratios of 12 and 20. Although the 

points were well-spread there were suf£icient of them to 

indicate general linear relationships having no dependence 

upon the air velocity, the gradients of these lines diminished 

as the curvature ratio increased and became very small for a 

curvature ratio of 20. 

The resistanoe number for a gaseous suspension of fina 

alumina particles. "'bs' flOwing around a bend. in relation to 

the solids loading, WpIWf' is shown in Figs. 7.9 to 7.13. 

~ese graphs represent the results for three bends. each 

having a curvature ratio of 20 and internal diameters of one t 

two and three inches. The two inch pipe tests, Figs. 7.9 and 

7.10, show "'bs versus WpIW:r to independent of Reynolds' number 

and becoming linear as WPIWf increases. The curves represented 

240 and 500 mesh alumina particles and no evidence of a particle 

size effect is portr~ed. The resistance number for air only 

was relatively constant at 0.027 throughout the entire range 

of solids loading, that is, 0.20 < WpIW
f 

< 4.7, thus enabling 

the resistance number for the particles only, "'bpt to be shown 

in relation to Wp/Wf. A definite particle size effect was 

evident for flow through the three inch bend with the very fine 

500 mesh partioles exhibiting a relationship between "'bs and 

WP/Wf which is independent of Reynolds' number, Fig. 7.12. The 

curves for the larger particles, illustrated in Fig. 7.11, show 

a marked dependence upon Reynolds' number and do in fact display 

a good linear relationship between "'be and WP/Wf for higher 

values of Reynolds' number. The one inch bend results shown 

in Fig. 7.13 portr~ a similar pattern to Uematu and Morikawa, 

but it again becomes non-linear for low values of WpIW
f

• 
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The resu1.tB ohtained .for the flow of pure air are shown 

in Fig. 7.16, in addition to some two-pha.se results, and are 

in complete agreement with Schuchart49 , however, these curves 

illustrate that the resistance number, ¢bs' is independent of 

Reynolds t number over the particular range. 

Ito102,123, and later Kriege1129 , proposed a correlation 

procedure which relates the coefficient of resistance, ¢bs' to 

the bend angle, (), and the curvature ratio, {3, and extends 

Reynolds' number by the curvature ratio. Thus the functional 

relationship between "bs/(J .{3i and Re/f32 is shown diagrammatically 

in Figs. 7.17 to 7.21. The linear relationShip shown between 

these two parameters in Fig. 7.17 are the results for one 

particular test for a solids-to-air mixture ratio varying 

from 0.18 to 1.19. The results from other tests produced a 

family of straight lines more or less parallel to each other, 

a second such curve with WPIWf varying from 0.23 to 1.61, 

displaced because of a large Reynolds' number effect, is also 

shown in Fig. 7.17. These curves display similar trends to 

both Kriegel for gas-solid flow and Ito for single phase flow. 

Ito's curves, however, are effectively drawn for a constant 

value of WpIWf, that is, zero, and Fig. 7.18 illustrates the 

relationship between ~bs/(J.~ and Re/~2 for constant values of 

WpIWf • The flow of pure air produces results which show no 

dependence of Vbs/(J. tiL upon Re/f32, but the dependency increases 

with solids loading, as illustrated in Fig. 7.18. It is 

suggested that for a two inch bend having a curvature ratio 

of 20, the above p.::'ocedure may provide an excellent correlation 

procedure for WP/Wf > 5. This suggestion has been particularly 

qualified by specifying the bend geometry, since reference to 

Figs. 7.19 to 7.21 clearly illustrate that a general 
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correlation for all bends is moot u""llikeq. However 1 the 

results displ~ed in Figs. 7.17 and 7.18 are su£ficiently 

convincing to propose that further investigation along these 

lines is justified. 

~ Conclusions 

Measurements on bends have shown that an additional 

pressure 10SB is induced by a bend in the straight lengths of 

ducting upstream and downstream from the bend. The present 

study clear~ showed an upstream pressure loss contribution 

but the expected downstream effect was either obscured by 

unreliable results due to a deviating flow or, less like~, 

that the solid particles became fully accelerated within the 

bend. 

The four pressure tappings at intervals around the 

bend allowed the pattern of flow behaviour in several different 

situations to be ascertained. A clear picture was provided of 

the deflecting nature of the flow of fine particles, a theory 

previously attributed to relatively coarse particles only. 

The results of this investigation are at variance with the 

findings of Uematu and Morikawa, who reported negligible 

differences in the pressures recorded by an identical arrange

ment of pressure tappings to that used in the present work. 

The linear relationship between the total resistance 

number for a suspension flowing around a bend and the solids

to-air mixture ratio, reported by other authors, is not 

generally COnfirmed. The relationship tends to become linear 

as WP/Wf increases tmd there is a general independence of 

Reynolds' number, however, it is shown that the precise 

correlation depends very much on the s.ystem parameters. 

The functional relationship between a related 
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.a,. 
coefficient or resistanoo, ~bs/O.~~l and an extended Reynolds\ 

number, Re/~2, holds some promise of providing a valuable 

correlation procedure for gas-solid flow in bends. 

~ Suggestions for Further Work 

The author of the present study was concerned at the 

complete disregard of other investigators in the variation of 

pressure distribution within the bend, and feels that further 

study with more bends and a wider variation of particle sizes 

is warranted. It is stressed that, where possible, transparent 

bends Should be utilised and an attempt made to relate the 

visually observed flow behaviour of the particles to that 

predicted from the pressure distributions. This suggestion 

was followed to a very limited extent during this investigation. 

A Short-coming of the present equipment was the length 

of ducting downstream from the bend, and further experimental 

work should take this into account. 
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Chapter 8 Bend Erosign Tests 

8.1 Introduction 

The erosion of a surface by solid particles in a 

fluid stream is perhaps the dominant factor which makes 

industry reluctant to install pneumatic conveying systems 

for handling abrasive materials. However, the demands for 

environmental protection are likely to require that many 

more abrasive solids will ultimately be transported 

pneumatically. 

The erosive action of particles depends upon their 

hardness, strength, particle shape and size, whilst the 

erosion of a surface by these particles depends upon the 

nature of the surface, the number of particles striking the 

surface, their velocity and their direction relative to 

impact. The flow conditions define the last three parameters, 

and erosion is more severe for sudden changes in flow 

direction, as encountered in pipe bends and valves. Erosion 

in straight runs of piping does occur but it is not normally 

as severe, although local turbulence, due to misalif9led 

sections or roughened surfaces, m~ greatly increase erosion. 

8.1.1 The Mechanism of Erosion 

Earlier studies81 ,82,83 have shown that ductile and 

brittle materials exhibit distinctly different types of 

erosion behaviour. Tilly84 illustrates in Fig. 8.1 the effect 

of impact angle on the erosion of different materials by sand 

particles sieved to 60-125 microns impinging at 340 ft/s. 

The glass (brittle) suffers little erosion at low impact 

angles and maximum erosion at an impact angle of 90°. The 

aluminium alloy (ductile) shows excellent resistance to 
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erosion at high impact angles, whilst the erosion is 

maximum at an angle o~ about 140
• The 11% chromium steel 

exhibits both types of erosion, maximum erosion occurring 

at about 200 with moderate erosion at 900
• This variation 

is because ductile materials suffer a volume loss by plastic 

deformation, the material being removed by the cutting action 

of the eroding particles; whilst the mechanism of brittle 

erosion is probably due to the Hertzian stresses generated 

by the impinging particles resulting in fracture and removal 

of material during subsequent impacts. 

8.1.2 P;ysical Properties of the Abrasive 

Finnie81 states that the influence of the eroding 

particle depends upon its shape, hardness and strength. 

However, the angle for maximum erosion is not particularly 

dependent upon shape, and if the particle is harder than 

the pipe surface then variation in abrasive hardness assumes 

little importance. The strength of the particle determines 

the extent to which they cut as a single entity or fracture 

internally while cutting and so influence the degree of 

erosion. 

8.1.3 Results of Previous Researchers 

The works documented in references 81 to 87 are concerned 

with the impact of different materials over a range of 

particle sizes and velocities impinging on flat surfaces at 

various angles. 

Finnie82 states that erosion is proportional to 

(velocity)2 for ductile materials, whilst the exponent could 

be as high as 6 for brittle materials. Finnie et al8; 

consider erosion as a machjning process and assume that the 

on~ energy available is the translational kinetic energy 
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of the particles. They state that the energy required per 

unit volume removed by erosive cutting is approximately eight 

times that of conventional cutting tools. The discrepancy 

is accounted for by concluding that only about half of the 

eroding particles are effective in removing material, that 

about three-quarters of the initial translational kinetic 

energy is converted to rotational kinetic energy during 

impact, and only about one-quarter of the initial kinetic 

energy being available to produce plastic deformation in 

the surface. For several ~es of steel, and ~~th particle 

velocities ranging from 250 to 450 ft/a, the exponent n (in 

the relationship, volume removed a velocityn) varied between 

2.28 and 2.38 with silicon carbide particles of 60 mesh at 

an impact angle of 200
• 

Bitter85,86 confirms that the severe erosion in 

transport lines for solids comprises two types of wear:

(i) that caused by repeated deformation during 

collisions; and 

(ii) that caused by the cutting action of the free-

moving particles. 

He observes that erosion is dependent upon whether the 

eroded surface is ductile or brittle, the latter being more 

resistant at low impact angles, whilst at high impact angles 

the more resilient material was less affected. Thus, the 

mechanical properties of the eroded material determines the 

type of erosion which prevails. Bitter states that no 

erosion of glass (brittle) due to repeated deformation can 

occur at impingement angles smaller than about 190 • 

TillY'S84 experiments were carried out with 60 to 

125 micron sand particles at 340 ft/s. He noted that 
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temperature had little effect on erosion, which is in 

agreement with my observations, ill fact, Tilly mentions 

that elevated temperatures can result in decreased erosion. 

dSS . This is contrary to the work referred to by Boothroy ,~ 

which evidence was quoted of material removal being due to 

the micro-smearing effect of a molten surface. Tilly agreed 

that the degree of erosion is influenced by the pattern of 

airflow approaching the impact point and he states that 

particles less than 5 microns cause no significant erosion, 

while 5 to 20 micron particles cause substantially less 

damage than 60 to 125 microns being influenced by the 

deflecting forces of the airstream curvature to the extent 

that they may miss the surface altogether. This reasoning 

tends to conflict with Finnie81 , who states that the result 

of particles fracturing into smaller particles on impact 

could be that, with their increased ratio of surface area to 

mass, an alteration in cutting conditions prevails which 

leads to an increase in volume removal by unit mass of 

abrasive. 

The energy involved in damage due to ductile erosion 

results in temperature rises of about 190°084• This explains 

the minimal effect on the extent of erosion of using heat 

treatment to give different hardnesses. 

Neilson and Gilchrist87 produced equations to predict 

surface erosion by impinging particles. Their experiments 

used aluminium oxide particles impinging upon different 

surfaces at velocities between 354 ft/s and 494 ft/s. 

Their results showed that cast iron has similar erosion 

characteristics as perspex, which is neither typically brittle 

nor typically ductile and so neither cutting wear nor 
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deformation wear predominated. 

Thus, it is generally believed that increase in 

surface hardness increases wear resistance for low impact 

angles, since these glancing impacts involve lower stresses 

than normal impacts. Whereas, erosion at normal impacts 

increases ~dth hardness, and since decreased hardness may 

be associated with increased ductility, these impact stresses 

are re~ed by the plastic deformation in the region of 

impact. 

8.2 Experimental 

8.2.1 Apparatus 

The experimental equipment shown in Fig. 8.2 has been 

described in detail in an earlier paper3, this can be briefly 

summarised as follows. Alumina particles were introduced 

into a metered airstream by a calibrated screw-feeder. The 

air-solid suspension was then passed vertically upwards 

through a 12 ft long perspex pipe of 1 in or 2 in internal 

diameter. The suspension then entered the 1 ill or 2 in 

square-section 900 perspex bend, as shown in Plate 8. 

Three 1 in bends and one 2 in bend were used for these 

experiments. The suspension passed through the vertical

to-horizontal 900 test-bend into a horizontal pipe leading 

to an air filtering system consisting of two cyclones and a 

bag filter. The solids then passed from the cyclones into 

a combination of hoppers separated by pinch valves, before 

returning to the screwfeeder supply bunker. 

The perspex bends were constructed with substantial 

backing-pieces in order that the change in flow pattern of 

the suspension, due to the deflection caused by the "rippled ll 

surface of the eroded bends, could be visually observed. 
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III addition to tho quantitative measurements recorded 

from the perspex bend tests, the 2 in diameter mild steel 

ducting preceding the vertical pipe, as shoM~ in Fig. 8.2, 

contained 9 in radius bends, some being fitted with 0.5 in. 

thick mild steel backing plates. These bends were removed 

from the rig at appropriate intervals and the development of 

wear is shown in Plates 9 and 10. The "pocketing" effect of 

the mild steel shown in Plate 10 being similar to that at 

the primary wear point of the perspex test-bends. 

8.2.2 Experimental Procedure 

The air flowrate was adjusted to provide a velocity 

of 280 ft/s through the first 1 in test-bend, and for this 

mass flowrate of air the screwfeeder delivery was controlled 

to yield a mass of SOlids to mass of air ratio, WpIWf' equal 

to 3.3. These flow conditions were maintained throughout 

each test on this particular bend. At intervals during a 

test run of approximately 75 m5.nutes, a sketch of the flow 

behaviour around the bend was recorded and various pressure 

measurements taken. At the end of each test, detail 

measurements of the erosion at many intervals around the 

bend were carried out. 

Tests on the second 1 in bend were carried out at 

an increased velocity and at a very dilute phase, WpIWf 

being 0.5. The flow conditions were again modified for the 

third and final 1 in bend. However, with this bend the air 

velocity and phase density were varied at appropriate 

intervals, as is evident by reference to Fig. 8.5. 

The 2 in bend was then tested and a total 100,000 lb 

alumina was circulated through the bend at a velocity of 

96 ft/s and a Wp/Wf value of 3.3. 
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The material used throughout all the tests was highly 

abrasive alumina powder having a mean particle diameter 

between 50 and 60 microns. Samples of the charge of 300 lb 

of alumina were taken at routine intervals throughout the 

tests, the change in particle shape as the tests progressed 

is shown in Plates 11 and 12. In addition to particle shape 

and particle size distribution, the "poured" and "drained" 

angle of repose and the bulk density of each sample were 

determined. 

~ Data Analysis 

The factors which influence the erosion rate of a 

surface may be expressed as follows:-

Erosion ~ ¢ (mass of particles, velocity of impinging particles, 

impingement angle, mechanical and physical 

properties of the abrasive particles and eroded 

body, bend geometry, bend orientation) (1) 

In order to establish a simple relationship which will define 

erosion, the above factors will be briefly examined. 

8.3.1 Erosion 

Previous researches have generally defined erosion 

as the volume of material removed or the weight loss per unit 

mass of eroding particles. It is the author's belief that 

industry, using pneumatic conveying to transport abrasive 

solids, is more concerned with the depth of wear in bends 

and pipe-lines, and the ability to be able to predict the 

location of the major wear points. Consequently, I have 

defined the mean wear rate w, as that quantity of powder 

which, when pneumatically conveyed around a 900 bend, 

results in unit depth of wear at the primary wear point. 
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Mass and Veloci~ cf Impinging Particles 

The mass of particles in the flowing suspension is 

important, due to the possible shielding action of particles 

which are in contact with the surface - this effect can best 

be defined by Wp/Wf. 

The erosion of a surface is often stated as being 

proportional to the (particle velocity)n, the exponent n 

being in the range 2 < n < 2.5 for ductile materials, whilst 

for brittle materials it can be much larger. The particle 

velocity is a parameter which industry particularly would 

experience much difficulty in measuring and so I will 

consider the velocity to be that of the superficial air. 

The particle velocity and air velocity for particles less 

than about 20 microns can reasonably be assumed equal and 

provided the particles are less than about 100 microns the 

error incurred from an industrial viewpoint should be 

acceptable. From the definition of mean wear rate, the bend 

erosion will be inversely proportional to vn. 
8.3.3 Angle of Particle Impingement, 8 

As illustrated in Fig. 8.1, the angle of impingement 

of particles has an important effect on the erosion rate. 

Very brittle materials are highly resistant to oblique 

impact and suffer most at high angles of incidence of the 

particle stream. For ductile materials the maximum erosion 

occurs at a relatively low angle of incidence. The perspex 

bends behaved in a ductile manner and the above definition 

of mean wear rate includes the value of e which produces 

maximum depth of wear. 

8.3.4 Properties of the Particles and Eroded Surface 

The particle size and Shape remained reasonably 
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unaffected during the tests, as can be seen from Table 8.2. 

Also, the material of the four test bends was the same for 

all the tests. Thus, any formula which does not include 

these parameters can only be used when the particles are 

similar to those used in these tests and the surface material 

has similar ductile properties. 

8.3.5 Bend Geometry and Orientation 

The formula developed is applicable to bends in a 

vertical-to-horizontal orientation having a square-section 

and a D/dp ratio of 20. Mehring90 states that values of 

D/~ > 24 are desirable when handling abrasive s - the 

implications of this statement, though reasonably true, are 

discussed later on in this report. 

8.3.6 Analysis of Experimental Results 

Within the restrictions imposed by the experimental 

work, equation (1) becomes:-

mean wear rate 
lIS ¢ (WPIWf' v, 

ab (WpIWf)m 
i.e. w -

~ 
(2) 

where 'a' is a constant depending upon the materials of the 

surface and particles and 'b' is a constant which defines the 

bend geometry D/dp • Thus comparing bends 1 and 2, equation 

(2) yields:-

;; en:$~;~r x [*T 
where suffix 1 prefers to bend 1 and suffix 2 to bend 2; 

similarly !.L = . f I X U r~1N f) Jm [ In 
W3 _ V1 f 3 VI J (h) 
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The particular test conditions and the graphs illustrated 

in Figs. 8.3 to 8.6 produced the results shown in Table 8.1, 

and substituting these values into equations (3) and (4) 

and solving for m and n we obtain:-

m = 1.36 and n = 2.25 
(VI /W ) 1.36 

i.e. w = ab v~·2~ (5) 

The constants 'a' and 'bl cancelled out in equations (3) 

and (4) since these equations were concerned with three 

bends of identicaJ. geometry, similar material and were eroded 

by similar particles. It must be remembered that the 

exponents m and n are time-dependent factors, as determined 

by the definition of mean wear rate. 

The product lab' can be evaluated by substituting the 

results of bend 1, bend 2 or bend 3 into equation (5) thus:-

, ab' = 7.13 x 108 if w is measured in Ib/in, and v in 

ft/s. 

So, eq~ation (5) becomes:-

8 (Wp'/W f) 1. 36 
w • ? .13 x 10 x 2 2, 

v • 
(6) 

Consider now the 2 in square-section bend, that is, 

bend 4. This bend has a D/C), value of 12, whilst equation (6) 

is based upon a D/C), value of 20. However, Mehring90 shows 

that the impact angle for bends with D/dp - 20 and D/~ - 12 

are very similar and so the erosion at their primary wear 

points may be assumed similar. Thus, substituting the values 

from Table 8.1 for bend 4 into equation (6), the left-hane side 

yields:-

8 (3.3)1.36 
7.13 x 10 x 2 25 • 126,000 Ib/in 

(96) • 
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this is the predicted moan wear rate at the primary wear 

point for bend 4. However, the actual mean wear rate, as 

determined from the graph shown in Fig. 8.6 is 128,000 lb/in. 

The close agreement justifies the author's belief that 

phase density, as defined by Wp/Wf' should be considered, as 

well as velocity, when considering bend erosion. 

If WP/Wf had been ignored and the relationship 

w a 1/vn assumed, the following results would have been 

obtained. 

(a) from W4 /W2 = (V2 /V4 )n; n = 4.0 

(b) from W4 /W3 ... (V3 /V4)n; n 1:1 2.1 

(c) from W4 /W I - (vl /v4 )n; n "" 2.5. 

The wide variation in n can be explained by comparing the 

corresponding WPIWf values, which show that the largest 

discrepancy in n, from the usually accepted values for 

ductile materials of between 2.0 and 2.5, occurs when the 

difference in phase density is large. For example, for 

case (a) above, (W /Wf ) • 3.3 whilst (W /Wf ) 1:1 0.5, thus 
p 4 P 2 

confirming that w is dependent upon WPIWf as well as upon v. 

8.3.2 Examination of the Mean Wear Rate Equation 

where I a l and fbi are constants for particular surface 

materials, particles and bend geometry, thus:-

(Wp/Wf)m 
wex - ~ 

(a) Considel v constant and WPIWf variable:-

(7) 

(i) as WpIWf ... 00, w-. 00, that is, no wear occurs 

for the flow conditions of maximum theoretical 

dense phase; 
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(ii) as Wp/Wf ~ 0, w ~ 0, that is, maximum erosion 

occurs when air only is flowing. The anomaly 

which these latter boundary conditions suggest, 

infers a minimum value of w at a critical 

value of WP/Wf, assuming a constant velocity 

condition; see Fig. 8.7. 

(b) Consider WpIWf constant and v variable; see 

Fig. 8.8:-

as v ... 0, w~ 00, that is, no wear; and 

as v ... 00, w ~ 0, that is, infinite wear. 

The observations represented in Figs. 8.7 and 8.8 may be 

integrated as follows:-

(i) For WpIWf > (WpIWf)critical' equation (7) is in 

the correct form, i.e. 
CWp/Wf)m 

wo -.? 

(ii) For WPIWf < (W /W ) equation (7) becomes& p f critical' ~ 

as WpIWf ... 0, then w -+ 00, that is, no wear for 

air only flowing. 

The latter relationship for w also infers that if 

WPIWf is very small (that is, verY dilute phase) then the 

erosion will be mjnjmal, since w will be large. 

8.4 Results and Discussions -
8.4.1 Erosion History for Bend 1 

8.4.1.1 Nature of the Flowing Suspension 

The superficial air velocity in this one inch bend was 

280 ft/s and the solids-to-air ratio was 3.3. 

8.4.1.2 Wear Development 

It can be seen by reference to Figs. 8.9 and 8.1; that 
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erosion first occurred 3.t a bend angle of 21°, whiGh very 

soon became the primary wear zone. The primary wear point 

did ultimately move to a bend angle of 220. After a certain 

depth of wear pocket had been achieved, the air-solid flow 

became deflected sufficiently to promote wear on the inside 

of the bend - this is evident by comparing the results for 

tests 5 and 16 shown in Fig. 8.9. The suspension was then 

deflected back to the outside of the bend and a secondary 

wear point developed at a bend angle of 76°. A small 

tertiary wear point was subsequently created at an angle of 

87°. The flow which deflected from these latter wear points 

would probably result in erosion of the horizontal pipe 

immediately down-stream from the bend. Fig. 8.3 illustrates 

that the depth of wear at the primary wear point increases 

rapidly until a particular depth of wear is achieved. This 

apparent limit to the depth of the wear pocket is possibly 

because the effective impingement angle of the particles had 

continually increased to over 80°. The perspex then behaved 

in a ductile manner so that the plastic deformation of the 

surface relieved any bigh stresses which could have induced 

surface fracture. In addition, the dynamic l~er of powder 

moving slow~ within the pocket protected the area from the 

direct impact of the solid particles. 

Fig. 8.3 also illustrates clearly that the depth of 

the secondary wear point increases quite dramatically once 

the primary wear point has been established. This is 

definite confirmation of severe deflection of the suspension 

by the primar,y pocket being required before the flow can 

"re-bound" from the inner surface with sufficient momentum 

to promote the severe secondary wear condition. 
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§.~.~2 !low Pattern 

The flow pattern during Test 1 is shown "in Fig. 8.17 

and immediately sugges'ts the location of the initial wear zone 

and that no wear on the inside of the bend is likely. Fig. 

8.18 shows the flow pattern, after the primary, secondary and 

tertiary wear pockets have become established, for the flow 

conditions Which had been maintained throughout these tests. 

It is quite evident that wear will eventually result on the 

inside of the bend at an angle of 800 to 900
, and that wear 

on the bottom of the horizontal pipe is probable. Fig. 8.19 

shows the effect of reducing the solids flowrate for the same 

superficial air velocity. The momentum of the "dusty air" 

flowing along the inside of the bend is now sufficient to 

deflect the suspension flowing from the primary wear pocket 

and so erosion of the inside of the bend would not occur 

for these flow conditions of 280 ftls and solids-to-air 

ratio of 2.6. 

Fig. 8.20 shows the flow pattern when the solids-to

air ratio is reduced still further to 1.8 for the same 

velocity. This very much more dilute phase confirms that 

no wear on the inside of the bend will occur for these flow 

conditions and bend geometry. However, the most remarkable 

feature is that it Shows that erosion of the bottom surface 

of the horizontal pipe will occur much further downstream. 

8.4.2 Erosion Histoty for Bend 2 

8.4.2.1 Nature of Flowing SUspension 

For the secoJ.d one inch bend the superficial air 

velocity was increased to 330 ftls and the solids-to-air 

ratio reduced dramatically to 0.5. 
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8.L!·,,2.2 !lear Deyelop:nent 

The very dilute phase and high velocity flow conditions 

resulted in remarkably high initial erosion rates at the 

primary and secondary wear pOints, as shown in Fig. 8.4. The 

characteristic "levelling-off" at a certain depth of wear at 

the primary zone was again evident. The bend angles defining 

the primary and secondary wear points were approximately 280 

and 800 respectively. The excessive depth of pocket at the 

primary point resulted in severe flow deflection which caused 

considerable wear of the inside bend and the corresponding 

deflection here resulted in the secondary wear point becoming 

almost "primary". The deflection from the secondary wear 

point induced considerable erosion along the bottom of the 

horizontal pipe, as shown in Fig. 8.14. ·rhe severity of 

bend erosion for these flow conditions is shown in Plate 13. 

The peak wear of the inside of the bend occurred at a bend 

angle of about 450
• 

8.4.3 Erosion History for Bend 2 
8.4.3. -, Nature of the Flowing Suspension and Wear Development 

The initial flow conditions for the third and final 

one inch bend were 290 ft/s air velocity with a sOlids-to-air 

ratio of 3.8. After ten tests, represented on Fig. 8.5 by 

point A, the solids-to-air ratio was reduced to 0.5 whilst 

the air velocity was kept at 290 ft/s. The wear at the 

primary point, having previously approached its limiting 

v-alue, began to increase again until it achieved its ultimate 

depth of wear for the particular flow conditions. The flow 

conditions were again modified after test 13, point B on 

Fi~. 8.5, to an air velocity of 330 ft/s whilst the solids

to-air ratio remained at 0.5. A sudden increase in~~th of 
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wear at the primary point again occurred, until finally the 

third "levelling-off" characteristic was achieved. 

The seoondary wear point showed little erosion until 

after the primary wear pocket had been established, this 

being in close agreement with bend 1. However, the secondary 

wear point increased very rapidly after the tenth test and 

was seemingly unaffected by the various modifications to the 

flow oonditions. The dramatio wear here was such that it 

ultimately exceeded the primary wear depth, as illustrated 

in Figs. 8.5 and 8.11 and Plate 14. 

The bend angles definjng the primary and secondary 

wear points are approximately 260 and 760 respectively. 

The peak wear on the inside ot the bend occurred at 41°, 

which is in tair~ close agreement with bends 1 and 2. 

Pig. 8.11 illustrates the secondar,y and tertiary wear 

points developed atter test 13, as experienced with bend 1. 

However, for bend 3 the secondary and tertiary wear points 

became one oomplete wear zone following further excessive 

erosion. 

8.4.4 ~sion H1sto;r tor Bend 4 

8,4.4.1 Nature of the Flowing Suspension 

~s was the onl1 2 inch square-section bend which was 

tested, the flow conditions prevailing throughout being 

96 tt/s air velocit,y with a 8olids-to-air ratio ot ,.,. 

8.4,4,2 Wear DeveloPIIRt 

Wear 0Dq beeam_ evident after eeveral thousand lb 

of al~iD. ha4 be. cOD~ed uouD4 tu beD4. '!he firat 

indicatiOD ot weu ocoUZ'N4 at a bend aale ot 1,,0 ad this 

beoame the prtmar.1 wear point tor the whole aeries ot testa. 

The initial wear pattern was charao~erised by several peaks 

- 272 -



across the 2 inch wide section, extending in the direction of 

flovy. These triangular wear peaks were more severe along a 

1 inch wide central zone, although they ultimately became 

moderately uniform across the full 2 inch wide section. The 

conveying rate of the 240 mesh alumina was 30 lb/min and a 

total of 100,000 of powder was transported around the bend. 

Fig. 8.6 shows an initial rapid erosion rate, followed 

by a limiting depth of wear at the primary wear point, thus 

confirming that "scale-up" does not destroy the information 

acquired from the one inch bend tests. Fig. 8.12 shows no 

definite secondary wear point, the erosion after the primary 

wear point being characterised by a regular series of small 

peaks, as confirmed by Fig. 8.16. It is probable that these 

peaks would eventually merge and a definite secondary wear 

point develop at a bend angle of approximately 700 to 750
• 

8.4.4., Flow Pattern -
The flow patterns were very similar to those for bend 

1 as represented by Figs. 8.17 and 8.20. The essential 

difference, compared with Fig. 8.17, was that an even greater 

proportion of the solids was concentrated within a small area 

along the outside of the bend. After the peaks had developed 

around the outside of the bend, powder issued from these very 

small pockets as dense IIjets" of deflected powder. The 

momentum of these jets was not sufficient to "penetrate" 

the dusty air flow occupying the inner area of the bend. 

These denser streams of powder were then re-directed to the 

outside of the bend which explains the "bouncing" flow that 

produced the series of wear points extending around the bend. 

8.4.4.4 Pressure Loss 

The pressure drop around the bend after test 7 was 
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6.5 in water, when the depth of wear at the primary point 

was 0.20 in. An increase in the depth of wear to 0.43 in, 

produced a pressure drop of 7.0 in water, which is an 

increase of almost 8% in the pressure drop. 

8.4.5 Powder Property Determinations 

Table 8.2 illustrates the properties of a few of the 

many samples of powder taken throughout the tests. 

The design of the apparatus required the initial 

charge of 300 lb of alumina powder to be continuously re

circulated throughout the tests. In order to analyse the 

quantitative measurements with some confidence, it was 

essential to know the nature of the powder at all stages. 

Plates 11 and 12 show that the same "blocky" but sharp-edged 

particle shape is retained even after over 24,000 lb of 

powder had been conveyed around the three one-inch test bends. 

Degradation of the particles is evident and the increasing 

proportion of fines accounts for the powder becoming more 

cohesive. The final sample shown above has achieved its 

ultimate form, it has still retained its "blocky" shape but 

the corners have been "rounded-off". This situation only 

arose after a further 100,000 lb of powder had been circulated 

and the reduction in erosive potential of these particles 

was avoided in the data ana~sis. 

8.4.6 Relevance to Indust;r 

Wear rates for sand in an industrial plant for a 4 

inch nominal bore, 900 mild steel bend of 4 ft 6 in radius, 

were 300 tons/in for a non-pocketed bend and 1700 tons/in 

for a pocketed bend91 • Thus "pocketing" appears to increase 

the wear resistance of mild steel which confirms the 

observations of the present investigation. The probable 
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expJanation is that the mild steel behaves in a ductile 

manner, as did the perspex bends, and suffers severe erosion 

at small angles of impingement. However, when the "pocket" 

has been formed the impingement angle has increased to between 

800 and 90° and the increase i:;). resistance to erosion is now 

partly due to the plastic deformation of tho mild steel, 

which is no longer suffering the cutting-action associated 

with low impingement angles. Also, the pocket now contains a 

dynamic l~er of powder which protects the bend from the direct 

impact of particles - this layer changes its identity 

continuously. 

A conventional bend design used to avoid plant shut

down due to bend wear is to reinforce the outside of the 

bend with a mild-steel channel backing filled with a suitable 

concrete. Plate 1691 is a radiograph of such a bend and it 

clearly shows a primary wear pocket developing in precisely 

the same manner as for the perspex bend-tests. 

Some proprietary bends utilize the "pocket" to 

m;njmi~e wear in that the bends contain a shaped recess in 

which material collects and the material which follows 

impinges on the collected material rather than on the material 

of the bend. These bends are generally of very small radius 

and cause a high pressure loss, thus reducing the efficiency 

of material transfer. 

~ Conclusio~ 

The erosion resistance of different materials changes 

as the angle of impingement changes. When the pa:::-ticles are 

harder than the bend material, rapid erosion of the bend occurs 

at low angles if impingement - 150 to 30°. The rate of wear 

at this primary wear point decreases as the impact angle 
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increases, Ullt.;i 1. no llLCCAi:luro.ble further increase in erosion 

occurs for impact angles between 800 and 900
• The change 

in flow pattern induced by the developed pocket can result 

in erosion of the inside surface over an area of 300 to 

600 bend angle, the peak wear occurring at approximately 400 

to 450
• A secondary wear zone gradually develops on the 

outside surface and the peak wear occurs at a bend angle of 

about 750
• This secondary wear point can exceed the magnitude 

of the primary wear point. 

The deflecting flow phenomenon illustrates the necessity 

for choosing the bend geometry, defined by D/dp ' with caution. 

If D/~ was excessive, for example, a radius of curvature of 

20 ft for a 4 in. bore pipe, that is D/~ = 120, then the 

air-solid flow would be deflected many times as it passed 

around the bend and so prediction of the wear points would 

become impossible. The accurate prediction of major wear 

points for relatively long-radius bends is important for the 

economic protection of such bends with replaceable backing

pieces and so on. Thus, rememberin€, that sharp-bends and 

elbows produce large pressure-drops, then a compromise is 

the obvious solution when handling abrasive materials. 

Prediction of wear points is complicated by air velocity and 

solid-to-air ratio, however, for a bend of geometry 

approximating to D/~ = 20, it is feasible to deduce a 

narrow range of bend angle wi thin which severe wear will 

occur. 

The analysis of the experimental data yielded the 

following equations:-
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(i) for a norllldl dilute-phase conveying system:

(w ;W )1.36 

w ex v~.2g 

(ii) for a very dilute-phase conveying system:-

1 
w ex -CW-;W--) ... 1-.-36-

x
-

v
'""!l1 .... -2-5 

p f 
• 

These equations refer to the erosion at the primary wear 

point only and for 900 bends in a vertical-to-horizontal 

orientation - they are also restricted by the other limitations 

imposed by the experimental apparatus. However, when many 

more powders and bends have been investigated it should be 

possible to obtain a general equation which defines the 

powder as well as the flow conditions. The analysis 

emphasises that the solids-to-air ratio must be considered, 

in addition to velocity, when evaluating bend erosion. This 

theory is confirmed by Mehring90 who states that records 

from numerous industrial plants indicate that the rate of 

wear is dependent upon material-to-air ratio and upon 

velocity - the wear decreasing with increased material-to-air 

ratio in accordance with the equations derived here. 

The author is currently negotiating with the National 

Research Development Corporation for the development of an 

erosion resistant bend, which consists mainly of brittle 

material with a ductile or resilient material in appropriate 

positions. 
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Table 8.1 

Flow Conditions and Mean Wear R~tes for the Four Bends 

Bend number 1 2 3 4 

Mean wear rate lb/in 11,400 910 12,400 128,000 

Air velocitr,y ft/s 280 330 290 96 

Wp/Wf lb/lb 3.3 0.5 3.8 3.3 

Table 8.2 

Powder Properties 

Sample Sample Sample 
New taken at taken at taken at 

Powder sample end of end of end of Powder tests on tests on tests on 
bend 1 bend. 3 bend 4 

Mean particle 
diameter, microns 60 60 55 50 

Particle shape Fig. 8 Fig. 9 Fig. 10 Fig. 11 

"Poured" angle 
of repose, degrees 33 36 36 30 

"Drained" angle 
of repose, degrees 36 65 65 55 

Degree of 
cohesiveness 3 29 29 25 

Minimum bulk 
densi ty, lb/ft 3 103 103 106 132 

Maxj mum bulk 
density, Ib/:tt 3 121 123 129 144 
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8.6 Suggestj.ons for Further Work 

The industrial implications alone justify an 

extensive programme of research into the erosion of bends 

being implemented. It is suggested that a rig should be 

designed solely for bend wear tests and which would be 

capable of almost continuous operation on a 24 hour basis. 

As a result, measurable depths of wear will be obtained 

quickly and the necessarily repetitive nature of such 

experiments relieved of a certain amount of tediousness. 

It would be of little value to pursue a programme of 

accelerated wear tests, effected by using very high particle 

velocities, and it is recommended that particle velocities, 

phase densities, particle and bend materials only be selected 

after a survey of industrial practice. A useful course of 

study, based upon 90 degree bends only, would necessitate 

variation of the following system parameters:-

(i) The solid particles: varied in terms of hardness, 

strength, particle shape and size; these being 

some of the more important physical properties. 

(ii) The bend material: varied in terms of ductility, 

brittleness and resilience. 

(iii) Bend geometry: varied in terms of the ratio of 

the radius of curvature to the radius of the pipe; 

preferably using pipes of circular cross-section 

and at least two inches diameter. 

(iv) Bend orientation: the lead-in pipes must be 

accurately aligned and be varied to have 

horizontal-to-horizontal, horizontal-to-vertical, 

and vertical-to-horizontal situations. 
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are:-

TYpical measurements and observations to be recorded 

(a) Solids-to-air ratio, WP/Wf: if possible this 

should be varied from very dilute phase to dense 

phase, a most interesting range would be 

100 > WP/Wf > 0.5. 

(b) Particle velocity: this can be satisfactorily 

replaced by the superficial air velocity for very 

fine particles in a dilute-phase system. In a 

dense phase suspension or with coarse particles 

the problem of particle velocity evaluation 

becomes more complex. 

(c) Angle of particle impingement. 

(d) Depth of wear at several stations around the bend. 

(e) Flow pattern for the different flow conditions and 

the effect of an eroded surface upon flow 

behaviour. 

(f) Temperature of the bend material near to important 

impact points. 

(g) Pressure drop around the bends and the effect of 

erosion, particularly for the case of a 

reinforced bend in which a wear pocket has 

developed, upon the magnitude of the pressure 

differential. 

(h) Determination of the particle size and shape at 

frequent intervals; particularly important if the 

solids have to be re-circulated. It would be 

advantageous for at least part of the investigation 

to use powder on a once-through basis. 

It is evident that some of the above suggestions 
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require visual observation of the two-phase flow, however, 

bends manufactured from mild steel, linatex (a resilient 

material), basalt and so on must be tested. The use of 

radiographic techniques to determine wear patteITIS and 

depths of wear would thus be necessary. 

The aim of such an investigation would be to produce 

an all-embracing equation which would enable bend wear rate 

to be predicted. An essential requirement would be to 

examine the laboratory investigations by carrying-out a 

series of carefully planned erosion experiments in an 

industrial environment. 
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plate 9: Progressive Wea r. 





Plate 9: Progressive weq r. 



Plate I Q, 





Plate 10. 



240 mesh: after bend I tests. 

Plate II: new alumina , 





240 mesh: after bend I tests. 

Plate II'. new alumina! 



240 mesh: after bend 3 tests. 

plate 12: ultimate particle shg~e. 





240 mesh: after bend 3 tests. 

Plate 12: ultimate particle shape. 
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Q,hapter 9. Conclusion.§. 

These final conclusions are intended to be general and 

for more specific deductions the reader is referred to sections 

5.6, 6.6, 7.6 and 8.5 in which observations are advanced 

concerning investigations related to the particular chapter. 

It may be concluded that a useful test rig has been 

developed for two-phase gas-solid circulation which has the 

advantage of versatility in the extent of projected investiga

tions. This flexibility was demonstrated during the preoent 

work by the diversity of studies into different sized particles 

flowing through vertical and horizontal pipes, and around bends 

of varying geometry, in addition to an examj nation of the 

mechanism of bend erosion by impinging abrasive particles. 

~e long-term usefulness of the equipment is well illustrated 

by the recent minor adaptations which have provided the 

facility for a comprehensive programme of work relating to the 

heat transfer characteristics of flowing gas-solid suspensions. 

The suppression of turbulence by very fine particles was 

evident from many of the experimental results, this phenomenon 

being particularly stressed in that part of the work concerned 

with flow through vertical pipes. The investigations reported 

for suspension flow through the horizontal duct immediately 

following a 900 bend indiCated the importance of location of 

static pressure tappings, on account of the influence of the 

bend resulting in a deviating flow in the downstream straight 

section. The proximity of "choking" in vertical ducts, with 

particles descending up to four feet before being arrested and 

subsequently re-conveyed, and "saltation" in horizontal ducts, 

with the fast-moving particles above the slowly moving bed of 
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deposited material. 00UtinUally disturbing the upper layer 

of the bed, were observed visually through the transparent 

test-sections .. 

The pressure loss experiments for different bends 

revealed deviating flow with fine particles as well as large 

particles, and the unusual pressure distribution within the 

bend was satisfactorily explained by noting the dynamic 

pressure contribution to the static pressure reading, which 

resulted from impingement of the solid particles on the bend 

wall. The results suggested that a valuable correlation 

procedure for gas-solid flow in bends may exist in the 

functional relationship between a related coefficient of 

resistance, ~bS/().pi, and an extended Reynolds' number, Re/fJ2. 

The final series of experiments were ooncerned with bend 

erosion and they provided an explanation of the mechanism of 

bend erosion which should have some industrial potential. 

The tests facilitated the prediction of major wear points and 

analysis of the experimental data yielded an equation which 

expressed wear rate in terms of the superficial air velocity 

and, for the first time, the phase density as defined by 

WpIWf • 

The vast number of experimental results have been too 

great to allow an exhaustive treatise to be presented in this 

thesis. It has been mentioned previous~ that these further 

results will subsequently be submitted for publication else-

where. 

The project has stimulated the author to propose several 

further studies in the general field of pneumatic transportation, 

these suggestions appear in sections 5.7, 6.7, 7.7 and 8.6. 
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The computer programs used in this work are w.cluded 

for reference. Section A.1.1 refers to the pitot-tube 

traverse calculations discussed in Chapter 4 (section 4.3.3). 

The program in section A.1.2 evaluates all the basic flow 

parameters, dimensionless groups and pressure differentials 

required for the present study. The programming was carried 

out on an Elliot 803 computer which has a relatively small 

storage capacity and it was not possible to run the entirs 

program in one sequence. This difficulty was resolved by 

selecting part of the program to evalua.te the basic flow 

data and pressure drops, whilst another combination of 

program tapes ascertained the required dimensionless parameters" 

Section A.1.3 contains the pre-data information which 

provides the essential flexibility necessary for efficient 

operation of a lengthy computer program. 
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PITOT TRAVEHSE ' 

BE~IN 

I NTEGER DATE,TEST, I, J,K,II,JJ,KK.D IA,L,LL,SPACE , 
RA 0, i1: 1'1:'1, N, N N: N2 '. . . . 

- -
REAL ARRAY H(1:50),V(1:50 ) ,RD(1:50 ), RO (1:50),ML(1:50),T(1 :50)' 

S 1I11 Te H S: = S 1 ,S 2 ' 

--
PROCEDURE XSPACE(M), 
I NTEGER M' 

BE(l IN 
IF Mn5-SPACE THEN 
. BE4 IN 
PR I i 'T.CCL ? 1 ' 
SPAC '- : = SPACf.+1 ' 
END SPACE' 
END XSPACE ' 

S1:SPACE : =1 ' 

READ TEsr,DATE,DIA,AP,RT, EN01S,P1 Lp P1R.P109Z,P109,X, HZ· 

PA:-(11~6oAP+(P1L-PiR)/2·54) u 5· 19 2' 
R: =960 0' . 
P10: :::P10L-P1 o'R , 
P109.= ( P109-P109Z }eO·2304 ' 
NN :=DIA/O·1+1 -
f\i2: ~ Ni' /2 -r O .. 5 
P {NT £LL8?DATE£S1??,SM·1ELI NE, DATE, _. 
C~L?TEST NO?,SAME[INE ££S~ ?7,DI'-lITS(J),TEST. 
£CL?PIPE DIA ?,SAt1ELlfJE,DI~ITS(2),OIA, 
SAMEL INE,£ ·I CHES?, . " _ 
.C1:L.?ATMOS PRES£SJ 7?,SM1EL I NE,ALl<.; 'ED(2,2) AP.SI\MEL I NE,C I N HC1? t 
££L?ROOM TEMP£S41?, L I ~ NE 8(2,1)j AMELINE ,RT, , . 
SAME. I tE,£DE~ C?I 

- 304 -



FOR 1: =1 STEP 1 UNTIL NN-1 DO 
. BE~IN 

READ t1L(!)' 

!f DIA~2'THEN T(I): :273.9+2402- C-g -65+0.925oMLC! » +RT ' 
If DIA=J THEN T(I) : =273.9+24.2~{- .55+ ML (I»+Rt ! 
" . . 
RO(I): :PA/{RoT(I»' 

. EN D t-) L' . 

TEMP:=O' 

FOR 1:=1 STEP 1 UNTIL NN-1 DO 
. B £~ IN 

REA D H(l)' 
H(I): =H(I)-HZ' 
TEI'I?: =TEMP+T( 1 ) • 
V( I): =SQRT (ABS(4020oXeH( I)/RO(I»}' 
RD(i ): = DIA/2-Q.1 ~ (I -·I)' . 

. EN D· REA D . 

'/(NN): V( -I)' 
RD (NN):::- O!A/2' 
RO ( ~N ): -R O(NN- 1)' 
T(NN):=T(NN-1)' 

TEMP: ~ TEMP/(NN-1)' 

A: ;.B : =C: =O: =O' 

fOR 1: =2 STEP 1 UNTIL N2 DO 
·8E~ IN . 

A:::A+RD(J ) oV(I) ' 
C:::C+RO( I) RD(! ) V(l)' 

END ·AC' · . 
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FOR 1:=N2 STEP 1 UNTIL NN-1 DO 
'B E~ J N . 

8:=8+ RD( I) eV(l)' 
0: =O +R O( I ) eR O( I ) aV( I ) , 

END . SO f . . 

B: = B+RD(NN) oV(NN ) QOo2/2 +R D(N N) V(NN) . OaB / 2+RD(NN 1)oV(NN-1j~i-o~ 1j' 

D: =O+R O(N N) eR D( NN) V( NN ) O.5-0 . 1. RO(NN-1) oR O( NN-1) V( NN-1 )' 

ROE : = (C-D) . 14.4/(1~61 ~DIA .DIA.(A-B»' 

.. 
MU:= (7· 46+0.01 8o (TEMP-JOO ») oO·0001' 

RE :=5 ~ ROE.(A-B ) DIA/(22050MU) ' 

E:=J.142 $DJA - OIA/4' 
. . 

PRI NT ££L2?DIOTS£S8?? , S. I1ELINE~AL.IC1NE D(2 ,2 ) ,D!OTS, 
££l?AV DENS ITY£S5??,SANEL INE. AL I GNE D (O ,4 ),~OE , £L8/CU FT?, 
££L?VI SCOSITY£S6? ? ,SAMEL INE, ALIG NEO(O.6 ) ,MU, . 
££L?R£YNOLBS N01,SA ME LI NE,A LIG NED (6. 0 ) ,RE , 
££L2? ORIFICE PD£SJ??,SAMEl. INE, AL IG NEO(2 , 2) ,P1 09 ,£JN. WATER ?» 
££L27AV 'VELOCITY£S 1?,SAtEL INE,ALIG NE O(J,1),(A-B) /( 2 E ) ~£fT/ Sls 
££L27VEL A£S7??,SAMELINE,AlI C1NEO(],1 ) ,A/ E.£FT/ S7 , 
££L?VEL B£S7? ?,SAMEL INE, ALIG NE D(),1),-B/ E,£ FT/ S?, 
££L2?MASS FLOW ? ,SAMEL J NE~ALIG NED(4 '3), ( C-D) / 460 . 0,£L8/S?, 
££L2?MF A ? SAMELI NE,A L IC1NEO(4'3),C/230.0, ~LB/ S ?, 
£CL?MF B ?,SA MELI NE 1 AL IGNED(4 '3) i-O/2JO-O ,£L3/S7 , 

PHINT££L)? 
RA D VEL VELoRA D TEM P ROE?' 

FOR 1 :=1 STEP 1 UNTIL NN DO 
· 8E~ IN '. 

PRIN T AL l ~NED( 1,1),RD(1),SAMEL J NE.ALlGNEO (5 , 11tV'I) ,l L l~NED ( 5 ,2 ) . 
V{i) RD(1~pALI~NED(711),T(! ) F ALl~NED(2,4),RO{I) . . 
XSPACE(l)· . . . 
EN D PRlNT ' 
(, OTO S1' . 
EN D' 
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MASONVENABLES PNEUCURVE A' 

BEClIN 

INTE~ER DATE.TESToPOWDER, I,J pK ,lI,JJ ,KK, DIA.L ~ LL, 3PACE, 
RAO,M,MM,N,NN, U ,V,W,POW,WW,WX,WY~IA , IS,IC' 

REAL R, AP,RT,P1,P1Z,P2,P2Z ,P), P)Z,P4 ,P4Z,p"14, W,T,P1R,P1L 
P10R~P10L,P109,P109Z,PA ,P10,MS , MA.MAF.MAO,MR,KOPP,ROE,VEL,VELF~VELO. 
MU, RE, ENOTS, FR, SLOPE 1, SLOPE2, SI~OPEJ' A, B, C ~ 0, E, P~S, PAce, PO, LA ~lD., , 
ROES,PT,PO,DIAS,ES,ESW,FN,A1,A2,AJ,A4,A5,A6,A7,B1,82,BJ,B~,B5 ~8 6,B7' 

READ IA ,IS, IC' 

BEGIN 
. INTEGER ARRAY WZ (1:12)' 

REA L ARRAY PN(1: IA),X(1: IB,1: IC),MAV(1:2,1: "IS),ORIF(1:15), 
PRO(1:12,1:15).AJR(1:15)! . . 

PROCEDURE XSPACE( LI NES,TRIGGER ), 
INTE~ER LINES,TRJ~~ER' . 

BEG IN 
IF TRIG~ER=LINESoSP.CE THEN 

BEG IN 
PHINT££L1?' 
SPACE:::: SPACE+1' 
END SPACE' 
END XSPACE' 

PROCEDURE XYPRINT(X.M,N)' 
1 NTEG ER ~1, N' . 
R[AL ARRAY X· 

BEGIN 
P R 1 NT £ £1;..3 1? ' . 
FOR J:=M STEP 1 UNTIL N DO 
PRINT ALl~NED(J.2),5AMELJ NE,X (30,J)' 
PRINT ££~2?1' . 
SPACE:=1 ' . 
FOR 1:=12 STEP 1 UNTIL 29 DO 

'8£~JN 
PR I NT £el:.??' 
FOR J: ~ M STEP 1 UN TI L N DO 
PR INT ALJ~NED(2 .3)pSAMELINE9X( I,J)/X (54,J)· 
XSPACC( 3;1-11)' ' . 
EN D 29~ 
PRINT ££L??' 
~PACE:=1t 
FOR I : =31 STEP 1 UNTIL 48 DO 

. 8Eq1 N 
PR INT ££1;.?1° 
FOR J ·.-:M STEP 1 HJTIL N DO 
PR INT ALl 4J ED{2,J)u SM1 ELJNE, (1"J)!X(54,.J) e 
XSPACE(3 ;1-30) , . 
END 48 
E.ND XYPRINT ' 
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PROCEDURE XPRINT (X ,M,N ) ' 
! NTEC:lER 1~&N ' . 

EA L ARRAY X' 
BE~IN 

PR 1 NT ££1:.) '; 1' , 
FOR J:~M STEP 1 UNTIL N DO 
P~lNT ALIQNED()t2}, SAIELINE,X(JO,J) ' 
PR i NT ££l:.2?1 ' . , -
SPACE: :::,) , 
fOR 1: ~ 1 2 STEP 1 UNT i L 29 DO 

' BEGI N 
PR! NT ££L?? ' 
FOR J:::M STEP 1 UNTJ L I~ DO 

f'l NT AI .. i(~t 'E D ( ~. 2 ) • SAt1EL I NEt X (1, J) , 
XSP CE (3 ~ !-11) " 
El lD 29 1 . 
PRI NT £eL?? ' 
• PACE: ::: '1 ' 
rOR 1: =31 STEP 1 UNTIL 48 00 

' BE41N 
PR INT £:£1.:. 11' 
FOR J: =M STEP 1 UNTiL N DO 
PHINT ALIGNED(3,2 ) ~SAI1ELJ NE"X (I,J)' 
.xf.~PAC~\ 3, 1-) 0 ) , , . , 
E~ ID 40 ' 
END XPR I NT ' 

PROCEDURE ROCURVES (X pY,M,N }' 
REAL ARR Y Xl/'l' 

NTEGER M)N' 
8EG IN 

ltlTt:(1E R I"J' 
f OR I:~1'STEP 1 UNTIL N DO 

8 E~ JN 
n ',AD X{ I) , 
~'0R J: ~ 1 STEP 1 UN T1 L M DO 
, .r:: D Y(J, l) ' 
!:-: NO· . 
SNO RDC URVES' 
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p, OCEDURE INPOLCURVES(X,YtM.N,XX~YY)' 
H£.l.L ARRAY-X,y' 
JNTEqER M,N' 
'~!:::AL XXi) yy' 

8 .... ~IN 
INTE~EH l' 
'OR 1 : ~ 1 'STEP 1 UNT IL N-1 00 
IF X~I) LESSEQ XX AND X(I+1) GR XX THEN 
YY:~ Y( MpJ) +( Y(M pl+1)-Y(Mpl») (XX-X(1»j(X(J+1) -X(I»' 
i::t-ID 1 NPOLCWRVES' . . . . . 

BE(1IN 
{tAL P0W240, POIJ/:;20 . POW500D orp? LENV ~ LENC, L i.:: NH~ J PS I, I PSI'l} j PSC ' 
,:W 1 reB S: .::::S1 /I 52,5 J, 54, S5, s6~ 57, s8 ~ 5 9 ~ S1 00 S11 • 5-12, S·, J f S1 4, S15. 
81 IS • s 'J 7 ' s 1 0 ' 
RDCUR VE (ORIF,MAV,2,1S )' 
Ht::AD WX, W, . 
FOR 1: =1 STEP 1 UNT IL WX DO 

READ viZ ( J ) I • 

ROCURVES(AIR~PRO,WX,)' 
S1 0~READ P0 '2 ODPOW)2Q,PO 1500' 
~1: REAO TEST,DATE ,DIA' 
IF TEST LESS 100 THEN 

R~A D AP,RT.POWDER~ 
IF TEST ~R 100 THEN 

REA D RT,AP,POWOER' 
SPACE: I;'; 0 

: ..,1 2 

PI InT £CL81DATE£SJ??SAMEUN£p DATE~ 
U':L '?T~S'f NO?,SM1 :.LINE,££S5?? OJC.;lTS { ; ),1'eST t 

£ CL?P IPE DIA 7jSAMELINEoDJ~lrS(2),D lA, 
SAI'1EL! NE. f:· INCHES? 1 • ..' 

fi..L'!POWDFR MESH71t 01 ~J TS( 4 ), SAME!... l NE, POlWER , 
~CL1AT 109 PRES£S3?',5AIELINE,AL 1 ~NED (2,2) A?»SAMEL 1NE,£ lN ~' G? 
~£L1 ROOM TEMP£S4?1 ~ALj~NE8 ( 2 t1)6 SAMELI NE ,RT, 
~AMCL I NE ~£~E~ C1 w . . • 
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IF TEST LESS 100 THEN 
HE~ IN 

RAD:=O' . 

JJ:=1' 
FOR J:=1 STEP 1 UNT JL 30 DO 
FOR 1 :~1 STEP 1 UNTIL 18 DO 

'BE~lN 
READ PN(dJ )' 
IF I NOTEQ 1 THEN ~OTO S3' 
KK: ~CHECKR(PN(JJ»' 
IF KK=19191 THEN N:~J-1 'ELSE ~OTO 53' 
~OTO 52 ' 
8J : J J: =JJ-}1 • 
no REA D' 
END T£S T LE SS 100' 

IF TEST GR 100 THEN 
8E(1 1N 

RE~D HAD' L.AMDA' 
P i t,IT 
££L1R.DIUS?oSAMELINE,££S6??DIGITS(J ). RAD,£ INCHES?, 
ttL LA lDA?, SAf1EL I NEt c£.~S7?? ~ AL I ~ JED( J. 0) ,LAMDA' 

.J,j·=1 ' 
FOR J :-1 STEP 1 UN TIL 20 DO 
rOR 1:=1 STEP 1 UNTI L 48 DO 

' BEG IN 
READ PN ( dJ ) • 
IF 1 N0TEQ 1 THEN ~OTO SS ' 
K': ~PN (JJ)' , 
IF 10<=19191 'rHEN N: lUJ-2 ELSE C,OTO SS 0 

~OTO S2' 
S5:JJ:::: J J+1 Q 

END HEAD' 
EN D TEST ~R 100 ' 
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S2 :FOR J: ~ 1 STEP 1 UNTIL N DO 
BEGfIN 

!F TEST ~ ESSEQ 20 THEN 
8E~lN 

, j'; ; - '18 (J -1 ) f 

~ (1,J):=MS: wPN ( JJ+1)' 
X(JO,J ): =KOPP : =P N(JJ+2 )' 
P1l : r:;P N( .JJ+ 4 ~' 
1'1: ==P i ( JJ4-5 ) 
?2Z ::::?N(JJ-l-6 ) 1 

P2: =PN( JJ+-n • 
PJZ : =P N(J ,J+8) , 
p).~PN (JJ+9)' -
P4Z::r.PN{dJ+10l' 
P4: : PN (JJ+1 1 } 
[>1 U :.::P N( ,J ';'~'1 2) , 
rJ1 R; =P N( .. IJ+1] ) , 
P'!OL: ::;PN( JJ+14) • 
P') ' R::::P 'JJ+15)' 
P1t9Z: NPN( JJ+16)' 
p 09:t:P~,{JJ+11 )' 
t1V: PN ( J .1';'18 ) 

G,OTO 57' 
EN D a 20' 

IF TEST LESS 100 THEN 
BE(1 IN 

X(1,J ) ::HS: oPN'J )' 
P1Z :=PN(N O )'J~ 
P1::cPN(N 4+J) 
X( 30 J)~ uKOPP:=PN(N+J)O 
122: P '( N 05+J~ ' 
P2: -'PN( No 6+.J) 
P.3Z: P N"'7+Jr 
PJ:: &PN( l'~ o8+J) 
P 4l : n P N N G 9 + J) , 
P 1.1; ~p I ( N 1 O.l('J ) t , 

P'j L:-P ( '~ 11+.J)· 
P1R : :sPN( N1>12'''J ) I 

P10L :~PN(N ' 1J+J)' 
! '! R:=PN(N 14+,} )Q 
P1 92.~PN(Nn15+J)· 
P109:=PN~N 16+J)' 
n v; ;:p N ( N "'j 7't'J) I 

~OTU S7' 
EdD 21 99' 
GOTO 54' 

S7 : 

iF DIAD1 THEJ BE~I N 
MV.~-O~H 5+0091.MV· 

3LOPE1:~SLOPE2: 1~ 
L:::. t]' 

~ (1 1, J): ~ PD:~ABS(r,+p2-p1Z-P2Z) SLOPE1 ' 

EN D l' 
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IF D1A =2 THEN BE~IN 
. MV:~-O.425+0a925 0MV· 

L: =4 ' 
IF TEST LESS 7 THEN BEqlN 

SLOPE1 : :sO. oa 75 <02.5·4' 
SLOPE2: ~Oo1J98 02· 54' 
SLOPE3:=O. 0604e2~ 54' 
X( '11, J ) : ~P D: :II (p1- P1 Z) SLOPE'I +(P2-P2Z) -SLOPE)' 
END TEST6' 

IF TEST qR 6 THEN BE~ IN 
SLOPE1: ; O.0075-2·54' 
SLOPE2 : ~O&210 ~ 2·54· 
X(11,J): =PD: =(P1 +P2-P1Z-P2Z ) oSLOPE1' 
END TEST7' 

END 2' 

IF DIA ~ J THEN BEGIN 
'MV::a-O"55+MV ' 

5 I OPE1: =O. 032S.2054' 
SLOPE2: ~O 0604 0 2.54' 

L:=2' 
X(11,J): = PD: ~ (P1-P1Z ) . SLOPE1' 

END J' 

~OTO 56 ' 

S4:1F TEST ~R 100 THEN 
. BE(1 1N 

KI< :::s29., J' 
X( 1,J}: ~ MS:=PN(KK+1 )~ 
X( JO,J):=KOPP:=PN (KK+ 2), 
p·t Z ::.:PN (12) • 
F1: ::PN ( KK+'12 ) I 

P21-: :::PN( 13) , 
P2 : =PN (KK+1J)' 
PJZo::PN (14), 
PJ.:;PN (KK+14), 
f'1L o cPN( KK{'8 ) t 

P : ::tPN(KK<}9 )' 
'I 0 L : := PI (K K + 6 ) , 
10R: :::PN (KK+7 ), 

P109Z: :,'N ( KK+4 ) , 
P109~=PN(Ki\+ 5 l~ 
1V: =PN (Ki\+ 10 ) 

FOR 1: "1 STEP 1 UNT!L UK D 
IF WZ(l) =O lA+RAD THEN WW .m!' 
H V: :0; - PRO ( \~ I;) , 1 ) -.I-PRO ( V l.J , 2 ) (t rW ' 
SLOPE1==2-S4.PR D(WW ,3) , 
IF DIA - J THEN L :~2 ELSE :=4 0 

IF OI A=3 THEN PD :'ABS(P2 P2Z-P3~PJZ)&SLOPE 1 
. . ELSE po: ="ABS(?1 P1 Z-P3+PJZ ) s or£::1 \ 
X( 11.J ) :=P O' . 
(lO TO 56' 
e m TEST ~R 100 0 
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S6 :1 F TEST LESSEQ 62 THEN A: -O.787' 
IF TEST ~REQ 63 THEN A: =Qo2305 ' 
IF TEST ~REQ 201 THEN A: - O.2~93 ~ 
IF TEST CREQ 250 THEN A: =04164S' 

POW:=POW DER/10-1' 
IF POW=-1 THEN DIAS : ~ 1000000' 
!F POW=240 THEN SI AS:cPOW240' 
~F POW=)20 THEN DIAS:=POUJ20' 
IF POW~SOO THEN DIAS: =POW500' 

ROES : ::!).94 62.; ' 

P109:::! (p109-P109Z) A' 
l NPOLC URVE S(OR lF, MAV ,1,151 P109 ,MAO) I 

X(50,J ); =MA:"MAO' 
PA:=(13~6~ P+(P1L-P1 R)/2 54 ) 5.192' 

F TE T ~REQ 250 THEN PA:; (AP+P1L+PiR) 13.6-5-192' 
IF TEST GREQ 257 THEN PA.=(AP P1L- P R) 1]06 5.192 i 

. ( 5 tl , J) : =P A • 
:n273 97 24.2$MV+RT ' 

n: -96:0 ' 
.(2;J ): ;RO~: ~PA/(R T) ' 

X JpJ):~MU:~( 7 046+0.018~(T-300)) .0.OQ01' 
VELO:=57b 'dA/(J .. 142 DIA DI AuROE)' 
X ~49,J ): =VEL:~VELO' . . 
X ( 4g J): ~VELf;o (90552 ~ ((Dlh)oo(5/7)) $ ((PD) Q ( 4/7»)/« ROE ~ (J/7» 
' ( M U Q ~(1/7)) 5 (L 0( 4/7» )1 
P10 :=P10L-P10R ' ' 
X (58J): -RE:=~e R OE~VEL~DIA/MU' , 
X(6;J):cMAF:060 RO ~ V .LF ~D IA cOlAQ3 142/ 576' 

X (7,J) : ~M R:= MS/(MA 60 )' 
~(O, J): =PG :=2 0 54 LaROEe(1+MR , /5.192' 
X (9~J): ~ ACC:=2~54 410.4 MA NA PD~(1+MR)/ «( DIAv 4 ) ~ P ROE)' 

FN : =O-Q008+0.055/(RE 0.237)' 
X ( 5 3,vJ:~PO·=3 · 404 J600QMA.MA~L FN/( ROE CJA *5 )' 

X(1 0,J) = r-FR: ::'1 2"VEl. I>VEL/(DIJ\ 32.2)' 
X(51 .J)~ r~' ':~ D-(P cc+pqS), 
X 52 ~J):~ES;~RO£~DIA~OI /(HOf.S .D1AS ~ D I AS HE )' 

IF TEST LESJ 100 THEN GOTO S8 9 

FO~ I: =12 STE? "' UNTl L 29 DO 
X( ,J):"( PN( 29+Q-PN(1» SLOP£1' 
fOR 1:=', STEP 1 ~NT!L 48 06 
X( I ,d ): u:(P~«N+1 ) $29 '~ 9oJ + I-'29) -p «(N+1) 291 -29 )) $L'PE-i 
55 : 
a iD CALC f 
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IF w ~REQ 2 THEN ~OTO 510 9 

fiR i NT££L2 ? '1 ' 
PR ! NT£ 
KO?P ROE MU VE La RE FR 

@+ 1 @+J 
OR J : ~ 1 STEP 1 UNTIL N DO 

8E ~ l N 
PRINT 

L I GNE ( J , O ) , X( JO ,J ) ,SAMEL I NE ~ 
A LI GNED( O, J ), X ( 2, J) ~ 10, 
ALI GNED(O,J ),X( J» J) ~ 1000 , 
ALl GI £[, (3. 1) ,X \ 49 t> J), 

ALI~NEO(6 , O ), X ( 5, J), 

ALI QNE D(5 ,O) ,X(10, J), 

ALI~ I ' E D{ 2 ,2 ) tX(5 0, J) Q60 , 
ALIGNED(2, 2 ) ,X(1,J ), 
AL 1 ~NED{ 1t2 ) , X(7, J), 
AII~I'IE D(O'5 )p X ( 5 2, J) , 
ALlqNED( O,6 ), X(52, J ) $( 1000Q O) / (X(S,J» ' 
X SPACE(5 , J) ~ 
E 0 PRI NT " , 

IF W=O THE N 
f:.1E~ lN 

PRIN T ££1:..2 1 
KOPP PD P~S P.ACC PT 

IF DIA:c1 TH EN U: :22 EL. SE U:::::1' 
!F DIA =1 lE N V:=2 ELSE V=e Jo 
SPACE : ::J1 ' 

FOR J :=i STEP 1 UNTIL N 00 
BEG 1N 

PR I NT . 
fLlG NE D(J,Q ,X(30, J) ,SAMEL I NE , 

L1GNEO' U,V ) X( 11 ,J) , . 
A L14 Nf. D( U -1p V +1)~X ( 8 ,J), 
fL f GN:D{ UpV+1 ) ,X(9, J ) , 
A LfGNE D(U'V ) 'X ( 51~ JI' 
ALl,;NED(U:,V).X!5J, J , 
ALH~NED(2 ,2 )P J 51,J IX ( 53 t J) 
~~IGNED(3 ,2).X 51,J) / X(53,J)-1 , 
't Li~dEO { 2f2)p (5Q,J) G60, 
.\ u (~ r1 E D ( ? 9 2 ) 1\ X ( 6, J) , 
Al f~NED( 3 ,1),X(4,J )' 

J~ 3 P G E ( 5 , .. J) • 
£:ND P~INT 2 0 

E lL') U:::o' 

PO 

11A HS 1'1 R ES ESvj 
©+5'? • 

FI FO ( )-1 MAO MAF VEL F? Q 
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IF \.1 =1 THEN 
BE4 IN 

PR I NT £ .CL2? 
KO?? PO P~S P.ACC PT 
I ,-r OIA Cl1 THEN U: =2 ELSE U: =1 ' 
IF DJ A=1 THEN V: .3 2 EL SE V· _J' . _. 
SPACE: :0.: 1 ' 

FOR J:~I STEP 1 UNT IL N DO 
AE C1I N 

PRIln 
IL I ~NED(3, 0),X(JO,J),SAMELJNEo 
h L i ~NED(U,V),X ( 11fJ ), . 
ALl~NEO(U-1 ,V+1),X(8,J), . 
ALi~NED( U t V+1)pX(9,J), 

ALl~NE D{U'V )' XI51tJ )' 
i LJ~NED(U' VI'X 5J,J ), 
( L I~ NEO ( 2,2 ,X 51~ J)/X(5J ~ J), 
ALl~NED(J ,2 ~X 51,J )/X(SJ,J) l' 

XSPACE (Sf J ), 
END PRJNT 2' 
£::N D U!I:I1' 

IF TEST LESS 100 THEN ~OTO s9' 

PO FI FO ()-17' 

lF N LESS 9 THEd XPR I NT(X'1 ~ N} ELSE 
8F:~ ~ IN 

XPR ) NT ( ;{ 61.8 ) • 
PR 1 NT ££L3? 'I • 
XPR INT(X , 9,N )' 
·' NO · X ~R 8 I 

59:~OTO S1' 
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S10: 

FOR J:=1 STEP 1 UNTIL N DO 
BE(11N 

A1:o::X{12,J )' 
A2:=X('15,J ) , 
A J ; :;X ( 1 6, .J ) , 
A4:=X(17,J )' 
A5:::JX(27,J )' 
A6:=X{28,J )' 
A7:=X(29,J )' 

KK: =Dl A+RAD ' 
IF KI<=J3 THEN 
BE4 IN 

1\ 3 : '" X ( 19 • J ' 
A2:::JX(1 8 ,Jl' 
A4:=X(20~J • 
A5~r.X{J1,J )' 
A6:~X(J2,\.I ) • 
A7;::X(,),J ) t 

END KK=J3 ' 
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X(24 ,J); ~X (24,J)-~2' 
X(25'J);~X(25 'Jl-AJ' 
X(26,Jj:=X (26,J -A4' 
X(27,J :=X(27,J -A2' 
\ (2e, J ; X(28,J )-AJ' 
X(29,J): -X(29,J )-A4 ' 

X(J1,J):=X{31,J)-A5' 
~(J2,J ) ~aX (~2,J):A6: 
X(3J~J )·~X(J3,J ) A7 
X (J'~PJ)::;i (3 4"J)-A5' 
J ' ( :3 5 9 J ) : ;: X ( .3 5 , J ) •. A 6 ' 
X(J6 ,J): nX(J6.J)-A7' 

X (J7~J) :=X (37.J)-A5' 

X{J8, J) ~nX(3B, J)-A6' 
X ( J9,~ );aX(J9~J)-A7i 
X( 4Q,J ): X(40tJ ) -A~ ' 
X'41 pJ ) : =X(41 pJ)-A~' 
X 42 ,J): ~X (42,J ) -A7' 

X{dJ, J):=X( 4J, J)-AS' 
X(44 . ):~X(44,J)-AG ' 
X ( 45, J) : =x ( .4.: ~ J) -}' 7 • 
x .. 6,J): :X{46,J)-AS' 
X(47 ,J): · X(47, .. I)-A6' 
X(4U,J ): oX ( 4B,J ) All 

EN D 
('OTO S·, 2 ' 
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312: 

FOR 1: ~ 1 STEP 1 UNT IL WX DO . 
IF WZ( l) ~DIA +RAD THEN WW := I' 

LEN V: ",PRD(W lv,4) , 
LENC: ::PR D( ~}W p 5) • 
LENH : =PRD ( ~/ vJ. 6)' 

fOR J :=1 STEP 1 UNT IL N DO 
BE~ IN 

p o : ::X (27; J ) l 

R OE::=X ( 2,J ~t 
N R: ~X( 7 , J ) 
VEL:~X(49. J~' '. . 
HA:=~ (~O~~) , 
PA : ::: X ( 58~v ) 
X( B,J) : =PGS : =2 -S4eRADoROE o( 1+Mk) /(5 0 192o12 )' 
X(54,J)== DYP: =ROE ' VEL ~ V£L/1 J2 ' 
X( 9. J ) : -PACC: =2 5 4~41 0-4~MA$MA~PD (1 ~MR )/«OI A o~4 ) QPA ROE)' 
X (51tJ): ~P T: ~PD- (PACC+FGS )' . 
; ( 5 B. J) :~3 · 404 ~ 300 MAeMA~LENC FN/( ROE ~ OI 5) ' 

p o : :=X(46. J)' 
)'·( 55~ .. ) : :::PGs: =O' 
;: (56 , J ) : -·PACC ::w2· 540 410.4 i/) 11A NA ~PD~ ( 1+MR)/( ( OI Ao Ll ) 41PA ROE )' 

X(57,J) :::PT::::DO- (PACC+PGS) t 

X (59 , J ) :~X (58 ,J ) ~ L ENH/L ENC ' 

FOR 11: =12 STEP 1 UNT IL 29 DO 
PN «J-1) a)6+1i-11)::::X(l l ,J)/DYP ' 

lOR 11: -)1 STEP 1 UN TIL 46 DO 
PN( {~-1) J6+1 1-1 2 ) ;=X( ll ~J)/DYP' 

r. >N ( 600+(J-1 ) Q 3+1): = IP SV:~?N(J- 1 ) .J6+4 ) .• DIA /LEN V · 
PN(600+(J-1) . J+2):~IPSC: ~PN«J-1) 36+16 ) ~8 1AI E C' 
PJl ( 600+ ( J-1 ) ~ J+J ) :=:lPSH:=PN( J~1 1 36+34) OlA/LENH' . . 

END CALCS CAND Hi 
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PR INT ££L21 
CURVE PARAME TERS 

KO?P PO P~S P.ACC PT 

IF OIA=1 THEN U: =J ELSE U: ~ 1 ' 
IF DIA =1 THEN V: c1 ELSE V:=J ' 
SPACE::s1' 

FOR J:=1 STEP 1 UNT IL N DO 
8E~ I N 

PRI NT 
ALIGNEOlJ,O),X(JOtJ ) ,SAMELINE • 
. LiGN EO U, V),X(27.J ), . 
J L J~I,.£O U- 1,V+1 ,X(B, J). 
A LJ~NEo(U , V+1}.X(9, J), 
AL I~NEo( U,V ) .X ( 51, J). 
AL 1G ED (U.V).X(S8,J ) , 
ALJ~NE D(2 ~2).X(51o J ) /X(58,J ). 
ALIGNED ( 3~2 ) , X( 51 ,J ) /X(58,J ) -1, 
ALiGNED( J, J),X( 54, J )' 

XSPACE(S,J ), 
END PRINT 2 ' 

PR J! T ££L2 7 
HOR1ZOdT L PARANETERS 

KO?P PO PGS P. ACC PT 

IF DfA ~ 1 TH EN U: =3 ELSE U: a1' 
IF DfA c1 THEN V~c~ ELSE V:=J' 
S AGE ;::1' 

PO FI FO ( ) - 1 orp? ' 

PO FIFO () -')?' 
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PR I In ££L2? 
RES ISTANCE NUMBERS 

KOPP JPSV 
SPACE::II1 ' 

IPSC IPSH 

FOR J:=1 STEP 1 UNTIL N DO 
BE~JN 

KK :=600+(J-1)sJ' 

J V / riR 

PR I NT 
ALIQNED(J .O),X()O,J).SAMELJNE. 
AL1~NEO (1' 4 )'PN(KK+11' . 
AL IG NE D(1,4),PN(KK+2 , 
ALIGNED(1,4),PN(KK+3 , 

lC/MR 1 H/ MR 

ALIQNED(2,5),PN(KK+1 /X(7,J ), 
AL IG NED(2uS ),PN(KK+2)/X(7,J), 
ALIGNED(2,5),PN(KK+) /X(7,J). 
AL1CNED( )p 1),X(S,J) OIA . D1A/(4 RA D.RAD). 
ALJGNED(O,5) .PN{KK+2) o2/(:~ .1416&SQRT(2 ()RI\D/OIA»)· 
XSPACE (S , J); . 
E1W PRINT JPS' 

!F W~J THEN GOTO S13' 
IF N LESS 9 THEN XPRINT(X,1,N) ELSE 

BEC1IN 
XPR INT(X ; 1~8~' 
PR I NT CCl.; ?? 
XPR INT(X 9 9.N )' 
r:.:~ID· x GR 8' 

IF W-4 THEN GOTO S13 ' 
JF N LESS 9 THEN X¥PR INT(X.1,N) ELSE 
, BEQLN 
X¥PR I NT ( Xo 1, B)' 
PR.lNT C£L)? ?' 
Xl RI NT (X , 9,N )' 
END XYN GR8' . 

S13 : 
~OTO S1' 

7ND J' 
;~N O 2' 
END l' 
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Q..Jm12uter Results Print-c·ut Ex;?lanat~2.l3. 

To facilitate presentation of computbrised data the 

followin~ abbre"via"i:iions vlere used:-

(i) KOPP •••••••• this represents the hand-wheel setting 

on the variable speed screwfeeder drive and is used 

as an identifier for all results, in addition to 

enabling the solids flowrate to be established from 

the appropriate calibration curve. 

(ii) HOE ••••••••• test-section air density in lb/ft 3
• 

(iii) MIT •••••••••• test-section air dynamic viscosity in 

lb/ft min. a + 3 means times 10- 3
• 

(iv) VELO •••••••• test-section air velocity in ft/s. 

(v) RE 

(vi) FR 

(vii) MA 

(viii) MS 

(ix) MIt 

(x) ES 

•••••••••• 

•••••••••• 

•••••••••• 

•••••••••• 

•••••••••• 

•••• 00 •••• 

duct Reynolds a number • 

duct Froude number • 

air mass flowrate in lb/min • 

solids mass flowrate in lb/min • 

solids-to-air ratio, Wp/Wf • 

eddy scale ratio, PfD2/,opdp2Re • 

(xi) ESW •••••• 8 •• eddy scale ratio at wall, ES!Re. 

(xii) PD •••••••••• measured pressure drop in cm H20. 

(xiii) PGS ••••••••• pressure drop due to supporting solids 

in cm H20. 

(xiv) p.ACe ••••••• pressure drop due to acceleration of 

suspension in cm H~O. 

(xv) PT ••••••• ~~. pressure drop due to composite fluid 

friction in cm H~. 

(xvi) PO •••••••••• calculated pressure drop due to air 

only flowing in em H20. 

(xvii) F/FO •••••••• ratio of friction factor of suspension 

to that for air only. 
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(xv:U.i) ( ) ...... 1 ;., "' .. ~. ratio of ~Jltds friction factor to 

that fu:r air only. 

CAlx) IPSV, IPSO, 

(xx:) 

(xxi) 

(:xxii) 

IP~J ..... II ... :L'8sistance numbers for vertical, 

curved and horizontal test-secti':)ns respectively. 

ERE •• e..~ ••••• extended Reynold8 i nUlr.oer, Rei {3:2. 

RRN related resistance number, ~ ••••••• C'I. YJbs/O./3 • 

Powder mesh .. ! O· means air only flowing; 

2407 means 240 mesh powder and large 

screwfeeder; 

2/-1-08 means 240 mesh powder and 111ediThll 

scre\'/fe eder; 

and similarly for the 320 and 500 mesh powders, the 

fourth digit merely indicates the size of screwflight 

used .. 
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Fr.J~,-DATA .-... ,. 

across i Mass floWI'ate 
lduperfl.cl.al aJ.r I Pressure drop velocity in 

orifice plate, (in H20) I of air, (lb/s) three inch pipe, J (ftLs) , 

0.5 0.042 12.3 I 

1.0 0.077 22.5 
1.5 0.104 ,0.0 
2.0 0.121 35.5 
2.5 0.135 40.0 

3.0 0.149 43.8 

3.5 0.162 47.6 
I 4.0 0.175 51.2 , 

4.5 0.187 54.4 I 
5.0 0.200 57.5 
5.5 0.212 60.1 

I 6.0 0.223 62.6 
I 6.5 0.234 65.0 

I 7.0 0.244 68.6 
: 

Test section Temperature Length parameters J identifi- Calibration (in) 
cation Manometer Vertical Bend Hori-I (dia. + rad. slope duet zontal of curv.) intercept gradient pipe 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 

3 0 0 0 0 0 0 
12 0.623 0.890 0.309 71.80 31.40 40.20 
21 0.610 0.900 0.309 ?3.30 28.22 40.00 
33 0.650 0.880 0.309 61.50 47.10 28.00 
22 0.650 0.925 0.707 69.63 31.40 40.06 
14 0.584 0.800 0·707 77.80 18.84 41.25 
11 0.'752 0.775 4.412 81.19 15.70 42.50 

0.002087; 0.001181; 0.000512: mean particle diameter in inches 
for the 240, 320 and 500 mesh powders respectively. 
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APPENDIX A.2", PERFORMANCE OF A CALIBRATED SCREW-FrillDER ... ~-----'--- .- - -

P.J.Walton+.B.Sc., P.A.Arundel+,B.Sc., J.S.Mason*,B.Sc.,C.Eng., 
8 + H.Haque ,Ph.D., R.G. Boothroyd ,Ph.D.,O.Eng. 

~ : This paper was presented by J.S. Mason at a conference 

entitled "Bunker Extraction Gear", organised by The Institution 

of Mechanical Engineers, (19th October 1971). 

Abstract 

Performance data is reported on the behaviour of a 

variable-speed screw-feeder outlet from a small bunker using 

various solid materials. Different sizes of powdered alumina, 

zinc and zinc/glass-fibre mixture were discharged at uniform 

flow-rates: four screw-flights being used to give a 1000:1 

range of mass flow. The main problems encountered were 

rat-holing and arching, Which was very severe with the zinc/ 

glass-fibre mixture. Many methods were tried in an attempt 

to offset these effects. Criteria for determining the 

effectiveness (ry) of screw-feeder delivery rates are discussed. 

A new theory for a more accurate prediction of the volumetric 

feed rate is developed. 

+ Department of Mechanical Engineering, University of 
Birmingham • 

• Liverpool Polytechnic. 

8 Pakistan Atomic Energy Commission. 
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].ntrodu.ction 

The feeder which is illustrated in Fig. 1 was used to 

deliver a calibrated uniform feed of several different powders 

into fluidising units. Essentially the same design and size 

of feeder was used by all the authors, except that in some 

earlier studies a screw-rejection shaft seal(1) was used 

instead of the "Monoflon" packed seal which is illustrated. 

Because the research was not concerned specifically ,,,i th 

screw-feeders, no power consumption measurements were taken. 

Nevertheless, it was vitally important that the delivery 

rate from the feeder was accurate~ known and reproducible. 

Consequently, this aspect was studied in some detail. The 

predicted delivery rate of a screw-feeder is probably of 

more interest than the predicted power consumption since the 

drive-motor size is likely to be dictated by occasional 

'nipping' characteristics of powder in the conveyor and not 

by normal friction losses. 

The feeder was protected from overload by shear

couplings and pains were taken to ensure that 'nipping' and 

serious attrition of recirculated powder did not occur. It 

was concluded that a choke/flight clearance equal to the screw 

blade thickness (t) was sufficient to avoid attrition 

difficulties. By using different diameter screw-flights the 

feeder delivered a continuously variable solids flow-rate in 

the range 1000:1 (e.g. 0.2 - 220 lb zinc dust/minute). Each 

screw had a constant pitch (F) and diameter (Do) so that the 

powder entraillmellt took place within approximately the first 

pitch length of the screw as illustrated in Fig. 2 leaving 

most of the powder in the bunker 'dead'. There was a strong 

tendency for rat-holing with the smallest (Do • 0.625") screw. 
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III pr.o.c,·tde ... thi q wae: u~ n'") cnnsoq·:::.ccn .... e nfj tha rat-hole \.,as 

filled in by the intermittent re-charging of the bunker from 

an automatic gate lock(2). The timing of each phase of the 

gate lock operation was adjustable for this and other purposes. 

It m~ well be a debatable matter as to whether the constant 

pitch and diameter screw is really necessary for the most 

accurate and uniform feed control. 

Factors affecting feeder flow 

So many variables can affect the flow rate of solids 

that a comprehensive study of each parameter is hardly 

feasible. The following classification of relevant parameters 

is suggested:-

a) Geometrical. 

1) Flight size (Do • 2Ro). 
R 

2) c/Ro. K, (ratio of core Shaft radius/flight radius). 

3) Screw pitch/diameter P/Do ratio. 

4) Speed of rotation. 

b) Powder. 

1) Forces (i.e. gravity) which cause particles to fill 

the flight in the 'live' part of the bunker. 

2) Density change of entrained solids. 

3) Friction of entrained powder on flight, on core Shaft 

and on surrounding solids. 

4) The arching pressure packing characteristics of the 

surrounding powder. This determines the stresses 

which cause the screw to entrain the powder. Further 

do~ the 3crew these stresses act on the moving core 

and influence its helical motion and hence propulsion. 

At present there is no really satisfactory theory to 

predict the flow rate of a screw-conveyor running full and the 
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difficulty wi th finQ coheai va powders is even more B.cute. 

Significant internal shearing of the powder is likely to 

occur so that present analyses(3,4) which only assume shear 

at powder/flight and surrounding powder interfaces only give 

an approximate picture of the solids motion. In particular 

the 'degree of fill' of a uniform pitch diameter screw is 

determined almost entirely within the first two pitch segments 

as is illustrated in Fig. 2. The flights further downstream 

where the powder is 'dead' have no effect on the volumetric 

throughout. The motion of filling is highly complex with 

considerable spill-over of powder at segment A Fig. 2. 

The bulk density of powder is probably reduced 

considerably by this 'loosening up' motion at A to allow easy 

dilation of the powder and facilitate shearing within the 

segments B further downstream. It seems that the ease with 

which so many powders can be screw-conveyed must result from 

this lowering of the solids bulk density at A. It seems 

therefore that the degree of fill of the flights in a feeder 

is determined by the stress-shear relationships of a very 

loosely packed powder. Thus the usual static shear cell 

tests(5) are probably of little relevance to this situation. 

The dead powder at C usually plays little part in the 

motion. Hence the choke tube D merely prevents 'carry-over' 

of the surrounding powder due to the shearing stress from the 

powder moving in the screw helix. The powder in the bed at E 

is only restrained from moving with the powder in the screw 

by stresses which are little higher than those of the tensile 

strength of the powder. In short the choke merely prevents 

intermittent breakaway of the powder at the edge of the 

bunker and thus promotes uniform discharge. It also 
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eliminates any flooding tendencies of the powder. 

Despite these complexities at attempt will be made to 

examiD.e comparatively the volumetric flow rate in feedElrs of 

similar geometry but different size. For comparison purposes 

the concept of volumetric flow effectiveness of a conveyor 

must be developed. 

Volumetric flow effe~tiveness - selection of a suitable 
criterion 

In assessing the expected ideal flow-rate from a screw

conveyor it is reasonable to use the 'no internal shear' 

theories of Bates(}) and Metcalf(4) although an examination 

of displacement vector diagrams over the full range of values 

of tJ (Fig. 3) shows that some internal shear is very likely to 

take place in most cases. It is assumed that the packing 

characteristics of a conveyor ~)nn;ng full are sufficient for 

shear and pressure forces acting on the powder to be uniform 

round the screw periphery. Additionally, the speed of the 

screw is insufficient for centrifugal forces to be relevant. 

The vector diagram of particle motion is shown in 

(Fig. ~ Considering the situation of the flight tip the 

vector Va is found to be in an equilibrium position where the 

resultant OA of the normal and frictional forces from the 

flight balances the shear drag force from the external powder. 

As this drag acts along the line of motion of the powder, while 

the direction of OA is fixed, aQY deviation of the motion from 

the line will produce a restoring force to maintain the 

equilibrium. If internal shear is assumed the drag force 

will be transmitted through the powder so that the much 

simplified (Fig. 3) is suitable for arbitrary radius r. 
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From (Fig. 3). 

1) The powder motion is 2-dimensional only (i.e. there 

can be no radial di.splacement). 

2) The axial velocity vector VL varies with the radius. 

In addi-cion, 

tan e = ~o • tan Bo from the screw geometry. 

Thus, the powder at r follows a helical motion at 

angle (e + ¢) with respect to the conveyor axis. 

The conveyor effectiveness can be de~ined as 

TJ 
Actual volumetric discharge rate of powder 

D Maxim·~ theoretical flow rate of powder • 

It is assumed in this expression that the screw action 

at A in Fig. 3 produces only a small fractional change in 

density of the powder although this m~ be s~ficient for a 

vast change in its dilation ~d shear properties. 

The selection of a maximum theoretical flow rate seems 

an uncertain issue. A rather stringent specification is based 

on the swept volume and assumes that the powder could be 

conveyed with no helical motion. Clearly this is impossible 

without exceptionally high friction at the outer edge of the 

conveyed plug of solids and some special mechanism to restrain 

shear in the azimuthal direction. 

In this case:-

Volume of revolution of screw 
TJI • ----------~~~--~----~----~~----------~ tan 60 

(1) 

Essentially this is the loading factor used by 

Metcalf(4) and Carleton et al(6). A more reasonable 

theoretical flow model would include the helical motion 

associated with an ideal smooth flight, ¢ • O. In this case, 

powder motion would be directly perpendicular to the flight 
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surface at any radius r, so that 

~2= Volume of powder delivered/revolution of screw .(2) 
'I rr2R0 3(1 _ k 2 )sin 20 0 

However, even in this case helical motion only results 

from the surface pressure forces of a perfectly smoo-th flight 

whereas stress at the shearing powder interface at Ro resists 

rotation of the powder. In this case, internal shear strain 

takes place and the axial displacement is greater at Ro than 

at Rc. One method to produce a model of no internal shear and 

account for some of the azimuthal drag is to introduce the 

lag and lead terms used by Bates(;). Thus the axial dis

placement will be less than predicted at Ro and more at Rc 

and at some radius ~ will be equal to that predicted by the 

vector diagram. Bates considered this to be 

Thus, still assuming that the friction angle ¢ - 0 

(J = tan-I 
m 

Bates suggested that in a real (i.e. non-ideal conveyor) at 

em the true axial displacement would be found at angle (0 + ¢). 

Whence, 

(4) 

This theory can be extended by considering the forces 

acting on a small section of material, but then the problem 

can only be solved by making rather doubtful assumptions. 
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Howeyer, a solution may be obtained. by averRgi.ng tho axial 

velocity over a cross-section of the dust in a~ axial plane. 

This theory allows for internal and azimuthal shear, the latter 

being necessar.y for any nett ~~al motion of the solids. 

Furthermore, for an advance to be possible the total azimuthal 

shear force must be less than the total flight face friction 

forces, (otherwise the device will eventually seize solid). 

As shown by the diagrams of Bates , omitting the loss and gain 

adjustments, the axial displacement at Rc is less than at Ro -

consequently there is a tendency for compaction to occur 

towards Re and for voids to be created. These will be filled 

by powder nearer to Ro which is prevented from moving radially 

by the surrounding material. Thus, there is a nett balancing 

out of the axial advancement between Ro and Re , i.e. a cyclic 

motion wi thin the flight. Instantaneously the axial advance

ment of powder is given by VL in (Fig. ,). Thus a radial 

profile of VL can easily be constructed and a mean value VL 
calculated. From (Fig. 3):-

Hence 

P = 211I' tan 8, V s = 2'1TI' 

X = VL cot 8 = Vs - Vt 
VL 

2'1TI' _ x = cot (8 + ¢). 

V 2ur 
L = (cot 8 + tan (8 + $» • 

Therefo~c, the mean value is given by, 

= Predicted volume delivered (V). 

The solution of this equation gives, 
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and 

Actual voltunetric discharge/revolution n5= V 

In each of these expressions (equations 1 to 5) the 

measured effectiveness TJ can quite justifiably be multiplied 

by a factor (1 - t/p)-I, where t is the blade thickness 

(assumed constant). This allows for in-operative space 

occupied by the screw. The effect of this factor is shown 

as TJ5t in Fig. 4, Table 2. As can be seen in (Fig. 4) the 

numerical difference between equations 1, 2 and 3 is not 

very great (¢ ... 0), but if 1> takes a reasonable value 

considerable changes in TJ are noted. (Curves TJ4 , TJ5,TJ5t ). 

From two separate friction experiments with zinc dust on a 

metal surface a ranse of 1>(240 < 1> < 300 ) was found; au 

average ¢ .. 270 being taken. 

Fig. 5 shows typical examples of calibration curves. 

With fresh uncirculated powder the delivery rate was alw~6 

less, the effect being more marked with finer and hence more 

cohesive powders. This was attributed to dampness, loss of 

fines (in this particular study) and smoothing of rough 

particles (again a characteristic of this particular study 

only). Prolonged exposure of the powder to the packed 

static state also, no doubt, acted to the same effect. After 

only a short period of re-circulation (3-4 cycles), the powder 

delivery ra~e was ~ccurately reproducible in all cases. The 

320 mesh powder gave similar results in between the 240 and 

500 mesh results shown in Fig. 5. 
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P2.!'l..9-£J)ensi t:y 

One of the most uncortain factors in assessing ry 

is the lack of knowledge of density of the powder within the 

screw-flight. Low density in the screw-flight is desirable 

to allow dilation, easy shear and hence low energy conveying 

with minimal degradation. Damp powders have a lower density 

than dry ones as cohesion inhibits consolidation. The low 

value of T} (see Fig. 5) with damp new powder can to a large 

extent be explained by low density. Table 1 Appendix 2 shows 

examples of tests with alumina. 

The value P2 was used in calculating T} I as it was felt 

that light tapping was appropriate to the entrainment of 

solids in the screw. Because one can only measure the mass 

flow from a feeder, the uncertainty in p throws considerable 

doubt on the true volumetric flow. There is no doubt that 

the higher delivery rate of recirculated powder can be accounted 

for entirely by its greater bulk density. 

In fact, the evidence in this work was that different 

powders did not seem to exhibit radically different values of 

T} for the typical P IDa values of approximately uni'l.--y which 

are commonly used. 

On plotting the data against the various parameters 

involved it seems that T} depends on screw diameter (Do) to 

the greatest extent as shown in Fig. 6 although one might also 

suppose that there appears to be a tendency for ~ to fall 

with increase in (Rc/Ro) as shown in Fig. 4. Decrease in 

(P/Do) alw~s incr' ases ~ but reduces nett throughput. 

Flow of very cohesive powder 

With adequate breaking of the arching tendencies (which 

are described in the next section) the 1" feeder gave 
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essentially the same calibration ,'lith both zinc (curve A) 

and zinc/fibre mixture (curve C, Fig .. 7) up to about 90 rpm 

above which speed the fibre/mixture delivery rate fell well 

below the linear relationship (shown as dotted line). 

The zinc/fibre mixture: 62 parts of (5 - 40jl.) diameter 

zinc particles to 1 part glass-fibre by weight. Fibres were 

5 x 10-4 in. diameter x 0.25" length. Before mixing the 

powder/fibre volume ratio is 4:1. The departure from 

linearity of the powder alone was less marked. The conveying 

efficiency of the 2" screw with fibre (curve D) was 

substantially less than that (curve B) for powder flOwing 

alone. One might speculate that either (or more likely both) 

of the following factors were responsible. 

1) The presence of fibres tends to inhibit consolida

tion of solids when the screw is filling so giving 

less dense solids delivery. This would be expected 

to affect both screws however. 

2) Fibres at the periphery of the screw may tend to 

draw a larger swept volume of solids into the screw 

than might be anticipated from the value Roe The 

fibre/powder mixture has a much higher tensile 

strength when compacted than powder alone although 

its shear strength is not likely to increase in the 

same proportion. The fall in conveying velocity 

from the linear relationship at higher shaft speeds 

is to be expected as gravitational forces become 

insufficient to carry the powder into the feeder 

to fill it fully. 

Reliability of Flow 

The smallest (Do - 0.625") feeder could be bent easily 
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by j~pact of falling solids. Accurate alignment of the parts 

of the feeder was found to be most; impurtant; to minimise 

attri tion and premature shaft seal failure. Particularly bad 

alignment can even cause seizUl'e (as can non-uniform pitching) 

and this may indeed be a measure of pOlJlTder consolidation wi thin 

the flights. A choke length of one pitch diameter was 

sufficient to ensure uniform discharge. The pressure drop 

(0.5 to 5 cm HoO) across the choke section depended on the 

feed rate and volume replacement via the balance air pipe 

(Fig. 1). The zinc powder tended to flood across the 

largest flights even when the plant was shut down. 

The zinc/fibre mixture gave by f~ the greatest handling 

difficulty due to its exceptionally cohesive nature, (its 

angle of repose was effectively 900
). compaction of the fibre 

occurred at E shown cross-hatched in (Fig. 2). The compacted 

deposit consisted of an abnormally high fraction of fibre 

indicating that segregation had occurred. The problem was 

eased considerably by the fluidising pad F which increased 

the dilation of the sheared mixture. Arching in the bunker 

was an even more difficult problem with this material. 

Several types of arch-breaker were tried with limited success. 

One type used flexible springs attached to a 700 oscillating 

cross-shaft as a means to mjnjmjse arch-breaker powder con

sumption. The idea behind the use of springs is that their 

effective volume changes with bending and this might have 

allowed dilation of the powder in the arch. Unfortunately, 

the arch accommodlted itself to the movement of the springs. 

In addition it seems that the oscillatory motion of the 

springs was far too slow for this method to be effective. 

Substitution of 8 x 5/16 t1 diameter rods instead of the 
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springs was successful in breaking the arch. It is felt 

however that more elegant methods could have been used to 

overcome this problem. 

Conclueions 

1) A constant velocity method of calculating the 

volumetric flow rate gives an improved prediction 

of effectiveness (~5). 

2) The measured effectiveness increases with increasing 

Do and decreasing (P /D 0) • 

3) A decrease in effectiveness occurs if the packed 

density of the solid decreases due to the presence 

of fibrous material or dampness. 

4) Fibrous material can also upset the filling of the 

screw-feeder at high speeds causing a further 

reduction in 'ry'. 
5) With reference to powders only, it was found in this 

work that the nature of the material conveyed had 

only a marginal effect on fry'. 
6) Arching of the flow causes uneven solids transfer. 

This difficulty was tackled but with only limited 

success. 

7) Reliability of the feeding test equipment is 

critically dependent on the manufacture of the 

screw-flight and the alignment of the screw-feeder 

assembly. 
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APPENDIX 2 

Table 1 Static Bed Properties of Alumina 

, 
Mesh Circulation 

History PI P2 P3 P4 I Angle of 
repose 

320 Test 71 1.91 2.03 2.18 I 2.22 350 

320 New Powder 1.64 1.79 1.96 2.06 39° 

500 Test 110 1.68 1.76 1.89 1.96 400 

500 New Powder 1.40 1.48 1.64 1.85 490 

The conditions for the densities were PI - minimum 

bulk density (no t'\pping) P2 - after 3 tappings, P3 - after 
. 

10 tappings and P4 - the maximum observed bulk density after 

tapping to constant volume. 
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TABLE 2. DETAILS OF FLIGHTS AND POWDERS. 
Symbol numbers appear on fi~lures. 

SYMBOL MATERIAL ADDITIONAL INFORMATION 0 0 P t P/D 
Choke 

NUMBER c 0 0 Bore in 
1 Zinc 0.37 0.62 0.50 0.06 '0.80 0.58 
2 Zinc 0.50 1.00 1.18 O. 12 1.25 
3 Zinc 0.62 1.50 1. 25 0.09 0.82 
4 Zinc 0.62 2.50 1.87 O. 12 0.75 2.70 
5 Zinc 2.00 2.00 1.00 
6 Alumina 0.62 2.50 1. 87 O. 12 0.75 2.70 
7 Alumina 240 mesh, 0.62 1.69 1. 31 O. 12 0.77 1.70 
8 Alumina 500 mesh, 0.62 1.69 1. 31 O. 12 0.77 1.70 
9 Alumina 240 mesh, newdampandunpolished,O.62 1.69 1. 31 O. 12 0.77 1.70 
.10 Alumina 240 mesh, circulateduptotest 6, 0.62 1.69 1. 31 O. 12 0.77 1.70 
11 Alumina 240 mesh, circulated up to test 71, 0.62 1.69 1. 31 O. 12 0.77 1.70 
12 Alumina 500 mesh, new damp unc i rcu lated, 0.62 1.69 1. 31 O. 12 0.77 1.70 
13 Alumina 500 mesh, circulateduptotest 34, 0.62 1.69 1. 31 0.12 0.77 1.70 
14 Alumina 500 mesh, circulated up to test 88 0.62 1.69 1. 31 O. 12 0.77 1. 70 
15 Alumina 320 mesh, 0.62 1.50 1. 00 0.12 0.66 1.70 
16 Alumina 500 mesh, 0.62 1.50 1.00 O. 12 0.66 1.70 
17 Alumina 320 mesh, 0.62 1.69 1. 31 0.12 0.77 1.70 
18 Alumina 240 and 320 mesh. 0.62 2.50 1. 81 0.12 0.72 1.70 
19 Zinc 0.50 1.00 1.00 1. 00 
20 zinc/fibre 0.50 I. 00 1. 00 1. 00 
21 zinc/fibre 0.62 2.00 2.00 1. 00 
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Appendix A.i. 

A.3.1 Perspex Hoppers 

The purpose of this section is to warn future 

investigators of the problems associated with using perspex 

hoppers in a powder handling s,ystem which requires the hoppers 

to be frequentlY pressurised to about 8 lbf/inR gauge. 

The bunkers identified as (R), (8) and (T) in Fig. 3.2 

were manufactured in perspex at the commencement of the 

present investigation. ~e author selected transparent 

bunkers for the obvious advantages of immediate visual evidence 

of screw-feeder powder starvation, rat-holing, "bridging" 

across the hopper outlets, and continuous knowledge of the 

whereabouts of the charge of powder. It was initially felt 

that the very fine 500 mesh alumina particles may cause flow 

problems within the hoppers, and the smooth surface finish of 

perspex was an added advantage. The arrangement of the 

perspex hoppers can be seen by reference to plate 7. 

The first few months of commissioning the test rig was 

almost entirely devoted to sealing the hoppers from air leakages. 

The powder flowed through the hoppers quite beautifully and 

the s,ystem was most impressive. Eventually the equipment was 

rendered air-tight, after many bottles of perspex cement, and 

the apparatus available for the first quantitative series of 

tests. The fix'st test was absolutely catastrophic in that the 

centre hopper (8) fractured completely in the conical seotion 

just above the lower pinch valve. The three perspex hoppers 

were immediately dismantled and replaced with mild steel 

bunkers which have proved quite successful. The perspex 

hoppers have been repaired and a new project investigating the 
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flo\'1 of powders through hoppers is currently being formulatedo 

A.3.2 Bearing and Seal Assombl,y 

It can be seen by reference to Figs. 3.2 and A.3.1 that 

the bearing at the drive end of the screw-feeder must support 

a Shaft which penetrates a pressurised solids supply bunker. 

The design problem was to provide a bearing capable of 

accommodating an end thrust which also incorporates a suitable 

seal for the rotating drive shatt, thus preventing powder 

leaking from the supply bunker. Ingress of the abrasive 

particles into bearings and seal caused severe wear which 

accentuated the problem of leakage prevention. 

The final design was similar to that shown in Fig. 

A.3.1, which consists of an outrigger type of bearing with a 

bulkhead and drain hole to protect the ball-bearings in the 

event of failure of the seal. The assembly in its final form 

dispensed with the pressure balance pipe and the shroud. in 

the form illustrated. The shroud was replaced by an integral 

housing, (H) in Fig. A.3.1, which provided a clearanoe of 

about 0.05 inch between the housing and the dust-rejection 

screw-flight (8). This housing shrouded the immersed part of 

the drive shaft from the powder bed and the large screw-flight 

(8) prevented the bulk of the powder from penetrating to the 

ring of felt seals. The problem was now reduced to that of 

restrainjng air-borne dust from entering the bearing. It 

was hoped that the felt seals fitting tightly to the drive 

shaft would suffice, however, the seals certainly proved an 

adequate absorber (" f dust but gradually became impregnated 

with consequent loss of effectiveness. A further'1ine of 

defence" was the provision of an air seal comprising of two 

rubber '0· rings which gripped the drive shaft and were 
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displaced by ~ small bush having fo~r milled slots. 

Relatively bigh pressure air could be admit-tied to the shaft 

via the milled-slots, the air seal being mounted externally 

to the solids seal. The knife-edge retaining plates for the 

felt seals proved most effective in preventing seizure of the 

shaft by compacted powder. The unit operated successfully for 

six months without application of the air seal. Very slight 

leakage of powder from the drain hole was the first indication 

of seal failure. Dismantling the assembly showed that the 

felt seals had become impregnated as expected, but the major 

cause of leakage appeared to be the excessive wear of the 

mild steel primary drive Shaft beneath the '0' rings, which 

had suffered considerable damage. A new Shaft was manufactured 

from much harder steel (E.N.100) and the '0' rings and felt 

seals were re-newed. This assembly functioned well for 

aJ.most two years and leakege problems did not occur until the 

bend erosion tests were almost complete. The unit has 

recently been slightly modified to incorporate "Monoflon" 

packed seal, as reported in appendix A.2., instead of the felt 

seals, and trouble-free operation is expected. 

The screw insert guide (D) proved most use~ll in 

simplifying the task of connectin{5 a screw-flight to the 

tongue and socket torque transmission arrangement at the end 

of the drive shaft, access to the screw-feeder housing being 

through the outlet end of the feeder. This design allowed 

ea~ interchangeability of screw-flights. 
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CHmA CLAY mVESTIGA~~ION . 



Appendix A.4. China Clay Investigation 

A.4.1 Introduction 

The main objective of the present research investigation 

was to produce information on the transportation of particulate 

matter which would be of some value to industry. The author 

was very conscious that although three particle sizes of 

alumina were conveyed only one type of powder had been used. 

Consequently, when approached by a firm to examine the 

conveyability of china clay, the author readily accepted. 

The results of this brief investigation are included here as 

evidence of the author's awareness and interest in the whole 

field of powder handling. 

A.4.2 Experimental Procedure and Apparatus 

The non-abrasive properties of china clay and the 

necessity of observing visually the flowability of the clay 

along horizontal ducts and around bends required some 

modifications to the apparatus. The part of the suspension 

flow loop identified by (L) in Fig. ,.2 was originally two 

inch mild steel ducting, this was replaced by fairly rigid 

2.5 inch bore clear P.V.C. tubing, and the part identified 

by (N) substituted by a two inch diameter perspex bend baving 

a radius of curvature of 24 inches. 

The method of plant operation was similar to that 

described in section 3.4 and the measurements taken are evident 

from Table A.4.1. 

A.4.3 Powder Pro,erjY Determinations 

It has been mentioned previously that the first require

ment of any pneumatio conve~ investigation is an understanding 

of the physical properties of the material to be transported. 
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A brief summary of the data acquired is as follows:-

(i) Sample A : the Lee Moor Grade B china clay was 

delivered in one cwt. bags and a representative 

sample obtained using a "cone and quartering" 

technique. Analysis of this sample provided the 

following infor.mation:-

(a) Moisture content for several samples varied 

between 8.5% and 9.1% by weight. 

(b) Bulk density: poured value ••••••••• 6, lb/ft 3
, 

final tamped value ••• 71 lb/ft 3
• 

( ) . . 55% finer than 2 microns, 
c Part1cle size spectrum. 8% larger than 10 microns. 

(ii) Sample B : this was obtained after transporting 

sample A around the test rig seven times; the china 

clay having achieved its ultimate physical nature. 

Analysis of this sample yielded the fOllowing:-

(a) Moisture content for several samples varied 

between 0.0% and 0.8% by weight. 

(b) Bulk density: poured value ••••••••• 21 lb/ft 3
, 

final tamped value ••• ,1 Ib/ft 3
• 

(c) Particle size spectrum: 100% finer than 2 microns. 

The maximum air temperature at inlet to the mixing unit 

was 42°0 and this caused the large reduction in moisture 

content. The solid particles soon achieved a particle size 

distribution below 2 microns and the china clay in this form 

was highly cohesive and agglomerated easily. The reduction 

in bulk density was quite dramatic and has far-reaching 

effects in hopper (~,es1gn. 
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!~4~!t. ,'f'e,st Results Summary 

Table A.4.1 

Superficial air 
velocity, (ft/s) 

Pressure drop/ft 
(in H2O) in vertical duct, 

Pressure drop/ft in 
horizontal duct, (in H~) 

Pressure drop around 
24 in radius bend, (in H£)) 

Pressure drop/ft 
for bend, (in H2O) 

Screw-feeder 
delivery, (lb/min) 

Solids loading 
Ib solid/lb air 

Sample A 

128 103 66 

0.70 0.55 0.20 

1.85 1.25 0.50 

3.20 2.50 0.90 

1.10 0.80 0.30 

28 28 28 

2.4 3.0 4.7 

Sample B 

133, ~106 76 69 

0.50 0.40 0.25 0.20 

0.50 0.45 0.35 0.35 

1.60 1.20 1.00 1.00 

0.53 0.40 0.33 0.33 

4.5 4.5 4.5 4.5 

0.30 0.46 0.64 0.72 

Thus, as the conveying air velocity reduced to just 

below 70 it/s, the pressure drop in all cases diminished until 

the values for samples A and B were virtual~ the same, despite 

the quantity of A circulated being six times thu quantity 

of B. As a result, a system designed with the pressure drops 

for the ultratine clay as a basis is recommended. 

A.4.5 Scal;PS-Up 

It was req~:red to calculate the total pressure drop 

for a four inch diameter conveying line consisting of 110 ft 

horizontal pipe, 50 it vertical pipe and four 4 it radius 

bends. The firm accepted that to scale-up from the test rig's 
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two inch system to a four inch sys"l;em incorporating far longer 

runs of ducting was not feasible, but they requested an order 

of magnitude for the overall pressure drop. 

The air velocit,y in the 4 inch system was assumed to 

be 4,000 ft/min (approximately 67 ft/s), and by applying a 

very simplified Fanning-type equation to the pressure 

differentials in two and four inch s.ystems, a conversion factor 

of 0.4, for the pressure drop in a 4 inch duct, was obtained. 

Thus, for an air velocity of 4,000 ft/min in a 4 inch conveying 

line the following pressure drops can be expected:-

Pressure Pressure Pressure Solids drop/it in drop/ft in drop/ft flowrate vertical horizontal 
(lb/min) duct, duct, for bend~ 

(in H2O) (in H2O) (in H2O 

Sample A 28.0 0.08 0.10 0.12 

Sample B 4.5 0.08 0.12 0.13 

The above pressure drops are based upon a 2 ft radius 

bend in a 2 inch system being equivalent to a 4 it radius bend 

in a 4 inch system, and the horizontal pressure drop being a 

maximum since the china clay was accelerating. So, the total 

pressure drop when conveying 4.5 lb/min of very fine china 

cl~ through 4 inch diameter pipes at an air velocity of 

4,000 it/min 1s given by:-

(a) 110 it horizontal duct:- 6p - 110 x 0.12 - 13.2 

in H20; 

(b) 50 ft vertical duct:- Ap - 50 x 0.08 - 4.0 in 020; 

(c) 4 - 4 ft radius bends:- Ap • 4 x 6.28 x 0.13 - 3.3 
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Hencv'l "~O-L5: ;.l:'OGsure drop"" 20.5 ia H20. The pressure drop 

through a suitable dust extraction system would be about 8 

in H2 0, giving a total system pressure drop around 1 lhf/in2
• 

Allowing for a substantial increase in pressure drop for a 

proportionate increase in the solids flow rate, a compressor 

rated at 10 lbf/in 2 gauge delivery pressure and 600 f"t 3 /min 

of free air delivered should be adequat~. 

A.4.6 Conveyabilit;y of China Clay 

The screw-feeder delivered the new clay (sample A) 

quite satisfactorily and this cl~ was easily transported 

around the test rig. There was no evidence of "packing-up" 

on bends at air velocities above 4,000 ft/min. The feeder 

delivered only 4.5 lb/min of the very fine clay (sample B) 

for the same speed of rotation that delivered 28 lb/min of 

sample A clay. Examination of the screw-flight at the end of 

the tests revealed that a one-eighth inch thick layer of clay 

had compacted around the flight, which also showed signs of 

corrosion due to the moisture originally present in the clay. 

However, after the clay had become entrained in the conveying 

air no difficulty in transporting the gas-solid mixture was 

experienced. At the lower air velocities a fine dposit of 

particles built-up on the pipe-wall, but this did not impair 

the ability to pneumatically convey the fine clay. In fact, 

the air flow was frequently stopped momentarily and the clay 

was allowed to "olock the pipe s,ystem; immediate increase in 

the air velocity always proved successful in re-conveying the 

settled material. Finall;y, purging the s,ystem with air proved 

adequate for cleaojng the transport lines of deposited fines. 

The re was no evidence of wear on the perspex bend and t 

as expected, it can be assumed that erosion of bends due to 
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abrasion by china clay parti.cles will not occur. 

A.4a2 Flowability of China Clay through Storage Hoppers 

The mild steel cylindrical storage hoppers (8 and R 

in Fig. 3.2) are 18 inches diameter with a conical discharge, 

70 degrees to the horizontal, having a 6 inch diameter outlet. 

The clay in its "processed" form would not flow through the 

hoppers and arched across the outlet in "text-book" manner. 

The sample A clay flowed much more easily but lengthy residence 

time in the hopper aggravated the problem. 

The moisture content of the clay was very evident in 

that the inside surfaces of the hoppers suffered almost 

immediate corrosion, indicating that ljning of the hopper 

walls is necessary to avoid contamination 01' the product. 

Unreliable discharge from hoppers is a definite hazard 

and the problem of extracting the china cl~ depends largely 

upon the following characteristics:-

(i) Variation in moisture content. 

(ii) Changes in bulk density. 

(iii) Particle size distribution. 

(iv) Method of depositing material into hopper. 

(v) Presence of foreign material. 

These parameters change with time and with handling 

and so a successful scheme for handling this material will 

depend upon a detailed knowledge of this continually varying 

product. 

The moisture content of the cl~ requires that mild 

steel hoppers be liued with rubber or epoxy resin, they may 

also need to be lagged to avoid condensation problems. The 

hopper lining should be selected to have the additional 

advantage of promoting slip along the hopper walls, fibre-
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glass has good slip valueR and would also obviate ferrous 

contamination of the clay. 

Allowing for the above desirable design features and 

providing sufficient ullage space to ensure that adequate 

volume exists for complete separation of material from the 

airstream, the following dimensions indicate the capacity 

required for a receiving hopper to hold 50 tons of china clay 

(quantity quoted by firm):-

(a) Fibreglass hopper; smooth, repairable, corrosion -

resistant and relatively Cheap. 

(b) straight cylindrical section 12 ft dia. x 35 ft 

high having a 150 coned top and 14 it deep coned 

bottom with a ?OO angle to the horizontal. 

Volumetric capacity of 4,600 to 4,700 ft3 and 

weight of empty hopper approximately 6 to ? tons. 

This hopper would hold 50 tons of material having 

a bulk density of 30 lb/ft3
, allowing a 2~~ ullage, 

this rather high allowance provides for some 

variation in the bulk density. 

(c) Overall vertical height would be 50 ft. 

A.4.8 Alternative WaYs of Hopper Discharge 

It is evident that china clay is not free-flowing and 

some means of facilitating discharge is recommended:-

(i) The "Sonoforce" technique of sonic activation should 

be successful in facilitating the flow of china cl~. 

Unfortunately, the noise generated by these 

aotivators is likely to be greater than 90 decibels, 

a:J.d so this factor alone m~ be sufficient reason 

to preclude the application of "Sonoforce ll • 
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(ii) The Simons bin activator appears eminently 

suitable for ensuring discharge at a controlled 

rate. It could easily be fitted to the fibreglasB 

hopper discussed above and would reduce the overall 

vertical height. 

(iii) Aeration pads m~ be used provided the china clay 

does fluidise and not merely aerate, the latter 

phenomenon occasionally assists the flow by 

A.4.9 

agi tating the material, however, it may cause 

'rat-holing". It is quite feasible that fluidisation 

would be successful in facilitating hopper discharge, 

in Which case it is recommended that the fluidising 

air is only applied during extraction. Excessive 

aeration reduces the bulk density of the material 

and ma:v- result in uncontrollable discharge. 

Air Filtration 

A conventional cyclone is generally not satisfactory 

below 5 to 10 microns, unless agglomeration has occurred. 

~us, the bulk of the china clay would not be extracted by a 

cyclone collector and a fabric filter is recommended. The 

usual design basis of 5 ft 3 /min of conveying air per ft2 of 

filter cloth indicates that a filter cloth area of about 

120 ft2 would suffice. The D.C.E. "Dalamatic" venting unit 

with terylene pads and high pressure reverse jet clesning is 

recommended. 

A.4.10 Material Entrainment 

A rotar,y ai ': look should be satisfactory for handling 

new clay from the main silo. However, intermediate hoppers 

will be required to discharge finer clay of greatly reduced 

bulk density, so adequate venting of the exhaust air becomes 
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neccssaTY '~o avoid this air preventing material from flowing 

into the pockets~ 

If the powder handling plant uses a pressure vessel 

system incorporating slide valves, these valves will 

ultimately seize due to the clay becoming compacted in the 

slides. As a result, a sophisticated slide valve would be 

required to overcome problems of compaction and leakage of 

powder if the material is aerated. 

The china clay could undoubtedly be conveyed in dense

phase by means of a high pressure transfer technique sucll. as 

the "fluidised powder pump". A typical unit would deliver 

clay having a bulk density of 20 lb/ft 3 at a rate up to 

100 ton/h. This would be a batch system, an aV8rage batch 

being 2 tons, operating at a pressure ot 40 to 50 lbf/in2
• 

A.4.11 Conclusions - -
A successful bulk powder handling plant for china clay 

must be based upon understanding the continually 'Tarying 

product which is being conveyed. 

Pneumatic conveying of china clay is a viable propositioll, 

the minimum sate conveying velocity being 3500 to 4000 ft/min. 

Caution must be exercised in hopper decign on account of the 

variation in bulk density during handling, the cohesive 

arching of the "processed" material, and possible corrosion 

due to the moisture content of the clay. 
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APPENDIX A.5. 

ADDITIONAL GRAPHICAL RESULTS 
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APPENDIX A.6. 

NOMENCLATURE 

1 i 



.Appendix A.~. Nomenclature 

A cross sectional area of pipe 

D duct diameter 

Dc bend curvature diameter 

- 2/ F r Froude number of the gas flow, uf gD 

L length of test section 

M Mach number of the gas stream 

PA absolute fluid pressure in test section 

Ps fluid stagnation pressure 

R perfect gas constant 

Re duct Reynolds' number, P rUfD/ j.J. 

T absolute temperature of fluid 

Tf absolute temperature of carrier fluid in test section 

U velocity 

uf mean gas velocity in duct 

(uf)r gas velocity at a radius r of the duct 

-~ mean particle velocity in duct 
• Vf volumetric flowrate of fluid 

Wf fluid total mass flowrate in test section 

wp solid particles total mass flowrate in test section 

~ particle diameter 

g acceleration due to gravity 

h o pressure head loss due to fluid friction 

k pipe surface roughness 

m mass of particle 

q electric ch~ge on a particle 

r radial distance from pipe centre 

t a ambient temperature 

x axial distance along duct 
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f3 

y 

'Nl 

¢ 

AFap 

t:iPFf 

curvature ratio, D /D c 
ratio of specific heats 

pipe friction factor for gas flowing alone 

solids friction factor 

gas-solid suspension friction factor 

bend angle 

"some function of" 

absolute fluid viscosity 

fluid density 

particle density 

density of water 

wall shear stress in duct 

pressure differential due to acceleration of carrier 
fluid 

pressure differential due to acceleration of solid 
particles 

pressure drop due to friction by gas in the gas-solid 
suspension 

pressure drop due to solids friction 

pressure drop due to friction by both solids and gas 

total measured pressure differential 

pressure drop due to air flowing alone 

total pressure drop 

hydrostatic pressure differential due to fluid phase 

hydrostatic pressure differential due to solids phase 

proportional pressure loss in vertical duct induced by 
downstream bend 

coefficient of resistance 

coefficient of resistance for horizontal duct with 
fluid only flowing 

resistance number for horizontal duct and solid 
particles 

resistance number for horizontal duct and gas-solid 
suspension 
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~vf vertical pipe resistance number with fluid only 

~vp vertical pipe resistance number with solids only 

¢vs vertical pipe resistance number for suspension 

~f bend resistance number with fluid only 

~bP bend resistance number ~dth solids only 

~s bend resistance number for suspension 

Suffixes 

a ambient 

ds dispersed solids 

f carrier fluid or gas phase 

F friction 

o refers to flow of gas alone 

refers to a particle or particles 

s refers to the gas-solid suspension 

1 refers to inlet of test section where measurements 
taken 

2 refers to outlet of test section where measurements 

The above sumbols have the same meaning throughout 

the entire text, with the exception of the previous~ 

published work in section 5.8 which contains its own 

nomenclature. 

It has occasionally been found more convenient, in 

short single digressions, to define the symbols in the nearby 

text. 
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.APmillIX A.8. 

PLATE CAPrIONS AND KEYS 



Appendix 1. . .8. Plate Captions and Keys 

Plates 1 and 2 : General views of the gas-solids flow ring. 

Key to plates 1 and 2, and Figs. 3.2 and 3.3:

A Compressor air inlet 

B Sliding vane compressor 

C Relief valve 

D Saunder's; inch air-operated diaphragm valve 

E Orifice plate 

F Saunder's; inch manually operated valve 

G Reducing section 

H Air-solids mixing unit 

J 1 inch diameter air bleed-off line 

K 3, 1 inch air-operated Saunder's diaphragm valves 

L 2 inch diameter mild steel ducting from mixing unit to 

test section 

M Perspex duct approach section to test section 

N Mild steel return duct to air filtering plant 

P Primar.y cyclone 

Q Secondary cyclone 

R Main hopper in mild steel 

S Pressure hopper in mild steel 

T Solids supply bunker in mild steel 

U ScreW-feeder 

V Bearing and seal assembly 

W Variable speed 1rive, 0 - 180 rev/min 

X Fabric filter bags 

Y Dusty air, ; inch plastic pipe 
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Plates 3 and 4 Other featureD of eQuipment obscured in 

plates 1 and 2. 

Plate 5 : High pressure nitrogen purging system for 

cleaning manometer lines. 

Plate 6 : 

Plate 7 : 

Plate 8 ~ 

Plate 9 

Plate 10 : 

Plate 11 : 

Plate 12 : 

Plate 1,3 : 

Typical set of multi-tube manometer readings 

photographed during a test run. 

Initial arrangement of rig with perspex 

hoppers. 

2 inch square-section bend prior to wear tests. 

Progressing wear pattern of 2 inch diameter, 

9 inch radius, standard mild steel bend. 

The standard bend worn through and also 

typical "pocketing" of a similar bend 

previouslY reinforced. 

Particle shape for 240 mesh alumina powder 

when new and after erosion tests on bend 1. 

Particle shape tor 240 mesh alumina powder 

after erosion tests on bend 3 and after tests 

on bend 4. 

Final erosion pattern ot bend 2. 
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Plate 12. 

Plate 16 

Plate 17 : 

Final erosion pattern of bend 3. 

Erosion of bend 4. 

Radiograph of 4 inCh bore pipe fitted with a 

channel wear-back filled with concrete. 

Perspex bend installed in test rig. 
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SUPPIJ.!l1.}N'l!,ARY LIST_OF FIGURE CAPTIONS 



Some figures have insufficiently detailed captions 

and a more complete description is provided here. 

Figs. 3.2 and 3.3 

Fig. 4.9 

Fig. 4.10 

Figs. 4.13 and 4.14 

Fig. 4.15 

See Plate Captions (Appendix A.8.) for 

key to plates 1 and 2. 

• refers to pitot traverse from 

pipe centre to wall. 

o refers to pitot traverse from 

wall to pipe centre. 

o refers to pitot-tube derived 

results as on pre-data tape. 

• refers to Fanning friction factor 

calculation assuming constant 

fluid density and viscosit,y. 

refers to actual results from 

test 63, using pressure drop 

calculation. 

o 

• 

• 
o 

experimental results. 

theoretical values • 

calibration before test 1. 

calibration after test 230. 

240 mesh, medium screwflight. 
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Fig. 4.18 

Fig. 4019 

Fig. 4 .. 20 

Fig. 4.21 

Fig. 4.22 

• test 16 calibrt:':tion. 

o test 264 calibrat;.l.o:.a.. 

320 mesh, Medium scre\\Tflic;'b.t. 

• test 16 calibration. 

o test 88 calibration. 

• 
o 

500 mesh, medium screwflight. 

test 1 calibration, 240 mesh. 

test 16 calibration, 320 mesh. 

• test 88 calibration, 500 mesh. 

Medium screwflight. 

• 
o 

• 
• 

test 6 calibration. 

test 183 calibration. 

240 mesh, large screwflight. 

test 9 calibration. 

test 46 oalibration 

o test 173 calibration. 

320 mesh, large screwflight. 

• test 163 calibration. 

o test 206 calibration. 

• 
o 

• 

500 mesh, large screwflight. 

test 183 calibration, 240 mesh. 

test 173 calibration, 320 mesh. 

test 163 calibration, 500 mesh. 
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o new 240 mesh powder .. 

A after test 1. 

• test 79. 

a test 128. 

Fig. 4.25 o new 320 mesh powder. 

A test 16. 

a test 46. 

Fig. 4.26 o new 500 mesh powder. 

A test 17. 

• test 34. 

a test 110. 

Fig. 5,,1 • VlplWt D 0.2 to 0.5, 240 mash. 

0 WPIWf .. 0.5 to 0.8, 240 mesh. 

• \vp/W;r r= 0.8 to 1.4, 240 mesh. 

)( VI /W .. • 1.4 to 2.0, 240 mesh. 
P :L 

v 
WJ:l/Wt .. 2.0 to ,.0, 240 mesh • 

+ Wp/Wf • :;.0 to 4.0, 240 mesh. 

• WpIWf • 4.0 to 5.0, 240 mesh. 

JI W. /Wt • p . 0.2 to 0.5, 500 mesh. 

" VlplWf • 0.5 to 0.8, 500 mesh. 

" Wp/W:r aa 0.8 to 1.4, 500 mesh. 
;I 

WpIWt • 1.4 to 2.0, 500 mesh. 

~ WpIW:r • 2.0 to ,.0, 500 mesh. 

• Air only .. 
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:iJ'ig .. 1.:~2 )t Ail.' only. 

• WU/Wf ~ 0.2 to (j..,5, 500 mesh. 
'" 

0 WP/Wf = 0.2 to 0 .. 5, 240 meshc-

" WP/Wf ;a 0.5 to 0.8, 500 mesh. 

~ Wp/Wf = 0.5 to 0.8, 240 m3sh. 

• Wp/Wf • 1.1 to 1.5, 500 mesh .. 

v Wp/Wf r.: 1.1 to 1.5, 240 mesh. 

" WpIWf • 2.0 to 3.0, 500 mesh. 

" Wp/Wf - 2.0 to 3.0, 240 mesh. 

Fig .. 5.3 )( Air only. 

0 WPIWf .. 0.2 to 0.5, 500 mesh. 

• WpIWt • 0.2 to 0.5, 240 mesh. 

a WPIWf • 0.9 to 1.1, 500 mesh. 

• WpMf - 0.9 to 1.1, 240 mesh. 

~ WPIWf • 2.5 to ,.0, 240 mesh. 

... WPIWf - 4.0 to 5.0, 500 mesh .. 

'cl. WpMf • 4.0 to 5.0, 2/+0 mesh. 

Fig. 5.4 • Wr • 7.0 lb/min. 

" 1,1£ • 7.8 lb/min. 

" Wr - 8.04 lb/m!n. 

• Wr • 8.4 lb/min. 

+ 1,1£ • 8.7 lb/min. 

All 240 mesh. 
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Fig", :~,.,5 

Fig. 5.6 

Fig., 5.8 

• Wi' :..: 6 ~; e.- lb/min .• 
, Wf 

.. 6,,8 lb/min" 

Jt Wf = 7.4 lb/min. 

11 Wf 
::< 7.7 lb/min. 

X W:r = 9.2 lb/min. 

All 500 mesh. 

Wi .. 6 to 8 lb/min. 

tI Wf .. 8 to 10 lb/min. 

o W
f 

.. 10 to 12 lb/min. 

o 

o 

A. 

x 

Q 

• 
• 

• 

o 

All 240 mesh. 

Wf &S 6 to 8 lb/min. 

Wf D 8 to 10 lb/min. 

Wf • 10 to 12 lb/min. 

All 320 mesh. 

VI! .. 5 to 7 lb/min. 

Wf • 7 to 8 lb/min. 

Wr .. 8 to 9 lb/min. 

VI;! .. 9 to 10 lb/min. 

Wf .. 10 to 12 lb/min. 

All 500 mesh. 

240 mesh. 

;20 mesh. 

500 mesho 

All with W;! .. 7.0 to 9.5 lb/min. 
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Fig. ')$'10 • 
0 

J/ 

.II 

Fig. 5011 )( 

, 
A 

• 
0 

JI' 

.II 

Fig. 5l\'t12 x 

• 
A 

• 
0 

II 

-
Fig. 5.13 A 

0 

II 

o 

• 
Q 

Wp/W:r: ""' 0.5 to 1.5, 500 me ,1h .', 

WPIWf = 0.5 to '1,,5., 2L~0 mesh" 

W /W ... p :f 2.0 to 6.0, 500 mesh. 

Wp/W:r ell 2.0 to 6.0, 240 mesh. 

Air only .. 

Wp/Wf .. 0.7 to 1.0, 500 mesh. 

Wp/Wf III 0.7 to 1«>0, 240 mEsh. 

WP/Wf I: 1.6 to 200, 500 mesh • 

Wp/Wf 1:11 1.6 to 2.0, 240 mesh. 

WP/Wf III 2.0 to 6.0, 500 mesh. 

WP/Wf III 2.0 to 6 .. 0, 240 mesh • 

Air only. 

WPIWf III 0.7, ;00 mesh. 

Wp/Wt ell 0.7, ;20 mesh. 

WpIWf .. 1.7, 500 mesh. 

WpIW: III 1.7, 320 mesh. 

WpMf &.I 
;.2, 500 mesh. 

WpM! .. ~.2, 320 mesh. 

WpIWr III 0.8 to 1.5. 

WpIWf • 1.5 to 2.5. 

WpIW:r • 2.5 to ;.5. 

All ;20 mesh. 

Wp/Wr u 0.8 to 1.5. 

WPIWf III 1.5 to 2.5. 

WP/Wf III 2.5 to ;.5. 
All 500 mesh. 
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• 
o 

x 

Fig. 5.16 • 
o 

• 

Fig. 5.18 o 

Fig. 5.19 • 
0 

• 
Q 

1 

A 

x 

Fig. 5.20 • 

Fig. 6.1 x 

• 

WpIWf == 1 .. 0. 

W IWf "" 2.0. p . 

,.r AT:r = 4.0. pi W 

All 500 mesh. 

Re III 14 x 1<r to 18.4 x 104 • 

R III 6 x 104 to 10 x 104 • e 
Both 500 mesh. 

Re aI 9.5 x 104 to 11.0 x 104
• 

500 mesh. 

320 mesh, Re varying. 

Wp/W: - 0.2 to 0.5. 

'WP/Wf • 0.5 to 1.0. 

'vi /Wf' = p -
1.0 to 1.5. 

WPIWf • 1.5 to 2.0. 

Wp/W: III 2.0 to 3.0. 

Wp/Wf - 3.0 to 4.0. 

WpIWf - 4.0 to 5.0. 

All 320 mesh. 

Air only. 

WP/Wf - 0.3 to 0.4 • 

WP/Wf • 1.0 to 1.5. 

WPIWf • 2.0 to 4.0. 

All 500 mesh. 
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Fig~ 6.2 ~ W !W
f 

.:: 0.,6 to 0.7. 
p' 

A W /Wf .,. 1.0 to 1,,5. p. 

fJl W /Wf all p . 2.0 to 2.5. 

" WpIWf • 2.5 to 3.5. 

• WP/Wf III 3.5 to 4.5. 

• WpIWf = 4.5 to 5.5. 

All 320 mesh. 

Fig. 6 .. 3 x Air only. 

• WpIW;r IS 0 .. 3 to 00 4. 

• WpIW:r 110 0.6 to 0.7. 
1 Wp/W:r - 1.0 to 1~5. 

- WpIW:r = 1.5 to 2.0. 
, Wp/W:r - 2.5 to 3.5. 
0 WP/Wf - 3.5 to 4.5. 

All 500 mesh. 

Fig.. 6.4 0 Wp/W:r - 0.3 to 0.4. 
D WpIWf - 0.6 to 0.7. 
Il. Wp!W:r - 1.0 to 1.5. 
/If WpIWf - 1.5 to 2.0. 

v WpIWf • 2.5 to 3.5. 

• WpIWt • 3.5 to 4.5. 

Fig. 6.5 x Air only. 

• WPIWf III 0.3 to 0.;. 
I 'WPIWf - 0.6 to 0.8. 

• 'WPIWf • 1.0 to 1.5. 
A WpIWf • 1.5 to 2.0. 

JI WPIWf - 2.0 to 3.5Q 

All 500 mesh. 
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Fig. 6 0 ? 

Fig .. 608 

Fig. 609 

Fig. 6.10 

• 
• , 

W /,J.p- ,""' 0.3 to 0.5 • 
p ... 

WPIWf ~ 0.6 to O~8o 

W /Wr C 1.0 to 1.5. p . 

WpIWf • 2.0 to 3.5. 

All 320 mesh. 

W! • 2.5 to 3.5 lb/min. 

o W! • 3.5 to 5.0 lb/min. 

A W!. 5.0 to 6.5 lb/min. 

, Wf • 6.5 to 8.0 lb/min. 

All 320 mesh. 

a W! D 4 to 5 lb/min. 

A Wr • 5 to 6.5 lb/min. 

• Wr - 6.5 to 8 lb/min • 

11 Wr - 8 to 10 lb/min. 

" Wf - 10 to -12 lb/miu. 

All 500 mesh. 

• Wt - 6.5 to 8 lb/min. 

_ W
f

• 8 to 10 lb/min. 

• Wr • 10 to 12 lb/min. 

• 

All 320 mesh. 

Wr - 8 to 9 lb/min. 

Wf n 9 to 10 lb/min. 

Wr • 10 to 12 lb/min. 

All 500 mesh. 
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Fig., 6 08 '11 c 
Wi "" ? '~'O [3 lb/min. 

& W,f .. 8 to 10 lb/win., 

• Wf 
c:: 10 to 12 lb/min. 

All 320 mesh. 

Fig. 6.12 & Re a 6 X 104 to 9 X 104 • 

~ Re a 11 X 10 4 to 14 X 104 • 

• Re III 15 X 104 to 19 X 10 4 • 

All 500 mesh. 

Fig. 6.13 • Re = 4 x 104 to 6 X 104
• 

0 
Re - 6 x 104 to 7 x 104

• , 
He III 7 X 104 to 8 x 104

• 

~ Re - 8 x 104 to 9 X 104
• 

• Re III 9 x 10 4 to 11 x 104 • 

All 500 mesh. 

Fige 6.14 • Re III 4.0 x 10 4 to 5 .. 5 X 104
• 

" Re - 5.6 X 104 to 6.4 4 x 10 • 

• Re • 6.5 x 10 4 to 7.6 x 104
• 

All 500 mesh. 

Fig. 6 .. 15 A Re • 4.0 x 104 to 5.5 x 104
• 

0 Re • 5.6 x 104 to 6.4 x 10'\ 

• Re - 6.5 x 104 to 7.6 X 104
• 

All 240 mesh. 
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]':i,[, G .16 • 
o 

" 

Fig. 6017 )( 

• 
0 

" 

Fig. 6.18 • 
o 

Fig. 6.19 x 

• 
0 

" 
" 

Fig. 6.20 • 
o 

W A.r
f 

= 0.2 to 0.4. :pI vv. 

Wp/Wr = 0.6 to O.8~ 

Wp/Wr :s 1.0 to "1 .. 3. 

Wp/Wr • 1.5 to 2.0. 

WPIWf III 2.3 to 3.5. 

All 500 mesh. 

Air only. 

Wp/Wr III 0.2 to 0.,,4. 

WpIWt L: 0.6 to 0.8. 

WP/Wf -= 1.,0 to 1.3. 

All 500 mesh. 

WPIWf • 0.2 to 0.4. 

WPIWf • 0.6 to 0.8. 

WPIWf • 1.0 to 1.,. 

W /WoP a 1.5 olio 2.0. 
P J. 

All 24-0 mesh. 

Air only. 

WpI'Wf • 0.2 to 0.4. 

WpIWf • 0.6 to 0.8. 

WpIWf • 1.0 to 1 .. 3. 

'vIpIWr • 2.5 to 3 L--.::>. 
All 500 mesh. 

WPIWf ., 0.2 to 0.4. 

WpIWr • 0.6 to 0.8. 

WP/Wf • 1.0 to 1.3. 

Wp!Wr III 2.5 to 3.5-
All 500 mesh. 
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.FigG_ 6 .. 21 -~c 6.27 

Fig. 6.21 

Fig. 6.22 

Fig. 6023 

Figs 6.24 

Fig. 6.25 

Fig. 6.26 

• 
• 
• 

Centre IJr "all pressure tappin-ge • 

Bottom or "b" P~L'GSsure tappings. 

Top or "e" pressure tappings. 

Wp = 10.2 Ib/miu. 

Wp/W:r • 1.,2. 

500 mesh. 

Wp - 36.5 Ib/min. 

WpIWf a 5.00. 

500 mesh. 

---- Wp • 2.05 lb/min, WpIWf • 0.18<1 

----- Wp • 6.65 Ib/min, WpI'Wf - O.G"I~ 

---------- W • 12.2 Ib/min, W /Wf a 1.19. p p 

All 500 mesh. 

-- Wp • 10.0 Ib/min, WP/'vlf Q 0 .. 9(, .. 

-------- Wp • 30.0 Ib/min, Wp/Wf • 3 ... 32. 

Both 500 mesh. 

---- Wp • 3.0 lb/m1n, WpIWt - 0.26. 

500 mesh. 

------- Wp • 2.95 Ib/min, WPIWf - 0.26. 

240 mesh. 

Wp • 10.4 Ib/min, WPIWf • 1.33. 

240 mesh. 

-------- 'Wp • 34.5 Ib/min, WPIWf ... 4.0;? .. 

500 mesh. 
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Fi ,. ">7 . g"l ()Q'_ 

Fig. 74111 

Fig. 7.2 

Figs. 7.3 to 7.8 
and Fig. 7,,22 

Fig. 7.3 

Fig. 7.4 

Fig. 7.5 

----- \Jp = 1.8 Ib/m:i.n, 'v! pIW f ... O. 'V)" 

------- Wp = Jl-.8 la/min, Wpl'v1f co O .. LiLt .. 

--------- Wp - 36.5 lb/min, \.Jp/Wf ,.. 3.':/7, 

• 
o 

A 

tI 

• 

• 

• 

All 500 mesh. 

Re a 10.98 X 104
; WPIWf ... 0.24. 

Re - 9.68 X 104
; WP/Wf .. 1.07. 

Re • 6.20 X 104
; Wp/Wf ... 3.28. 

All 500 mesh. 

Re • 11.9 X 104
; WpIWf .. 0.18. 

Re - 10.1 X 104 ; Wp/Wf ... 0.70. 

Re r:a 9.5 x 104
; Wp/Wf .. 1.19. 

All 500 mesh. 

Centre or Ua" pressure tappings. 

Bottom or "b" pressure tappings. 

Top or "e" pressure tappings. 

___ R .. 10.98 x 104 , 1,.1 /W
f 

.. 0.2'1-. 
e p 

- _________ Re .. 9.68 x 104 , WPIWf .. 1.07. 

Both 500 mesh. 

Re range 10.2 x 104 to 11.2 X 104
• 

WPIWf range 0.18 to 0.61r 

500 mesh. 

- Re .. 7.13 x 104
, WpIW! .. 0.26. 

--------- Re .. 6.67 x 104
, WP/Wf .. 1 .. 05 .. 

Both 240 mesh. 
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Fig.. 7.6 

Fig. ?? 

Fig. 7.8 

Fig. 7.9 

Fig. 7.10 

Fig. 7.11 

• 

320 mesh. 

Re ... 9.33 x 104
, WpIWf = 1.57. 

320 mesh. 

Re - 9.36 x 10\ WpIWf ... 4-.44. 

320 mesh. 

- Re. 8 x 104 to 9 X 104
• 

... Re .. 7 x 104 to 8 X 104
• 

~ Re • 6 x 104 to ? X 10
4

• 

~ R .. 5 X 104 to 6 x 10 4
• e 

• 
o 

x 

o 

All 500 mesh. 

~bp for solid particles only. 

Re • 10 x 104 to 11 x 104
• 

Re • 9 x 104 to 10 x 104
• 

Re • 8 x 104 
to 9 x 104 

.. 

Re • ? x 104 to 8 X 104
• 

All 240 mesh. 

¢bp for solid particles only. 

Re • , x 104 to 4 X 104
• 

Re • 4 x 10 4 to 4.6 x 104
• 

He • 5.2 x 104 to 5.8 x 104
• 

Re .. 5.8 x 104 to 6.4 x 104 • 

Re • 6.4 x 104 to 7.0 X 104
• 

All 500 mesh. 
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Fig~ 7,,12 

Fig. 7.13 

Fig. 7.14 

Fig. 7.16 

II Re .. 4 x '\0 4 to 4.6 X 10 4
• 

.... Re III 502 x 10 4 -Co 5 .. 8 X 10 4
• 

'\l Re .. 5.8 x 10 4 to 6 .. 4- X 104 
• 

0 Re = 6,,4 x 10 4 to 7 .. 0 X 104
• 

All 240 mesh. 

.. Re = 6 x 104 to 8 x 104 • 

II Re .. 8 x 10 4 to 10 x 104
• 

II Re .. 10 x 10 4 to 12 x 104
• 

0 Re .. 12 x 104 to 14- x 104
• 

• Re .. 14 x 104 to 16 x 104
• 

All 320 mesh. 

• Re .. 8.5 x 104 to 11.2 x 104
• 

Both 500 mesh. 

Test 260, Re .. 9.21 x 10
4 

to 

15.92 x 104
• 

• Test 262, Re .. 7.19 x 10 4 to 

12.51 X 104
• 

Both 320 mesh. 

)( Air only. 

• WPIWf 
.. 0.2 to 0.4. 

0 WpIWf .. 0.6 to 0.8. 

" WPIWf .. 1.0 to 1.5. 

All 240 mesh. 
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Fig. 7018 

Fig. 7.19 

Fig. 7.20 

• Test 20.'·? Re =" 11.19 x 104 -\il,) 

9.47 X 10"- ~ Wp/'Wf m 0.18 to 1 .. 19. 

~ Test 210, lie - 8.48 x 104 to 

0 

• 
fl 

... 
)( 

• 
o 

• 
0 

# 

~ , 
)( 

7.05 x 104
, WPIWf - 0023 to 1.6'1. 

Both 500 mesh. 

Air only. 

WpIWf ... 0.2 to 0.35. 

Wp/Wf III 0., to 0,,65. 

WPIWf a:a 0.9 to 1.1 • 

WP/Wf - 1.4 to 1.6. 

All 500 mesh. 

WPIWf • 0.2 to 0.3. 

WpIW! - 0.6 to 0.7. 

WPIWf = 0.9 to 1.1. 

All 500 mesh. 

Wp/W£ ~ 0.3 to 0.5 • 

WP/Wf • 0.9 to 1.2. 

Wp/W£ • 1.( to 1.9. 

Wp/W! a 2.3 to 2.7. 

Wp/W! • 3.0 to 3.5. 

WP/Wf • 4.0 to 5.0. 
All 320 mesh. 
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Fig. 8.9 

Fig. 8.10 

Fig. 8 0 11 

Fig. 8.12 

• 

o 

x 

Tcst 2GJ J Re :::' 9.21 x 10 4 to 

15.92 x 404
, WPIWf = 0.32 -to 3.1'1. 

T.est 261(a), Re = 5.99 x 104 to 

8.97 X 104
, WP/Wf a 0.58 to 2.980 

Test 261(b), Re - 3.22 x 10 4 to 

5.54 x 10 4
, WP/Wf = 0.92 to 3.47. 

All 320 mesh. 

Test 5. 

o Test 16. 

o Test '1. 

x Test 5. 

A Test 9. 

0 Test 1. 

x Test 5. 
6 Test 10. 

c T0st 13. 

• Test 18. 

o Test 46. 
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