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THE INFLUENCE OF BULK PARTICULATE PROPERTIES 
ON PNEUMATIC CONVEYING PERFORMANCE 

BY M. G. JONES 

Interest in the use of dense phase conveying has grown considerably 
in recent years. However, not all products are capable of being 
conveyed in dense phase and it is often difficult to predict which 
products have dense phase capability without carrying out pilot 
conveying trials. 

The main objective of this work was to investigate the effect of 
bulk particulate properties on pneumatic conveying performance. To 
achieve this, an extensive programme of conveying trials was 
carried out and each product tested was subjected to a series of 
bench scale tests to evaluate the bulk properties of the material. 

A phase diagram is proposed, based on the aeration properties of a 
material, which groups together products of similar conveying 
potential. The phase diagram gives a first indication on the basis 
of a small sample of material whether or not a product is capable 
of dense phase conveying. Further, it will predict the most 
appropriate mode of flow. 

For products capable of dense phase in a moving bed type flow 
regime, a further correlation is proposed which predicts the likely 
conveying performance in the pipeline in terms of mass throughput 
of product for given conditions based on the air retention 
characteristics of a product. The correlation has been generalised 
to extend its applicability to a range of pipeline configurations. 
The combination of the phase diagram and the correlation for dense 
phase moving bed type flow (the most commonly used form of dense 
phase conveying) provides a powerful design tool which will reduce 
the need for full conveying trials. 

In addition, the effect of material bulk properties on blow tank 
performance has also been investigated and a correlation between 
aeration properties and blow tank discharge characteristics is 
proposed. 
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At. area of throat- 

A pipeline cross-sectional area 

C superficial gas velocity 

C permeability factor 

maximum superficial air velocity 

minimum superficial air velocity 

Cd coefficient of discharge 

d pipe diameter 

d effective particle diameter 

d' mean particle size 

D bend diameter 

g gravitational acceleration 

K' de-aeration constant 

K�' vibrated de-aeration constant 

L length in the direction of the fluid flow (bed height) 

L conveying distance 

L. equivalent length 

L, initial bed height 

La final bed height 

m mass flow rate of gas 

m� mass flow rate of air 

MP mass flow rate of product 

m,,.,.. maximum mass flow rate of gas through nozzle 

M solids mass flux 

V. 



p pressure 

Palo absolute pressure 

ep pressure drop 

pb nozzle downstream (back) pressure 

pp upstream stagnation gas pressure 

p,, /p� pressure ratio across nozzle 

p*/p� pressure ratio at throat section 

R characteristic gas constant 

T absolute temperature 

absolute temperature of gas at stagnation condition 

U superficial percolation velocity 

UMe superficial gas velocity at minimum bubbling condition 

U. superficial gas velocity at minimum fluidising velocity 

V volumetric flow rate 
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Y isentropic exponent 

r phase density factor 

d prefix meaning change in 

f vol dage 

Jº a function of bed height, f (L) 

p absolute fluid viscosity 

constant 3.14159 

p density 

p product bulk density 

pr density of fluid 

p. upstream stagnation gas density 

p, w density of solids 

r time 

j phase density (solids loading ratio) 

,7 

vii. 



ABSTRACT ii 

AUTHOR'S NOTE iii 

ACKNOWLEDGEXENTS iv 

NOMENCLA TURE V 

CONTENTS viii 

CHAPTER 1: INTRODUCTION 1 

1.1 BACKGROUND TO PROJECT 1 

1.2 OUTLINE OF OBJECTIVES 2 

1.3 STRUCTURE AND SCOPE OF THESIS 3 

CHAPTER 2 REVIEW OF PREVIOUS WORK AND CURRENT 5 
INDUSTRIAL PRACTICE 

2.1 INTRODUCTION 6 

2.2 DEFINITIONS OF DENSE PHASE PNEUMATIC 7 
CONVEYING 

2.3 THE FLOW REGIMES OF NON-SUSPENSION FLOW 9 

2.4 REVIEW OF PREVIOUS WORK `IN. DENSE PHASE 10 
(NON-SUSPENSION) FLOW 

2.4.1 Analysis of the mechanics of flow 11 
2.4.2 The Use of Phase 

. 
Diagrams 14 

2.4.3 The Suitability of Powders for Dense 16 
Phase Conveying 

2.5 COMMERCIALLY ̀AVAILABLE SYSTEMS 28 

2.5.1 Introduction .-., r 28 
2.5.2 Conventional -Systems, -, 29 
2.5.3 By-pass Systems :' . ',,.... 29 
2.5.4 Pulse Phase Systems 30 
2.5.5 Single Plug Systems 32 

viii. 



.1 

2.6 CRITICAL OVERVIEW OF THE CURRENT POSITION 32 

2.7 EXPERIMENTAL PLAN 34 

CHAPTER 3: CONVEYING TEST PLANT 36 

3.1 INTRODUCTION 37 

3.2 CONVEYING TEST RIG 37 

3.2.1 The Blow Tank 37 
3.2.2 The Conveying Pipeline 47 
3.2.3 The Air Supply 51 

3.3 INSTRUMENTATION 51 

3.3.1 Air Mass Flow Rate Measurement 51 
3.3.2 Product Mass Flow Rate Measurement 56 
3.3.3 Pressure Measurement 63 

CHAPTER 4. CONVEYING TRIALS 64 

4.1 INTRODUCTION 65 

4.2 EXPERIMENTAL METHOD 66 

4.3 USE OF AIR MASS FLOW RATE 70 

4.4 CONVEYING CHARACTERISTICS 71 

4.4.1 Conveying Limitations 71 
4.4.2 Minimum Conveying Conditions 74 
4.4.3 The Influence of Conveying Air Velocity 76 

4.5 CONVEYING OF PRODUCTS 78 

4.6 PRODUCTS CAPABLE OF BEING CONVEYED IN 80 
DILUTE PHASE ONLY 

4-6.1 The Mechanism 'of 
, 
Pipeline Blockage 83 

4.6.2 Comparison of the performance of Dilute 84 
Phase Products 

4.7 PRODUCTS CAPABLE OF BEING CONVEYED IN A 86 
DENSE PHASE FLOW REGIME 

4.7.1 Observed Modes of Flow 86 
4.7.2 Range of ConveysbiIity 89 
4.7.3 Comparison of Dense Phase Products 89 

ix. 



4.8 THE EFFECT OF PRODUCT DEGRADATION ON 92 
CONVEYING PERFORMANCE 

4.9 CONCLUDING REMARKS 93 

CHAPTER 5: BENCH SCALE TESTS 96 

5.1 INTRODUCTION 97 

5.2 SIZE ANALYSIS 97 

5.2.1 Sampling 97 
5.2.2 Sieve Analysis 98 
5.2.3 Equivalent Spherical Size by Bass 98 
5.2.4 Photosedimentation 99 

5.3 DENSITY ANALYSIS 99 

5.3.1 Particle Density 99 
5.3.2 Bulk Density 101 
5.3.3 Compaction 101 

5.4 PERMEABILITY ANALYSIS 102 

5.5 AIR RETENTION ANALYSIS 106 

5.5.1 Introduction 106 
5.5.2 De-aeration Constant 109 
5.5.3 Vibrated De-aeration Constant 110 
5.5.4 Apparatus for Measuring Vibrated 112 

De-aeration Constant 
5.5.5 The Test Procedure 112 
5.5.6 The Effect of Errors - in - the Initial 114 

and Final Bed Heights 
5.5.7 Practical Considerations 114 

CHAPTER 6: TEST MATERIALS 116 

CHAPTER 7: THE CORRELATION BETWEEN PRODUCT CHARACTERISTICS 139 
AND CONVEYING PERFORMANCE 

7.1 INTRODUCTION 141 

7.2 THE GELDART AND. DIXON. CLASSIFICATIONS OF 143 
THE TEST MATERIALS 

7.3 AN ALTERNATIVE METHOD OF=CHARACTERISING 148 
THE PRODUCTS 

7.4 THE CORRELATION BETWEEN MINI? fJM CONVEYING 149 
CONDITIONS AND AIR PERMEABILITY 

X. 



7.5 THE CORRELATION BETWEEN MINIMUM CONVEYING 151 
CONDITIONS AND AIR RETENTION CHARACTERISTICS 

7.6 THE CORRELATION BETWEEN BENCH SCALE TESTS 153 
AND CONVEYING MODE 

7.7 THE CORRELATION BETWEEN MOVING BED TYPE FLOW 157 
PERFORMANCE AND VIBRATED DE-AERATION CONSTANT 

7.8 SCALING FOR PIPELINE LENGTH 161 

7.9 SCALING FOR PIPELINE BORE 164 

7.10 THE GENERALISED CORRELATION USING 166 
SOLIDS MASS FLUX 

7.11 THE LIMITATIONS OF USING SOLIDS MASS FLUX 168 

7.12 THE CORRELATION BETWEEN PHASE DENSITY 173 
FACTOR AND VIBRATED DE-AERATION CONSTANT 

7.13 CONCLUDING REMARKS 174 

CHAPTER 8 THE CORRELATION BETWEEN PRODUCT CHARACTERISTICS 179 
AND BLOW TANK PERFORMANCE 

8.1 INTRODUCTION 180 

8.2 FACTORS AFFECTING DISCHARGE RATE 181 

8.3 BLOW TANK CHARACTERISTICS 182 

8.4 THE CORRELATION OF BLOW TANK PERFORMANCE 189 
WITH AERATION PROPERTIES 

8.5 A COMPARISON BETWEEN TOP AND BOTTOM 193 
DISCHARGE OPERATION 

8.6 THE IMPORTANCE OF EFFECTIVE FLUIDISATION 202 

8.7 CONCLUDING REMARKS 203 

CHAPTER 9: CONCLUSIONS 205 

9.1 PREDICTION OF DENSE PHASE CAPABILITY 4^06 

9.2 PREDICTION OF PNEUMATIC CONVEYING PERFORMANCE 209 
IN A MOVING BED TYFE FLOW REGIME 

xi. 



9.3 THE EFFECT OF PRODUCT CHARACTERISTICS ON 212 
BLOW TANK FERFORMANCE 

9.4 CONCLUDING REMARKS 214 

CHAPTER 10 : SUGGESTIONS FOR FURTHER WORK 218 

10.1 THE GLOBAL APPROACH 219 

10.2 THE MATHEMATICAL MODELLING APPROACH 220 

10.3 THE EFFECTS OF BLOW TANK GEOMETRY 221 

APPENDIX I: REFERENCES TO THE LITERATURE 222 

APPENDIX II : CONVEYING CHARACTERISTICS FOR ALL 232 
PRODUCTS CONVEYED 

APPENDIX III : AERATION PROPERTIES OF MATERIALS TESTED 255 

APPENDIX IV : PUBLISHED PAPERS 278 

xii. 



CHAPTER J 

INTRODUCTION 



Chapter 1 Introduction 

The use of dense phase conveyors in industry has increased significantly 

in recent years on a world-wide basis. Most manufacturers now market 

dense phase systems, many of which claim low energy consumption and 

minimum degradation and erosion amongst other benefits. The increased 

use of dense phase systems has led to an increased interest, especially 

by user companies, in the capabilities, design, operation and control of 

such systems. 

Interest was such that the Department of Trade and Industry set up a 

collaborative research project between the Warren Spring Laboratory, 

Thames Polytechnic and a group of twenty companies (both manufacturers 

and users) with interests in the design of pneumatic conveying systems. 

One of the areas of concern 'identified by the collaborative group was the 

effect of product properties on pneumatic conveying performance. 

Preliminary work carried out by the author whilst under contract to the 

Department of Industry formed the basis of the research project reported 
in this thesis. The initial choice of products was influenced by the 

suggestions of 'member companies who inevitably proposed materials which 
they found difficult to convey, This was in contrast to many researchers 

who often chose convenient materials which had small size distributions 

and were easy to convey. However; this did ensure that the research was 

carried out using materials which are 'commonly conveyed, in industry and 

which have particular problems of conveyability. 

The pipeline configurations were also dictated by the needs of the 

Department of Industry project , since the = results from the ° test ' wirk, 

carried 'cut by the "author had' to be' compatible with the rest" of -the 
Design Guide project. :` 

A` considerable '-number of products ý -have '. been, added to those initially, 

tested -for - the Department of `Industry and - the research has 'been - developed 

considerably from that which = was " provided by '--the : 'author' for ý= the 

ill 



Chapter 1 Introduction 

Pneumatic Conveying Design Guide which was the culmination of the 

collaborative project. 

1.2 OUTLINE OF OBJECTIVES 

One of the aims of the work was to attempt to identify criteria upon 

which a material classification could be built grouping materials of 

similar con veyability; in short, a phase diagram. The difficulty of 

identifying whether or not a product will convey in dense phase and if so 

in what flow regime, without carrying out full scale tests, has always 

been a problem. Other workers have suggested various classifications, 

most of which have been criticised for using parameters which do not 

truly characterise the material with regard to pneumatic conveying. 

It was also apparent that products which can be conveyed in a moving bed 

type dense phase flow regime displayed a variety of conveying 

performance levels far given conditions of velocity and pressure drop. 

This indicated that the variation in performance level must be dependent 

on the characteristics of the product being conveyed. This was 

investigated and a correlation is presented in chapter 7 between 

performance level and bulk product characteristics. 

In order to investigate the performance of the various products over as 

wide a range of conveying conditions as possible a high pressure blow 

tank was used. Both top and bottom discharge configurations were 

employed for feeding the products into the various pipelines under 

investigation 

Since the conveying line can operate at a number of, different product 

throughputs fora given set of conditions. it would seem that the blow 

tank characteristics must vary with the type of product being conveyed. 
Vork was carried out additionally, therefore, to investigate the effect of 

product type on the discharge characteristics of the blow tank. A 

similar, relationship to that of the pipeline was found to exist and a 

correlation for blow tank discharge characteristics and product 

2 



Chapter I Introduction 

properties is presented in chapter 8. In addition, a short investigation 

into the difference in performance of the conventional top and bottom 

discharge blow tank systems is also presented in chapter 8. 

A detailed description of the conveying test plant and methods of 

measurement is given in chapter 3 and a comprehensive guide to the 

conveying trials is presented in chapter 4. A brief description of most 

of the bench scale tests is given with references made to the standard 

tests and procedures used. However, a slightly more detailed account is 

given for the determination of permeability factor since the factor is 

not widely used and a detailed account is given for the determination of 

the vibrated de-aeration constant. The vibrated de-aeration constant is 

a test developed by the author to obtain an indication of the air 

retention properties of a material avoiding many of the disadvantages of 

conventional tests. The test allows determination of the vibr. ted de- 

aeration constant for most products within 10 minutes. 

Details of all the materials which were conveyed during the conveying 

trials are presented in chapter 6. One page is devoted to each product 

containing a size distribution, a micrograph, the relevant material 

properties and some comments. 

A considerable proportion of the review of previous work (chapter 2) is 

devoted to discussing other workers' definitions of dense phase flow. 

This highlights the lack of agreement and confusion that exists. A 

popular and sensible, definition which appears to have a broad spread of 

support and which is the definition adopted by the author is that based 

on non-suspension flow. That is, all flow regimes which are 

predominantly non-suspension in nature are considered to be dense phase. 
However, it follows that dense phase conveying covers a very wide spread 

of flow conditions under this definition. In general, the author has (in 

line with 'other workers' thinking) divided dense phase conveying into two 

broad flow regimes of moving (or sliding) bed type flow and plug flow. 

'3. 



Chapter 1 Introduction 

These flow regimes are basically dependent on the product type and the 

pipeline conditions. 

In general, the chapters in this thesis have been written so that, to 

some extent, they can be read and understood on their own without 

excessive cross referencing so that the reader can assimilate the 

required information without reading the whole thesis. At the beginning 

of each chapter there is a short introduction to set the scene and at the 

end of most chapters a short section of concluding remarks to summarise 

the most significant points. 

4. 
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REVIEV OF PREVIOUS WORK AND CURRENT 

INDUSTRIAL PRACTICE 
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Chapter 2 Review of Previous Work and Current Industrial Practice 

2.1 INTRODUCTION 

The earliest published work on dense phase pneumatic conveying is that of 
Albright et al. (Ref. 2.1) in 1949 which was carried out in the USA. This 

early work was prompted by the need to convey coal to feed a coal 

gasification reactor using a minimum of conveying gas. Since 1949 a 

great deal of research work has been carried out in the field of dense 

phase pneumatic conveying and the last 25 years has seen a slow but 

steady growth in the use of dense phase systems in industry. Some 

confusion has occurred, however, relating to dense phase conveying due to 

a misunderstanding of terms and definitions which have been published 
both by academic institutions and manufacturers. 

The manufacturers of dense phase systems have been quick to point out 

the advantages of their systems in terms of reduced power consumption, 

material degradation and pipe erosion. However, the term dense phase has 

been used to describe a wide range of flow conditions and therefore the 

term dense phase conveying does not always identify a particular flow 

regime. This means that two systems both described as dense phase 

systems can have different operating conditions In terms of velocity, 

solids loading ratio and pressure. This in turn will mean that material 

degradation, pipeline erosion and power requirements will vary 

considerably. 

There is, as yet, no universally' accepted definition of dense phase 

conveying and it has been used to describe virtually every flow regime 

other than suspension "flow. At the time of writing a Glossary of Terms 

used in pneumatic conveying is 'being prepared by the British Standards 

Institution for this very reason. It` would be useful at this stage to 

consider the various definitions of the term dense phase and bow. 'it'is 

applied to the flow regimes identified by the various authors. 

s: 



Chapter 2 Review of Previous Work and Current Industrial Practice 

2.2 DEFINITIONS OF DENSE PHASE PNEUMATIC CONVEYING 

Nany different criteria are used in assessing whether a flow is dense 

phase or not. In some cases the term dense phase is used as a 
descriptive term to cover a range of flow regimes such as that employed 
by Ramachandran et al. (Ref. 2.2). In other cases the term is used 

specifically to describe a particular flow regime as shown by Schucbart 

(Ref. 2.3) who used the term to mean plug flow. 

Some workers categorise the phase of conveying on the basis of phase 

density. Phase Density (or solids loading ratio) is simply a 

dimensionless ratio of the mass flow rate of product to the mass flow 

rate of air. Many people still relate to the Engineering Equipment Users' 

Association definition which is, in effect, a concentration. If the phase 
density (or solids loading ratio) is greater than a certain value then 

the flow is considered to be dense phase. Ramachandran et al. (Ref. 2.2) 

suggested phase densities of 25-100 for dense phase while Schuchart (Ref. 

2.3) stated that values In excess of 100 indicate dense phase. Other 

publications (Ref. 2.4) quote values of phase density greater than about 
40 as indicating dense phase. flow and phase - densities, of between 10-40 

are considered to be medium phase flow. It can be seen that even on the 

basis of a single criteria for defining dense phase flow considerable 

confusion exists. 

Dixon (Ref. 2.5) pointed out that the maximum phase density that can be 

obtained is ,a function of the, material, properties, the pipeline system 
(equivalent length). and-,,, the operating., conditions (mass flow rate of 

solids). Therefore, although . 
for, a; - given product in a given system the 

phase density may give an indication as to- the flow regime, phase density 

is. not a general guide . 
to 

-flow., regime - from one condition .- to another. 
Dixon showed - 

how phase density: fora given set of, conditions could be 

used to,. estimate how far,, into 
, 
the dense phase region a conveyor. was 

operating. when .. compared - with the 
, 
theoretical maximum calculated using 

bis ý model. Dixon's 
. =model, -, is - actually, derived using analysis ., for 

incipiently fluidised beds. Strictly, it is only valid for vertical 

conveying but, as horizontal pipes are likely to exhibit the same 

?. 



Chapter 2 Review of Previous Work and Current Industrial Practice 

qualitative behaviour it is useful in' demonstrating the general effect of 

material properties on phase density. However, although phase density 

may not be the ideal way of categorising the flow it is nevertheless a 

valuable parameter when designing a conveying system since it does not 

vary with air density and pressure. 

Dixon and Simms (Ref. 2.6) defined dense phase on the basis of gas 

velocity. They suggested that for horizontal pipes, the gas flow must be 

insufficient to support all particles in suspension if the flow is to be 

considered dense phase. This view is supported by Arnold and Armitage 

(Ref. 2.7) who suggested- that current usage of the term dense phase 

describes all conveying regimes where the superficial gas velocity is 

less than saltation velocity for horizontal sections of pipe. 

Chen et al. - (Ref. '-2.8) define dense phase on the basis of volume 

concentration. ' They suggested that a value greater than 50Z indicates 

dense phase. However, the problem of gas compressibility renders volume 

concentration a variable along the length of the pipe and therefore makes 

it a difficult parameter to obtain. The volume concentration definition' 

has not been widely accepted and is not reported with the same frequency 

as those of velocity and phase density. 

A number of workers define dense phase broadly by applying limits of 

both phase density and velocity. Both criteria have to be met for the 

flow to be considered, dense phase., - - Shepherd (Ref. ' 2.9) defined `dense 

phase 'conveying systems as those "tbat-'-operate' "with `particle velocities 

less than 12m/s with high -material 'concentrations A . e. ' greater than 20. 

Fenton (Ref. 2.10) described dense - phase-"conveying as the condition when 

the conveying velocity - is reduced -. to the : point- "" where 'gravitational 

settling of the'- material occurs on`,. the bottom `of-"'tbe' pipe. Fenton also 

stated that ý material -mass " Ioading -ratios 'greater than' 25: 1 characterise 

dense - phase conveying. "Fenton { singled " oü t7 'slug,; -flow as a third regime 

and "does not consider -it' to "be dense 1phase. " This is !, in marked -contrast 
to Scbuchart - (Ref. `'2.3), who' only : considered plug flow to be dense phase. 

8. ý 



Chapter 2 Review of Previous Work and Current Industrial Practice 

It is probably not possible to define dense phase conveying in terms of 

specific values of phase density alone, for apart from the different 

response of different products, it is possible in a high pressure system 
to start with a low velocity in dense phase and end with a high velocity 
In dilute phase in the same system and all at the same phase density. 

Two other ways of defining dense phase are reported by Konrad et al. 

(Ref. 2.11). The first is defined by the conveying of solids by air along 

a pipe that is filled with solids at one or more cross-sections. This is 

very similar to assuming that dense phase means plug or slug flow. 

However, it would cover many of the degenerate variations of plug flow 

conveying. The second definition is quite different. It is reported 

that some authors In the USA apply the term to any pneumatic conveying 

system utilising high pressure air. Using this definition, It is quite 

possible for a suspension flow regime to be considered dense phase 

particularly when conveying over long distances. 

In general, the term dense phase is used to describe 
-all 

flow regimes 

that are not suspension flow. In " this work the author uses tbe, term 

dense phase in a general sense to cover all non-suspension flow regimes. 

2.3 THE FLOW REGIKES OF NON-SUSPENSION FLOW 

Most workers broadly agree on the existence of the various modes of flow. 

The diversity, of 
-opinion _is generally.. over- terminology. Wen and, Simons 

(Ref. 2.12), were amongst the firstworkers, to identify various modes of 

flow. - They described four modes of flow based on velocity. At high 

velocities the flow is a homogenous suspension of gas and solid. As the 

velocity, is decreased particles'. fall, out-of-suspension; and segregate-into 

a dune, -formation...,. -As; the velocity-. is further, reduced the_flow, becomes 

intermittent with -- alternate , slugs solid and gas. The:, fourth wregime 
occurs. as the ; velocity becomes very, low and a, stationary layer is formed 

with ripples travelling along. the top. , ,,: y ,, y; ý. 

9 
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Chapter 2 Review of Previous Work and Current Industrial Practice 

Some confusion in the literature is apparent over the order in which the 

last two flows described by Wen and Simons occur. Wirth and Molerus 

(Ref. 2.13) described the stationary bed occupying the lower part of the 

pipe cross-section as occurring before plug flow. This Is also supported 
by the work of Doig (Ref. 2.14) and Welschof (Ref. 2.15). Wirth and 
Molerus also sub-divided the dune flow into continuous stratified flow 

and discontinuous dunes. 

However, most workers effectively split the modes of flow into three 

major categories. In order of decreasing velocity they are dilute phase 

suspension flow, sliding or moving bed type flow and plug or slug flow. 

In this work the author uses these three broad categories to describe the 

modes of flow since these three general modes of conveying have 

particular relevance when correlated with material properties. 

It is interesting to note that Doig (Ref. 2.14) implied that mature plug 
flow is not possible without some innovative system such as the air knife 

or a bypass system to create the plugs. This is strongly refuted 'by Hitt 

(Ref. 2.16) who argued that the plugs are ` naturaily forming without the 

use of special techniques especially for granular--products. 

2.4 REVIEW OF PREVIOUS WORK IN D NSF. PHASE (NON-SUSPENSION) CONVEYING 

There has been an abundance of published workýin'tbis field over the last 

thirty years. However most of it can be classified into three major 

categories for horizontal conveying: 

1) Analysis of the mechanics of flow -This This normally takes the form ' of 

a force balance and' often, becomes 'a pressure drop -prediction'model. 
-In general different models, are formulated'for the different modes of 

'flow. Often these ' models - are compared `= with experimental -data -'from 
only one or 'two -products and tbe' models`: rarely =have significant 
dependence on material properties. 

10. 



Chapter 2 Review of Previous Work and Current Industrial Practice 

2) The use of phase diagrams - These are often qualitative. Those that 

are not usually relate to a particular product. This is an 

interesting point , since it tends to show that the conveying 

performance varies widely depending on the product type. 

3) Product suitability for dense phase conveying - It is only in the 

last 10-15 years that the effect of product type on conveying 

performance has been fully realised. Even so, much of the available 

literature discusses the importance of product type on conveying 

performance only in descriptive terms. 

A detailed review of the most relevant contributions to the literature in 

the above categories is given below: - 

In the mid 1960's attempts were made to extend the models derived for 

dilute phase conveying to cover dense phase transport. The two most 

notable attempts were made by Rausch (Ref. 2.17) and Weber (Ref. 2.18) 

who both used a quasi-fluid flow model, to-predict pressure gradient at 

any point in the conveying pipeline. : They _both made allowances for the 

fact that particles were present in..., -the flow ýby, inclusion of an 

additional friction factor. However, = they- chase different methods to 

extend the model from the point wbere: pressure-gradient at a point could 

be calculated to being able to calculate . 
the 'pressure drop across the 

entire pipeline. 

Rausch performed an integration over the pipeline length on- the equation 

derived for pressure-gradient. -. '-This' assumed that the coefficients, in'the 

pressure gradient equation remained constant. The effects of acceleration 

were then - added to the integration. -'--By-contrast, Weber ý Used, a, stepwise 

computer, - solution.,,, -. This 'bad the advantage of' being -able to accommodate 

variation in the coefficients and the acceleration: effects. '- - ;-" 

11. 



Chapter 2 Review of Previous Work and Current Industrial Practice 

Both Rausch and Veber suggested that the quasi-fluid flow approach could 
be used for phase densities up to 100 providing the flow was still 
homogenous. No attempt was made at suggesting what phase density is a 

reasonable maximum for homogenous flow. However, very few products, if 

any, are likely to yield homogenous flow conditions at such a high phase 
density. It is the, fact that non-suspension flow by its very nature 

cannot be truly homogenous that prompted other workers to subsequently 

reject the use of quasi-fluid flow models in modelling dense phase flow. 

In 1969 Nuschelknautz and Krambrock (Ref. 2.19) published work that 

questioned the use of quasi-fluid flow methods. They showed that below a 

critical Froude number, i. e. a critical velocity, the additional friction 

factor due, to the presence of the particles was sensitive to velocity. The 

range of Froude numbers over which the friction factor is sensitive to 

velocity coincides with that of sliding. bed type flow. Hence, they 

concluded that 
- 
the- use of quasi-fluid flow models for these flow regimes 

was principally unsound. 

luscbelknautz and Krambrock produced,. a, model. for what they called 
'stratified' flow. They defined stratified flow conveyance as having a 

phase ' density between 10-100 and} velocity of about 6 ; -: 20m/s. The flow 

of fine powders with very small-, size distributions was described as 
layered and having a rolling and. flowing motion, -very much like a 
fluidised bed. Coarser and- less.,,, regularly shaped particles were 
described as forming deposits resembling low. shifting dunes with a slow 
forward movement, often separated-by rolling and fluidised layers. 

The. model 
.; 
is, based on a force, balance on _a 

layer� of. material occupying 
the lower cross-section of, the pipe.: r. ", Thel forces acting are assumed, to be 

the interior pressure across the layer; the layer weight giving rise to 

friction opposing movement; and a. surface, thrust due . to - the bombardmen t 

of the layer upper surface { by the suspension cloud. travelling along the 

upper-,, cross-section. of: the a pipe. _, 
It is assumed that the , bombarding 

particles, - completely - transfer ., tbeirý momentum to the,, solids layer and 
thereby- freshly ejected. particles. are, moving, at, speeds very little greater 
than the,. speed of the surface layer. Other than the transfer of 
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momentum, the suspension cloud is considered insignificant to the 

problem. 

This type of analysis does not lend itself to allowing for product 
property variations. In this model, for example, there are only two 

product related parameters. The first is particle diameter or mean 
diameter which is used in conjunction with pipe bore as a scaling factor; 

the second is the frictional coefficient which is said to have a very 

narrow range and so an average value is used. Therefore, the model does 

not show up the variation in conveying performance that can occur due to 

product type. The author shows later that, for given pipeline conditions, 

a variation of 20: 1 in throughput can be achieved in the sliding bed type 

flow regime due to variation in product type. 

Accuracy is claimed to be ±25Z with the products tested. However, it is 
doubtful whether this accuracy -could be achieved with a wider range of 
products and greater variation in size and distribution. 

The other significant work on sliding bed flow is that published by Wirth 

and Holerus (Ref. 2.13) in 1982. Their model is valid for sliding bed 
flows which are continuous and steady. They divide sliding bed type flow 
into two groups; at higher velocity the continuous- sliding bed type flow 

and at lower velocity the Intermittent. dune flow. The work represents a 
step forward in that the theory is ý derived -, for a 'clearly identified mode 

of flow. However, it suffers for having a narrow range of applicability 

and the 'problems of particle `friction' factors which are difficult to 
determine. As with all the other models in this category, no account is 
taken of product type., ' In general, none of" the`ýmodels wbicb have been 

put forward for the sliding bed regime-have gained' universal acceptance., 

k 'great deal has been ; written specifically analysing plug flow although 
it` is" often described -merely, as' dense phase. Since 'the work of 'the 

author - is 'primarily'. -concerned 'with sliding bed ' -type flow ('and in 

particular the effect of product type on conveying performance in this 

flow regime) a detailed review of work analysing the mechanics of "plug 
flow is not given. 

13. 
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2.4.2 The Use of Phase diagrams 

Konrad et al (Ref. 2.11) report that the concept of a phase diagram for 

two phase flow was originally proposed in 1949 by Zenz. -A phase diagram 

is usually a plot of pressure drop per unit length against expanded 

superficial air velocity (i. e. at atmospheric conditions), on which lines 

of constant mass flow rate of solids or phase density are plotted. A log 

- log scale is usually used to' cover as wide a range of values as 

possible. 

A qualitative phase diagram for horizontal and vertical flows is given in 

the book by Zenz and Othmer (Ref. 2.20). - The phase diagram for 

horizontal conveying is reproduced in Fig. 2.1. Line AB represents the 

flow of gas alone while m, and mß, 2 etc. represent increasing mass flow 

rate of 'solids. It can be seen how increasing solids loading increases 

the saltation velocity. Similarly, decreasing superficial gas velocity at 

constant mass flow rate of product increases the phase density and 

eventually leads to saltation. Further,, decrease in velöcity changes the 

mode of. flow from predominantly suspension flow to predominantly non 

suspension flow. 

There are slight variations in the way: phase diagrams are presented, for 

instance Lippert (Ref. 2.21) used one, length of pipe and plotted pressure 
drop against the mean superficial air velocity In the pipeline. Mills 

(Ref. 2.22) plotted pressure drop per unit', length against - air mass flow 

rate. These small differences make direct comparisons difficult. 

The problem with phase diagrams is that they are different for every 

product. In addition, they should not be used for systems that are too 

far removed from the one used to produce the phase diagram and separate 
diagrams have to be produced for vertical and horizontal conveying. 
However, they are'very- usefulin'characterising the, conveying performance 

of a product and a very powerful tool for system design. 

14. 
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2.4.3 The Suitability of Powders for Dense Phase, Conveying 

It is only in comparatively recent years that the effect of product 

characteristics on dense phase conveying has been realised. Early 

recognition by Zenz (Ref. 223) is illustrated by bis paper outlining the 

effect of mixed particle size on conveyability. However, although many 

workers have appreciated and written qualitatively on the importance of 

product characteristics in relation to dense phase conveying, very little 

quantitative work had been carried out until Geldart (Ref. 2.24) published 
his classification of fluidisation in 1973. 

Geldart suggested that the behaviour of solids fluidised by gases can be 

classified into four easily identified groups characterised by density 

difference (p. - p, ) and mean particle size. The four groups are labelled 

as A, B, C and D and can be clearly seen in the Geldart Diagram shown in 

Fig. 2.2. The most easily recognised features of the groups are as 
follows: 

Group A Beds of powders in this group expand considerably before 

bubbling commences. When , the-Sas supply is suddenly cut off 

the bed collapses slowly. 

Group B In contrast with group A powders, naturally occurring bubbles 

start to form at or only 
., 

slighU7, above the minimum fluidising 

velocity. Bed expansion is small and the bed collapses rapidly 

when the air supply is cut 'off. 

Group, C Powders in this category ° are extremel. q, ' difficult to fluidise, 

often rising as complete plugs or forming, stable channels (rat- 

boling). 

Group D This category contains particles of large size and/or high 

particle density. The gas velocity is high and stable spouting 
beds can be formed. 

16. 
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The boundary between groups A and C is empirical and is indistinct. Many 

factors affect the cohesiveness of these fine powders such as 

electrostatic charging, moisture content and particle shape. 

The boundary between groups A and B is a theoretical one although the 

criterion comes about from visualisation. The criterion used involves a 

comparison between the superficial air velocities at minimum bubbling and 

minimum fluidising conditions and is described by the expression below: 

vmplu� :1 

where Urne is the superficial gas velocity at minimum bubbling velocity 

and U� is the superficial gas velocity at minimum fluidising velocity. 

The distinction between groups B and D is not as clear-cut as for A and 
B. It is made on two grounds; one empirical and one theoretical. The 

theoretical boundary is based on calculating the density/particle size 

combinations of powders in which bubbles less than a given size would 

rise more slowly than the interstitial gas velocity. By making a number 

of assumptions the following equation is obtained: 

(p. -pf) (d')=310c' 

where p., p' are the densities of solid and fluid respectively. 

and d' is the mean particle size. 

The second criterion is empirical and is based on the observation that 

group D powders are capable of maintaining a stable spout in a bed more 

than 30 cm deep. 

The Geldart classification was not originally proposed for pneumatic 

conveying applications but has been used by many workers as the basis of 

a classification for dense phase conveying. It is used particularly, for 

differentiating between products capable of being conveyed in various 
flow regimes. 
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Dixon (Ref. 2.5) realised that the fluidisation properties of a product 
have significant implications with regard to the ability of a product to 
be conveyed in dense phase. He produced a diagram called the 'Slugging 
Diagram' which uses the same axes as the Geldart Diagram and which at 
first sight is very similar. However, the boundaries produced by Dixon 

are based on quite different criteria. 

Dixon uses two phase fluidisation theory and a comparison of the slug 

velocity to the terminal velocity of a single particle to determine the 

boundaries for the slugging diagram. These boundaries are plotted on the 

same axes as the Geldart diagram and Fig 2.3 shows the slugging diagram 

for a2 inch diameter pipeline. The boundaries identify three broad 

groups of product type which exhibit a tendency toward particular types 

of flow when conveyed at low velocity. The three types of flow are 
'strong axisymmetric slugging', 'weak asymmetric slugging' or duning and 
'no slugging' or sliding bed type flow. The boundaries of these groups 

compare favourably with Geldart's boundaries for groups D, B and A. 

In addition to the slugging diagram Dixon suggested a method of 

predicting maximum phase density for a given product. Leung and Wiles 

(Ref. 2.25) have defined the upper limit of dense phase flow (as opposed 
to packed bed flow which requires a restricted discharge) as the 

condition where the relative velocity between the gas and solids just 

equals the minimum fluidising velocity. Dixon extended this to derive an 

equation to predict the maximum phase density for a given product in a 

given pipeline. However, this equation predicts a theoretical maximum 

phase density which Is unobtainable in practice and is not based on 

actual conveying data. This equation can be represented graphically and 

examples are given in Figs 2.4 & 2.5 for polyethylene granules and PVC 

powder both in a4 inch diameter pipeline. Comparing these two diagrams 

illustrates that phase density with no qualification is not necessarily a 
reliable guide as to bow far into the dense phase region a particular 

system is operating. 

Dixon conceded that the theory, both for predicting the boundaries on the 

slugging diagram and for the prediction of maximum phase density, were 

19. 
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derived for vertical pipelines. However, since the slugging diagram is 

based on bubble theory in solid-gas systems he drew an analogy between 

air bubbles in liquids. It is reported that Zukoski (Ref. 2.26) showed 

that, for liquids, bubble velocities in horizontal pipes were between 0 

and 30Z greater than in vertical pipes. On this basis, Dixon concluded 

that within the wide tolerances typical of pneumatic conveying (due to 

the complexity of two phase flow) the diagram could be used, with 

caution, for horizontal as well as vertical conveying. 

For the prediction of maximum phase density, Dixon argued that with a 

relative velocity equal to the minimum fluidising velocity the pressure 

differential across the plug is greater than that required to cause 

movement. i. e. the relative velocity is capable of supporting the weight 

of the plug in vertical conveying whereas it only bas to overcome the 

frictional component of the weight at the pipe wall in the case of 

horizontal conveying. Consequently at. maximum phase density there is 

excess gas in the horizontal (well fluidised) pipe and the maximum 

predicted phase density is likely to be an upper limit for conveying in 

both vertical and horizontal pipes. 

Dixon concluded that it is important to take account of the powder 

properties when selecting dense phase conveying systems. The 

classification of groups on the slugging diagram (which are almost the 

same as the Geldart groups) are given below: 

Group A These powders are the best candidates for dense phase 

conveying. They can be conveyed at high phase densities but 

are not natural 'sluggers'. However, they can be made to 'slug 

using some of the innovatory systems available. 

Group B These products can be troublesome at high phase densities. 

Again these can be bandied in dense phase using innovatory 

techniques. 

Group C These are the cohesive powders and can be the worst candidates 

for dense phase conveying. Some have been conveyed but many 
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leave not. This can be attributed to their poor fluidisation 

characteristics, although not all group C powders have poor 

fluidisation characteristics. 

Group D These products tend to be granular and convey well as naturally 

occurring slugs. However, the maximum values of phase density 

are rather low. 

What is not clear is why one should want to convey group A powders as 

slugs using one of the innovatory techniques when these powders will 

convey perfectly well in a sliding bed type flow regime in a conventional 

system. Also, anomalies in the fluidisation behaviour of group C 

materials put a question mark over this grouping. 

Doig (Ref. 2.14) also used the Geldart diagram to classify products for 

various modes of conveying. He described Group A powders as being able 

to be conveyed as a long continuous, homogeneous dense phase plug due to 

the high interstitial porosity which increases with the expansion of the 

motive air. In other words, the mode of flow is a continuous well 

fluidised sliding bed which is possible due to the air retentive 

properties of the powder. Doig suggested that pulsed and bypass dense 

phase conveying should usually be used for powders of group A and C. 

Vypych and Arnold (Ref. 2.27) evaluated the Geldart and Dixon diagrams 

using a range of seven products tested in a pneumatic conveying system. 

The system used was completely conventional with no bypass, added air or 

pulsing system. They concluded that the diagrams provided a useful 

technique for predicting the suitability of a material for dense phase 

conveying. However, some products which were expected to convey in dense 

phase based on their grouping on the Geldart and Dixon diagrams in fact 

were not capable of dense phase conveying. This tends to indicate that 

additional factors such as particle size distribution (as opposed to a 

representative diameter) and particle shape may also need to be 

considered for the materials classification. 
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A similar point is made by Jodlowski (Ref. 2.28). He stated that a 
classification of particles by particle size alone is insufficient and 
suggested that other parameters such as particle size range, particle 
shape, hardness, compressibility, cohesion and product behaviour after 
subjection to fluidisation should be taken into account. Lobrmann and 
Xarcus (Ref. 2.29) similarly suggested that other material properties 

should be taken into account particularly those of flowability such as 

angle of repose, compressibility, packed bulk density, aerated bulk 

density, cohesion, uniformity, floodability and flow functions. 

The importance of particle size distribution seems to have been realised 
by Verner (Ref. 2.30). He carried out some pneumatic conveying 

experiments using glass balls in which he was able to vary the size 
distribution. However, the extent of the size range variation was small 

and was restricted to varying the percentage of the coarse and fine 

fractions. Consequently the conclusions were that the effect of varying 
the size distribution were comparatively small for horizontal conveying. 
It is quite probable that with variation in particle size distribution on 
the scale commonly experienced with products conveyed in industry a much 
larger effect on conveying performance would be observed. 

One of the biggest problems of particle size distribution is that of 
representing it by a single parameter which can then be correlated with 

other variables. Zenz (Ref. 2.23) as long ago as 1964 recognised the 

problem and put forward a possible solution. The main theme centres 
around a constant, Sd, which characterises a product in terms of its size 
taking into account the spread of sizes and correlating them with 
saltation velocities In 1.25 and 2.5 inch pipes. The SG parameter is 

obtained by plotting a log function of saltation velocity for a single 
particle size against a log function of particle diameter for that size. 
This is repeated for each size fraction of the material. The resulting 
graph is a curve and is shown diagramatically in Fig. 2.6. SG is the 

slope of a straight line adjoining a point on the curve representing the 

smallest particle fraction to a point on the curve representing the 

largest particle fraction. 
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However, this method is not as straightforward as may first appear. The 

value of Sa can become negative for powders of small particle size and 

relatively small range. Many simplifying decisions have to be made such 

as the step length for groups of sizes (although this could be done on 

the basis of a �2 progression as is the case for sieves) and the extent 

of the range for determining maximum and minimum sizes. In addition, the 

theory was developed using drag coefficients for particles in an air 

stream and therefore spheres or angular particles are the only choice of 

shape. 

Recently, Zenz (Ref. 2.31) critically reviewed the conveyabillty and 

powder classifications. He was critical of the Geldart classification on 

the basis that the observations made in order to draw the broad 

boundaries are only valid on small scale test equipment. Zenz made 

reference to the work of Dixon and cited instances where the predicted 

behaviour has not been the case in practice. Zenz proposed a diagram 

based on theological properties of surface tension and incipient 

fluidisation. This diagram is on the same axes as the Geldart and Dixon 

diagrams and it is interesting to note that the Geldart bounddry dividing 

groups B and D coincides perfectly with the line representing a surface 

tension of 10 dynes/cm (Fig. 2.7). Zenz claimed that while the same 

rheological properties should relate to fluidisation and conveying 

behaviour, only surface tension and incipient fluidisation were 

fundamental to the Geldart classification, whereas vessel size, bubbling 

characteristics, deaeration time, particle size distribution and void 

fraction were at least of equal if not greater significance. 

Zenz went on to use bis SG parameter as a basis of deciding which type 

of conveying was most appropriate based on equipment and power 

requirement costs. The classification is shown in Fig. 2.8. However, 

this assumes that the most economical way to convey granular products is 

in dilute phase. This was rejected by Hitt (Ref. 2.16) who showed that 

many granular products will convey as naturally occurring slugs at low 

velocity without any special equipment and with similar power 

requirements to dilute phase conveying. 

25. 
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Zenz and Labourt-Ibarre (Ref. 2.33) reported on pneumatic conveying trials 

using two products to investigate the effect of product rheological 

properties on the conveying mode of dense phase conveying. They used 

the concept of solid viscosity which is measured in terms of the torque 

weight required to rotate a paddle of fixed size in a bed of fully 

fluidised material. They concluded that low solid surface tension and low 

solid viscosity indicate that the product could be conveyed in extrusion 

flow. High values of solid surface tension and solid viscosity indicate 

that the product could be conveyed in the slug flow regime. In general, 

however, phase density increases as the solid surface tension and solid 

viscosity decrease. 

Yorkers such as Dixon (Ref. 2.5) and Doig (Ref. 2.14) have made reference 

to the fact that the powders falling into group C of the Geldart 

classification can be unpredictable. That is, some convey well and can 

be conveyed as a continuous plug often termed 'mass' or 'extrusion' flow 

while others will block the conveying line at such extreme conditions. 

Zenz and Rowe (Ref. 2.32) have described the materials capable of 

extrusion flow as usually being of small particle size (tens of microns) 

and of low density. However, these two conditions alone are not 

sufficient. For a powder to take part in extrusion flow it must possess 

a property that Zenz and Rowe termed 'bulk deformability'. They 

suggested a method for measuring bulk deformability which involved 

filling a 250 ml measuring cylinder with the powder to be tested and 

releasing a1 cm steel ball from just above the powder surface. If the 

ball fell to the bottom, as if through a liquid, the powder should be 

capable of extrusion flow. The property must be permanent and not 

dependent on aeration immediately prior to the test. 

It is now quite apparent that the initial attempts at predicting 

conveyability were largely successful. Many workers have commented that 

the Geldart and Dixon diagrams give a good general guide to 

conveyability. However, they do not always predict correctly and many 

workers have pointed to ways in wbicb improvements could be made. One 

of the most often voiced criticisms Is that the correlations do not take 
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into account particle size distribution and particle shape. However, 

these are extremely difficult parameters to incorporate. 

Caldwell (Ref. 2.34) stated that the most important material 

characteristics are those which involve product-air interaction. First is 

the ability of a product to become fluidised, that is to assume the flow 

properties of a fluid when air has been mixed among the particles. 

Second is the air retention time, or the time it takes for the product to 

give up the air and to return to the unfluidised condition. Caldwell also 

stated that the fluidisation and air retention properties depend directly 

upon the particle size and shape. However, no attempt was made to 

quantify or identify the relationship between conveying performance and 

these fluidisation characteristics 

There are many types of system available commercially which are sold 

under the general beading of dense phase conveying systems. In general, 
the majority of systems are blow tank systems and can be of either the 

top or bottom discharge arrangement. The choice of discharge 

arrangement being dependent on the application and the physical 

constraints of space. The major differences between the various systems 

are based on how and where the air is applied to the system. These 

differences lead to variations in the control of the systems and many 

manufacturers claim they lead to-variations in the range of products that 

can be handled in dense phase. 

However, there is a tendency among manufacturers to Increase the 

complexity of the systems and claim considerable increases in 

performance, not all of which appear to be entirely justifiable. 

The major types of system are identified and discussed in this section 

together with typical examples of commercial systems available by way of 
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illustration. It is not Intended that this should constitute a 

comprehensive catalogue of commercial systems, however. 

2.5.2 Conventional Sy, teems 

Conventional systems are generally accepted to be those systems where 

the air supply is split between the blow tank and the supplementary air 

line at the start of the conveying pipeline. That is, no additional air 

is applied at any other point along the conveying pipeline and no pulsing 

or conditioning of the airflow is carried out at the beginning of the 

pipeline. 

Typically, the supplementary air is applied to conventional systems via a 

swept 'T' at the beginning of the pipeline as near to the discharge from 

the blow tank as possible. The air directed to the blow tank normally 

enters the system via a plenum chamber and fluidisation membrane or a 

simple fluidising- annulus. Alternatively, other equally simple 

arrangements are sometimes used. 

Conventional systems are sometimes referred to as 'simple systems'. Many 

of the leading maufacturers market a conventional system in addition to 

their innovatory systems. Examples are the Neu Engineering system the 

Neu Dense Phase Conveyor (Ref. 2.35) and Buhler-Miag Fluidlift system 
(Ref. 2.36) 

The by-pass systems might more correctly be defined as systems where 

control is applied along the entire length of the pipeline. The earliest 

work on this type of system, known to the author, is that of Lippert 

(Ref. 2.21) which dates back to 1966. This system is now being marketed 
by Buhler-Niag as the Fluidstat system. The Fluidstat system utilises a 

conveying pipeline with a built in by-pass pipe which is about 1/5 th the 

diameter of the conveying line. The by-pass line has slots at distances 
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of approximately every 0.5 m along the complete length. Flatt and Blumer 

(Ref. 2.37) reported that the system relied on the fact that the 

resistance to the flow of air along the by-pass pipe at the point of 

separation was greater than the pressure required to convey a slug. This 

prevents any large plugs from forming which may otherwise block the 

pipeline. This type of system is aimed at products which have good 
fluidisation capability but do not naturally convey in a plug flow regime 

and where there is a risk that if the product did become deaerated or 

compacted, a blockage may occur. 

Other types of control are used such as air injection along the pipeline. 

The main differences between these systems is the method of control of 

the injector. Pressure difference along a section of pipe adjacent to the 

injector, gauge pressure of the conveying line at the injector and 

constant air injection are all techniques that have been used. 

The by-pass systems may be necessary in a few cases. However, it is 

quite possible that many of the products which are conveyed in these 

systems will convey perfectly well in a stable steady state sliding bed 

type flow regime with no tendency to block in a conventional system. 
Furthermore, it is a common occurrence that many systems using constant 

air injection are in fact considerably diluting the phase even to the 

point of lean phase conveying in some cases. The case for these systems 
is far from proved although many companies claim that the by-pass system 

extends the range of products that can be conveyed in dense phase. 

Examples of these type of systems commercially available are the 

Vaescble PneumcspIit (Ref. 2.38), the Dynamic Air dense phase system with 
Dyna-chek boosters (Ref. 2.39) and the Buhler Miag Fluidstat (Ref. 2.40). 

2.5.4 Pulse Phase Systems 

Pulse phase systems might be more generally described as systems where 

the mode of flow is controlled at the start of the conveying pipeline. 
Most of these systems create a plug flow regime at the beginning of the 
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pipeline and assume that it will be maintained along the entire pipe 
length. 

The most well known of these systems is probably the 'Air Knife' system 

developed at the Warren Spring Laboratory. It was developed in the early 

1970's and has since been maufactured and marketed by a number of 

organisations under license agreements (Refs. 2.41 and 2.42). 

The system was first developed for cohesive products and consisted of a 

steep sided blow tank (typically 40' Internal angle) which is pressurised 

and forces the material out of the bottom of the tank, through a 90' bend 

and into the pipeline. Immediately after the bend is the air knife which 

is basically a ring of holes in the pipeline through which air is injected 

intermittently. As the material passes the air knife, intermittent 

injection of air splits the column of material into discrete plugs. The 

length of the plugs and the air gaps is controlled by a timer linked to 

the air knife. 

The reason given for splitting the column of material into discrete plugs 

is that the pressure required to move a plug is proportional to the 

square of its length (Ref. 2.43). Hence, it is preferable to convey many 

small plugs than one long one. 

The reason for limiting the system to cohesive powders initially was the 

fear that permeable materials may degenerate from the originally imposed 

plug flow to form other stable flow regimes which may block the pipeline 

(Ref. 2.43). However, Hitt (Ref. 2.16) showed that granular products with 

good air permeability characteristics will form a stable naturally 

occurring plug flow regime, with no tendency to block, without artificial 

plug forming devices. 

Another system which uses similar techniques is the Buhler Miag Takt- 

Schub system (Ref. 2.37). In this system the material is fed into the 

pipeline in sequenced pulses by directing the air supply to the blow tank 

and to the conveying line alternately. This system is aimed at granular 

products with good permeability characteristics. 
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Another approach to low velocity conveying is the single plug systems. Ito 

supplementary air is used and fluidising air is not normally employed. 

The blow tank is generally pressurised from the top and, in theory, the 

product is pushed into the pipeline as a single plug, rather like a 

piston. In practice, naturally occurring discrete plugs may form with 

some products. These systems generally have small blow tanks with a 

volume of about 0.5 rn3. The size of the blow tank limits the size of the 

plug. High pressure air at about 6 bar gauge is normally employed to 

overcome the frictional resistance of the plug in the pipeline. 

The most famous system is probably the Denseveyor system produced by 

Simon Macawber (Ref. 2.44). These systems are mainly installed for coal 

handling applications although it is claimed that they can handle a wide 

range of products (Ref. 2.45) both free flowing and cohesive. The 

advantages of this system over other dense phase conveyors does not seem 

to be particularly apparent but Maca wber claim advantages in terms of 

low air requirements and low velocity transfer of product. 

Many mathematical models have been proposed to describe the flow of bully 

solid materials in dense phase pneumatic conveying systems. However, 

none have been universally accepted as reliable for design purposes. The 

manufacturers of dense phase systems prefer to rely on previous 

experience and on testing products in their own test facilities. One of 
the major reasons for this is the mass of confusing information which 
has been published. The cause of much of the confusion is the fact that 

many of the models that have been produced for predicting pressure drops 

in pipelines for dense phase conveying have been restricted to particular 
types of flow regime. Furthermore, agreement on the definitions of flow 

regime is far from unanimous and this is to some extent because not all 

products behave in the same way. 
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Many of the mathematical approaches to the physical mechanics of flow 

have necessarily restricted the analysis to an 'ideal' product. Often the 

hypotheses are tested using very small scale equipment and using a 

product which is as near ideal as possible, such as mono-sized glass 

balls or plastic pellets. This has the effect of isolating and rejecting 

the effect of the bulk and particle properties on conveying performance. 

Since the majority of powders which are conveyed pneumatically will not 

be ideal, it is not difficult to see why the proposed models have not 

been adopted. 

It has already been outlined elsewhere in this review that other workers, 

recognising the importance of product characteristics on conveying 

performance, have adopted a completely different approach. They have 

studied the behaviour of materials on a bench scale, particularly 

fluidisation, and attempted to correlate observed behaviour with actual 

conveying behaviour. Also, many of these workers have carried out 

extensive conveying trials using a range of non-ideal products to arrive 

at their conclusions. 

The state of the art at present is basically the Geldart and Dixon 

diagrams (Refs. 2.24 & 2.5). The Geldart diagram was not originally 

proposed for pneumatic conveying but is a classification of fluidisation 

behaviour. Obviously, fluidisation is going to have a significant effect 

on conveying performance. Dixon used the basis of the Geldart diagram to 

provide a classification of materials for likely conveying modes based on 

density difference and particle size. The major criticism of both 

diagrams is that whilst they give a good guide to conveyability, they do 

not take into account particle size distribution and range or particle 

shape. 

Many workers have pointed to these problems and cited instances where 

the predictions of these diagrams are inaccurate. These are often with 

products having wide size distributions, non-Gaussian distributions or 

widely differing particle shapes. The suggested solution to this problem 

by many workers is to find a way of including these parameters in a new 

or modified classification. 
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A common problem for both manufacturers and users of pneumatic conveying 

systems is predicting whether or not a product is capable of being 

conveyed in dense phase in a conventional system. Guidelines are often 

quoted to the literature such as products that will fluidise well can be 

conveyed in dense phase, but no quantitative analysis seems to have been 

undertaken. 

The Dixon and other similar phase diagrams classify products essentially 
by size and particle density. The resulting groups are identified as 

likely candidates for particular flow regimes. However, no attempt is 

made to correlate material properties with conveying performance in terms 

of throughput or pressure drop. 

The conclusions that can be drawn from this review are that a significant 

contribution to the science of pneumatic conveying could be made by 

investigating possible ways of predicting whether or not a product is 

capable of being conveyed in dense phase in a conventional system taking 

into account the possible variation in product characteristics; 

particularly those of particle size range, particle size distribution and 

particle shape. This may possibly take the form of a diagram relating 

product characteristics to some form of conveying parameter such as 

velocity. In addition, it would be desirable to be able to go further and 

predict the likely conveying performance, especially for the sliding bed 

type flow regime, based on bench scale tests. Ideally, this should 

provide detail from which preliminary design parameters could be 

obtained. 

To achieve this goal of being able to obtain preliminary design 

parameters from appropriate product characteristics determined from small 

samples of material the following programme has been devised: - 
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1) To investigate the effect of material properties, especially those 

which involve product-air interaction, on the ability or otherwise of 

a product to be conveyed in a dense phase, low velocity flow regime 

and if possible differentiate between plug flow and moving bed type 

flow capability. 

2) If the product will convey in dense phase, to determine which product 

properties affect conveying performance in the pipeline and 

establish, empirically, the nature of any correlation that may exist. 

3) Having establisbed which of the material properties are important to 

1) and 2) above, produce diagrams which show the relationship 

between the product characteristics and conveying 

capability/performance. Ideally these diagrams should be able to 

predict likely conveying capability/performance of a product based on 

bench scale tests of a small sample of the material to be conveyed. 

This may involve the development of simple bench scale tests. 

4) Extend this wcrk to investigate the effect of the product 

characteristics on the discharge and control of blow tank systems. 

5) Compare the effect of product characteristics on the performance of 

the blow tank in both top and bottom discharge modes as 

conventionally arranged. 
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One of the criticisms levelled at many workers in the field of pneumatic 

conveying is the scale of their test plant. Although this criticism is 

Justified in many cases, it also has to be recognised that the cost of 

setting up plant approaching an industrial scale is demanding on 

resources. However, at Thames Polytechnic, this need has been recognised 

and industrial scale research laboratories have been set up in order that 

representative conveying trials can be reliably carried out. 

The selection of conveying plant was of great importance. The most 

significant requirement of the plant was that it should be capable of 

conveying over a wide range of conveying conditions. This requirement 

was of particular relevance in the choice of feeding device and for this 

reason a high pressure blow tank system was selected. 

3.2 THE COAVEYING TEST RIG 

The general arrangement of the test plant used for this work is shown 
diagramatically in Fig. 3.1. It was basically a batch type system which 

conveyed product from the blow tank, through the conveying lin e and 

returned it to a receiving hopper mounted above the blow tank. The 

receiving hopper also acted as a feed hopper with the product being 

dropped through a double set of valves into the blow tank for 

recirculation. A photograph of the rig is shown in fig. 3.2. 

3.2.1 The Blow Tank 

The blow tank is widely used in industry as a feeder for pneumatic 

conveying systems, especially for dense phase conveying. This is due not 

only to its ability to convey over a wide range of conditions, but also 
the ease of control and the fact that, as there are no moving parts, 

erosion and degradation are minimised. Both top and bottom discharge 
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Chapter 3 Conveying Test Plant 

types are used and the choice is often one of convenience rather than the 

merits of configuration performance. However, in this work both 

arrangements were used. 

The arrangement of the blow tank in both top and bottom discharge modes 

is shown in fig. 3.3. The terminology refers to the direction in which 

the contents of the vessel are discharged. The blow tank was originally 

manufactured in top discharge configuration. It is usual, as in this 

case, for the top discharge arrangement to have some form of fluidising 

membrane. Therefore, the top discharge arrangement is often considered 

most suitable for fine powders. The bottom discharge arrangement is 

normally simpler than the top discharge configuration consisting of a 

cone feeding directly into the pipeline and often having a discharge 

valve. 

The top discharge arrangement used is shown In fig. 3.3A and is typical 

of top discharge blow tanks. A photograph showing the bottom of the 

tank for the top discharge mode is shown in fig. 3.4. It can be seen 

that the air supply entered the plenum chamber from underneath the blow 

tank. Inside the plenum chamber there was a deflector plate to prevent 

the air being directed to one part of the fluidising membrane and 

therefore avoiding preferential fluidisation. Between the flanges, which 

can Just be seen in the photograph (fig. 3.4), there was a fluidising 

membrane which was made up of a filter cloth sandwiched between two 

perforated steel plates. Problems of 'blinding' the fluidising membrane 

can occur if sticky or hygroscopic products are conveyed. If products 

have hygroscopic tendencies then conditioning of the air is required to 

eliminate moisture as far as possible. All the air which was directed to 

the blow tank entered via the plenum chamber. The remainder, of the air 

to the conveying system was termed supplementary air and entered the 

system as near as possible to the start of the conveying line via a 

swept 'T' pipe junction. 

The discharge pipe from the blow tank was positioned vertically above the 

fluidising membrane on the centreline of the tank. The optimum position 
for the discharge pipe in the top discharge mode was found by Waghorn 
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and Hason (Ref. 3.1) to be about 40mm above the fluidising membrane. If 

the distance between the membrane and the discharge pipe is Increased, 

the discharge rate is almost unaffected. The only significant effect is 

to reduce the effective capacity of the blow tank since more product will 

be left in the blow tank after conveying. However, if the discharge pipe 

is positioned too close to the fluidising membrane then the discharge 

rate will be adversely affected. 

Top discharge blow tanks have the advantage of requiring less head room 

than the bottom discharge configurations and in conventional form have 

the ability to effectively fluidise the product to be conveyed. For this 

reason top discharge arrangements are often selected for products which 

have good fluidisation characteristics. However, many granular products 

can be conveyed with equal reliability from top discharge blow tank 

systems. The disadvantage of top discharge blow tanks is that they do 

not completely discharge. This is a particular disadvantage for products 

such as foodstuffs where hygiene is essential. 

The bottom discharge blow tank is probably the most commonly used blow 

tank arrangement. The discharge arrangement is very simple consisting 

of a cone feeding through a discharge valve into the conveying pipeline. 

A diagram showing the arrangement of the bottom discharge system used 

can be seen in fig. 3.3B. The bottom discharge arrangement was designed 

so that it could be bolted directly on to the existing blow tank by 

simply removing the plenum chamber and fluidising membrane from the blow 

tank in top discharge configuration and bolting the bottom discharge unit 

directly to the blow tank flange. 

A diagram indicating the essential features of the bottom discharge 

design can be seen in fig. 3.5 and photographs showing both an internal 

and external view of the fabrication are shown in figs. 3.6 & 3.7. The 

cone angle was 60' which matched that of the existing blow tank. The 

cone discharged through an 8" pneumatically operated butterfly valve into 

a flat pan arrangement immediately under the valve. The outlet from the 

pan was inclined by 2#' to allow room for the outlet flange due to 

limited space under the vessel. At the outlet flange, the nominal bore of 
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the pipe was 106mm (4 11). Tapered reducer sections were then used to 

reduce the bore to either 53mm (2") or 81mm (3") diameter to match the 

conveying pipelines used. 

The air supply to the blow tank in the bottom discharge configuration 

entered a chamber formed between the internal and external walls of the 

cone section of the unit. The air entered the blow tank via a fluidising 

annulus of about 1mm in width located near the discharge point of the 

tank. This was the only point at which air entered the blow tank. The 

supplementary or conveying air entered the conveying pipeline via a swept 

'T' at the reducing sectidn as near to the blow tank as possible. 

The need to design a bottom discharge configuration for the blow tank 

arose out of the need to convey minus 1" coal which included particle 

sizes in the range of 150pm to about 20mm. It was considered that a 

bottom discharge arrangement would be more suitable for a product with 

such a wide size distribution and virtually no fluidisation capability. 

The choice of design waq governed by the need to adopt a conventional 

arrangement typical of those used in industrial systems. 

The blow tank capacity in top discharge configuration was approximately 

1.5 m3. In bottom discharge the capacity was slightly larger. This 

volume was sufficient to accept about a tonne of most products and so 

ensure that a reasonably long period of steady state conveying could be 

achieved at the highest product flow rates anticipated. 

The conveying pipelines used throughout the conveying trials test 

programme were made of mild steel and were of 53mm and 81mm (2" and 3" 

nominal) bore. The pipeline layout in the laboratory 
. allowed maximum 

flexibility so that various combinations of pipeline length and number of 
bends could be accommodated. The pipeline geometries used during the 

conveying trials are shown in figs. 3.8 & 3.9. All the products were 
tested in the standard 53mm bore pipeline which was 50m long with nine 
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90' bends all having a diameter of curvature to diameter of pipeline 

ratio (D/d) of 24. The entire pipeline was essentially in the horizontal 

plane with only a short vertical lift out of the blow tank at the start 

and into the receiving hopper at the end of the conveying line. This 

pipeline was adopted as the standard pipeline. As a means of checking 

the scaling models and assessing the effect of scale on the subsequent 

correlations a selection of products were also conveyed in the 81mm bore 

pipeline which was 95m long with 9 bends each with a Did ratio of 16. 

The choice of pipeline lengths and the number of bends was partly 

determined by the requirements of the Department of Industry to be 

consistent with the Design Guide. 

It was desirable that the head loss across bends be reduced to a minimum 

and, therefore, the choice of bend diameter ratios needed to be 

considered. Fig. 3.10 shows the variation in bead loss round a 90' bend 

with diameter ratio for air only. It can be seen that for a long radius 

bend with a Did greater than about 10 the variation in head loss is 

minimal and the diameter ratio is not critical. Recent research has 

indicated that a similar relationship exists with respect to gas-solid 

flows (Ref 3.2). Therefore, a choice of convenience of Did of 24 for the 

53mm pipe and 16 for the 81mm pipe was considered acceptable. 

A problem that occurs with using steel pipelines is the inability to 

observe the flow. Flow visualisation is extremely important in this type 

of work and provision was made to view the flow through sight glasses. 

The sight glasses were positioned in the 53mm bore pipeline along the 

section in the middle of the figure of eight where two sections of the 

pipeline run in parallel. The two sight glasses were 1.0m long and 

situated at approximately a quarter and three quarters of the way along 

the pipeline. 

The conveying line discharged into the 

situated immediately above the blow tank. 

bag filtration unit with a mechanical shaker. 

receiving hopper which was 
The hopper was fitted with a 
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For dense phase conveying, large conveying line pressure drops in excess 

of 3 bar can be encountered. For this reason, the most suitable air 

mover for these conveying trials was a reciprocating compressor. Three 

compressors were available each capable of delivering 0.095 m='/s (202 

ft='/min) of 'free air' at a pressure of 6.9 bar (100 lbf/in-) gauge. A 

diagrammatic layout of the air supply from the compressors to the 

conveying plant is shown in fig. 3.11. The air was passed through an air 

cooler and into the air receivers. The air then passed through a water 

trap and pressure reducing valve before splitting into two separate lines; 

one to the blow tank, the other to the conveying pipeline. The pressure 

reducing valve was the major source of system control together with the 

selection of critical flow nozzles for the blow tank and supplementary 

air lines. The pressure reducing valve enabled the upstream pressure of 

the critical flow nozzles to be accurately set. Overall control of the 

blow tank, and hence the conveying pipeline, was achieved by controlling 

the total mass flow rate of air to the system and the proportion of the 

total that was directed to the blow tank. The proportion of the total 

air directed to the blow tank is known as the Blow Tank Air Ratio (STAR) 

and is often quoted as a percentage. Some products are particularly 

sensitive to moisture and in these cases it was possible to plumb in a 

deliquescent drier to ensure the quality of the air. 

It has already been mentioned that critical flow nozzles were used to 

control the air mass flow rate to both the blow tank and the 

supplementary air line. The critical flow nozzle has two fundamental 

advantages as a means of measurement and control of air flow rate over 

such devices as the orifice plate or rotary meters. Firstly, the mass 

flow rate of air will be constant for a given upstream pressure 

regardless of the downstream pressure provided a critical pressure ratio 
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is not exceeded and secondly, it follows that while sonic velocity is 

maintained at the nozzle throat, reverse flow pulsations downstream of 

the nozzle will not affect the flow measurement. These characteristics 

are extremely beneficial since it has to be recognised that downstream 

fluctuation in pressure due to the conveying line is inevitable. 

The critical flow or convergent-divergent nozzle consists of a bell mouth 

converging to a throat followed by a shallow angled divergent section. 

The exact design can vary slightly but the general theory is illustrated 

in fig. 3.12. Diagram (a) shows the conceptually important sections of 

the arrangement. Diagram (b) shows the variation of pressure along the 

length of the nozzle, expressed in terms of a ratio of static pressure to 

the upstream stagnation pressure. The air velocity at the throat becomes 

sonic as the pressure ratio, p*/p.,, at the throat section becomes 

critical. For air, this critical pressure ratio at the throat is 0.528. 

If the pressure ratio at the throat increases then sonic conditions at 

the throat will not be maintained and the maximum mass flow rate of air 

will not be achieved. Diagram (c) in fig. 3.12 shows the relationship 

between mass flow rate of air, expressed as a ratio of the maximum air 

mass flow rate, and the pressure ratio across the nozzle. The conditions 

at the throat and elsewhere within the nozzle depend on the pressure 

ratio between the downstream pressure and the upstream stagnation 

pressure, pb/po. i. e. the pressure drop across the nozzle. If one 

considers the line A in diagram (b), pressure ratio pb/pa is high and 

therefore the pressure drop across the nozzle is not sufficient to induce 

sonic flow in the throat. If the pressure ratio across the nozzle is 

decreased, then the pressure ratio at the throat will reduce until the 

critical pressure ratio, p-'/p.,, is reached. This condition is indicated 

by the line B. Any further reduction in the pressure ratio across the 

nozzle will not affect the pressure ratio at the throat which will remain 

constant at the critical value. The pressure ratio across the nozzle 

corresponding to the condition indicated by line B is called the choking 

pressure ratio and represents the maximum pressure ratio for which the 

velocity in the nozzle throat remains sonic. Diagram (c) In fig. 3.12 

shows that the pressure ratio at point A indicates that the maximum mass 
flow rate of air is not achieved since the pressure ratio is too high for 
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point A to be on the straight line part of the curve. However, point B 

Is on the limit of the constant mass flow rate section of the curve and 

indicates the maximum pressure ratio that can be used whilst maintaining 

sonic velocity at the throat. 

The maximum mass flow rate of gas through the nozzle is given by the 

expression, 
Yti "'g 

Jüm ýx - il E p� P., %2 Y- 1 

. fi 

where Ac = area of threat (m--) 

p,, = upstream stagnation gas pressure (kN/m=) 

p� = upstream stagnation gas density (kg/m3) 

Y= isentropic exponent (I = 1.4 for air) 

Hence for air this expression can be simplified to: 

m�.. x = 0.685 At (p. p. )1.1 

However, the density, p., is difficult to measure practically and so one 

can re-arrange the expression substituting: 

pc' = p� using pV=mRT and p=m/V 

RT. 

"R to give mrn.. = 0.367 Gd At pc 1° 

T 

where: Cd = coefficient of discharge 

T. = Absolute Temperature (K) 

Hence, the maximum mass flow rate of air is directly proportional to the 

upstream stagnation pressure provided the maximum pressure ratio is not 

exceeded. However, the maximum pressure ratio depends on the design of 

the nozzle. In particular, it depends on the area ratio of the throat and 

the exit and on the internal angle of the diverrgent section. 
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Brain and Reid (Ref. 3.3 & 3.4) suggest an internal divergence half angle 

of 7.5' and an area ratio of exit to throat of 4.5. With good surface 
finish, nozzles of this design will give a coefficient of discharge of 
between 0.963 - 0.996 and a maximum or choking pressure ratio of between 

0.925 - 0.950. 

The general arrangement of the type of nozzle used is shown in fig. 3.13. 

There were sixteen nozzles in total, two of eight different sizes covering 

the range of air mass flow rates from 0.0075 to 0.097 kg/s. The nozzles 

were calibrated against orifice plates according to BS 1042 (Ref. 3.5) 

over a range of upstream pressures from 2.0 to 4.0 bar gauge and pressure 

ratios from 0.200 to 0.981. Typical results are given in tables 3.1 to 

3.4 and graphical representation is shown in figs. 3.14 & 3.15 for nozzles 

8A and 8B. It can be seen from these graphs that downstream pressures 

of up to 85Z of the upstream pressure were acceptable for constant mass 

flow rate of air and often up to 90Z was acceptable. A graph showing 

the air mass flow rate against upstream gauge pressure for nozzles 8A 

and 8B can be seen in fig. 3.16. The combination of eight pairs of 

nozzles and the calibration of air mass flow rate with upstream pressure 

allowed a very large range of air flow rates and blow tank air ratios to 

be achieved. A table of values of air mass flow rate for all the nozzles 

over a range of upstream gauge pressures is presented in table 3.5. 

3.3.2 Product Mass Flow Rate Measurement 

The receiving hopper, into which the conveying line discharged the 

product, was mounted on load cells. It was for this reason that the 

interface between the receiving hopper and the blow tank took the form of 

a flexible reinforced rubber coupling and that a double set of valves was 

provided. All other connections to the hopper were also isolated using 
flexible couplings; these included the conveying pipeline function and the 

vent line between the blow tank and the hopper. Three strain gauge type 

load cells were used with the combined electrical output signal being fed 

to a calibrated recording instrument and differentiated with respect to 

56. 



W 
%- cc 

en. 16 ä 
° k 1-7 

z x 

W a ý. a U 

t-j oa 
z 

Z ui J -. 

N `L cn O W ö 

J 
0-4 

W 

CL' 

aý 

FIG, 3.13 

d 

a 
Z 

Z 

u 
-vi "1 

r7 



CRITICAL FLOW NOZZLE CALIBRATION 

BAROMETRIC PRESSURE- 1.911 BAR. A DATEI 24/4/85 

NOZZLE DATA ORIFICE PLATE DATA 

NOZZLE UPSTREAM PRESSURE AIR MASS UPSTREAM PRESSURE UPSTREAM 
NO. PRESSURE RATIO FLOWRATE PRESSURE 01FF. TEMP. 

BAR. G P/Pa KG/S hM. WATER hM. WATER DEG. C. 

AS 2.509 0.288 0.968 232.989 422.009 18.000 
AS 2.500 9.492 9.968 249.900 426.980 18.000 
AS 2.500 0.516 0.868 248.009 427.099 18.990 
AG 2.509 9.630 0.968 258.000 427.000 18.009 
AS 2.500 0.744 0.068 259.099 424.900 18.089 
AS 2.500 0.858 8.068 236.900 422.000 18.900 
AS 2.509 9.915 8.668 2418.900 415.008 10.000 
AS 2.500 0.972 0.054 159.000 265.900 18.000 
Be 2.500 0.288 8.067 248.000 405.990 18.000 
Be 2.590 9.402 0.067 246.090 409.000 18.000 
Be 2.500 0.516 0.967 243.900 409.908 1e. eee 
Be 2.500 0.630 0.067 244.900 409.909 18.990 
Be 2.509 0.744 9.967 247.900 408.909 18.000 
Be 2.568 0.858 9.067 244.900 489.990 18.890 
Be 2.380 6.915 9.865 229.000 387.089 18.000 
Be 2.500 0.972 0.054 163.900 266.000 18. eee 

TABLE 3.1 

CRITICAL FLOW NOZZLE CALIBRATION 

BAROMETRIC PRESSURE- 1. $11 BAR. A DATEI 24/4/85 

NOZZLE DATA ORIFICE PLATE DATA 

NOZZLE UPSTREAM PRESSURE AIR MASS UPSTREAM PRESSURE UPSTREAM 
NO. PRESSURE RATIO FLOWRATE PRESSURE DIFF. TEMP. 

BAR. G P/Pa KG/S 111. I. TER r? 1.1. b TER DEG. C. 

AS 3.898 8.252 9.878 331.888 548.909 18.808 
AS 3.990 0.352 8.878 328.888 548.000 18.000 
AS 3.809 8.452 0.878 328.909 548.998 18.909 
AS 3.908 8.551 8.878 327.908 546.888 18.900 
AS 3.880 0.651 8.078 327.008 547.809 18.090 
AS 3.868 0.751 8.978 326.000 548.000 18.900 
AS 3.088 0.850 0.077 327.898 543.008 18.900 
AS 3.988 8.925 0.973 313.098 512.990 18.908 

Ae 3.000 0.975 0.051 144.990 248.809 18.090 
Be 3.080 9.252 0.977 320.000 537.900 28.880 
Be 3.090 9.332 0.077 319.008 538.800 2e. eee 
Be 3.900 8.452 0.077 317.980 538.988 29.900 
e8 3.888 0.551 0.077 317.8ee 536.000 28.808 
Be 3.008 9.651 9.076 319.900 530.909 29.899 
Be 3.898 9.751 9.076 319.990 524. eee 20.988 
Be 3.999 0.859 0.076 319.000 523.890 29.999 
as 3.009 0.980 0.074 394.008 589.8ee 20.000 
Be 3.900 9.950 0.979 274.800 448.008 29.900 
Be 3.990 8.975 8.061 286. eee 342.000 29.990 

TABLE 3.2 
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CRITICAL FLOW NOZZLE CALIBRATION 

BAROMETRIC PRESSURE- 1.811 BAR. A DATEI 24/4/85 

NOZZLE DATA ORIFICE PLATE DATA 

NOZZLE UPSTREAM PRESSURE AIR MASS UPSTREAM PRESSURE UPSTREAM 
NO. PRESSURE RATIO FLOWRATE PRESSURE DIFF. TEMP. 

BAR. G P/Pa KG/S M1. WATER MM. WATER DEG. C. 

AS 3.500 0.224 9.888 420.008 699.900 18.088 
AS 3.508 0.313 8.989 428.000 784.080 18.080 
AS 3.500 0.401 0.889 419.008 707.009 18.090 
AS 3.508 0.490 0.089 420.000 705.900 18.000 
AS 3.588 0.579 0.089 420.000 704.009 18.808 
AS 3.509 8.667 8.088 420.600 702.000 18.088 
AB 3.500 0.756 0.888 420.888 698.088 18.900 
AS 3.500 0.845 9.088 416.099 693.900 18.000 
A8 3.500 0.933 8.079 330.080 570.900 18.000 
AS 3.500 0.978 9.058 184.808 384.000 18.990 
Be 3.500 9.224 0.887 412.099 688.000 28.580 
Be 3.500 0.313 9.087 412.900 685.008 20.580 
Be 3.580 0.401 0.987 412.008 690.000 20.508 
Be 3.588 8.490 0.087 404.066 679.000 28.580 
88 3.508 0.579 0.886 405.900 673.008 28.008 
Be 3.588 0.667 8.086 484.808 676.000 20.009 
Be 3.590 8.756 8.086 406.008 665.080 28.990 
as 3.580 0.845 0.086 401.900 664.000 28.000 
Be 3.508 0.933 0.879 348.098 569.080 28.999 
Be 3.300 0.978 0.865 239.000 384.900 29.008 

TABLE 3.3 

CRITICAL FLOW NOZZLE CALIBRATION 

BAROMETRIC PRESSURE- 0.998 BAR. A DATEI 12/4/85 

NOZZLE DATA ORIFICE PLATE DATA 

NOZZLE UPSTREAM PRESSURE AIR MASS UPSTREAM PRESSURE UPSTREAM 
NO. PRESSURE RATIO FLOWRATE PRESSURE DIFF. TEMP. 

BARG P/Pa KG/S M'1.1. IATER M1. WATER DEG. C. 

AS 4.990 0.288 8.096 509.080 844.898 28.009 
AS 4.880 0.280 8.097 508.800 847.000 20.069 
AS 4.090 0.368 0.097 508.888 852.900 20.090 
AS 4.880 0.440 0.097 588.990 852.000 20.800 
AS 4.088 8.520 8.096 586.990 844.990 28.009 
AS 4.880 8.608 8.096 507.000 844.909 20.000 
AS 4.980 8.688 8.096 508.600 1842.00e 29.980 
AS 4.999 0.768 8.096 506.989 841.009 20.900 
AS 4.888 0.848 0.096 507.880 834.888 28.000 
AS 4.988 8.880 0.895 501.888 823.900 20.806 
AS 4.800 8.928 0.092 470.990 771.998 29.099 
AS 4.108 8.961 0.081 373.908 608.808 20.009 
AS 4.288 8.981 0.962 228.008 368.088 28.080 
Be 4.800 0.288 0.097 518.888 868.800 20.508 
as 4.009 8.288 8.097 517.888 864.900 20.509 
88 4.880 8.368 0.097 516.909 864,999 28.588 
88 4.880 8.448 0.897 516.800 863.988 20.508 
88 4.900 0.520 0.897 516.0e0 863.888 20.500 
Be 4.888 8.680 8.897 517.088 862.888 20.588 
Be 4.858 8.673 8.097 516.089 857.008 28.590 
Be 4.850 8.752 8.897 517.880 854.089 20.588 
Be 4.850 8.832 9.097 512.999 848.809 28.500 
Be 4.850 8.871 6.095 584.889 829.088 28.580 
Be 4.109 0.941 0.888 434.808 718.899 20.580 
Be 4.280 0.981 0.065 241.898 395.989 28.500 

TABLE 3,4 
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Chapter 3 Conveying Test Plant 

time to give the product flow rate. The overall accuracy of the load 

cells was good to around 5 kg. The calibration of the load cells was 

checked whenever product was loaded into the rig. The consistency of 

calibration was good throughout the test programme. 

Calibrated Bourdon type pressure gauges with a range of 0 to 6 bar were 

used for all pressure measurement during the conveying trials. The 

smallest division on the gauge was 0.2 bar but with a reading capability 

to 0.05 bar. The gauge calibrations indicated good linear relationships 

with negligible zero shift over the working limits of the gauges. Four 

gauges were used with the pressure being measured upstream and down 

stream of the critical flow nozzles. The downstream gauges were 

positioned so as to avoid any disturbances caused by the nodes in 

accordance with BS 1042 (Ref. 3.5) recommendations. 

The downstream gauge in the supplementary air line was assumed to 

indicate the conveying line pressure drop. The justification for this 

assumption was that the air only pressure drop in the remainder of the 

supplementary air line was negligible compared with the conveying line 

pressure drop. This was proved to be the case by both calculation and 

measurement. In addition, the end of the conveying line was assumed to 

be at atmospheric pressure since the pressure drop across the filter unit 

was negligible compared to the pressure drop across the conveying 

pipeline. The blow tank pressure was measured directly using a 

calibrated bourdon gauge. 
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Chapter 4 Conveying Trials 

The main objective of this research project was to determine a 

correlation between pneumatic conveying performance and the physical 

properties of the product being conveyed. Properties of products can be 

determined quite easily by carrying out bench scale tests using small 

samples of product. The ultimate goal was to establish relationships 

which would enable conveying performance to be predicted from the results 

of such bench scale tests. 

Froduct performance in a pneumatic conveying pipeline can vary 

considerably. Some products can be conveyed over a wide range of flow 

conditions, from high velocity dilute phase, to low velocity, dense phase. 

Many products, however, are restricted to dilute phase only, in 

conventional pneumatic conveying systems. In addition, products which 

are capable of being conveyed in dense phase can exhibit quite different 

levels of performance in terms of product throughput for a given set of 

conditions, particularly at low velocity. It is believed that both of 

these aspects of performance are dependent on the properties of the 

product being conveyed. 

The aim of the conveying trials was to determine quantitatively the 

performance of a wide variety of products in a pneumatic conveying 

system pipeline for correlation with the results of the bench scale tests. 

The performance of a product was determined by producing conveying 

characteristics in graphical form for each of the products. The 

conveying characteristics are essentially a 'performance map', providing 

relationships between product flow rate, air flow rate and conveying line 

pressure drop, and indicating the limitations of a product in terms of 

minimum conveying conditions. The minimum conveying conditions were 
determined in practice by progressively reducing the conveying air 

velocity, over a range of conveying line pressure drop values, until the 

pipeline blocked. The conveying characteristics are unique for each 

product and provide a visual indication of whether or not a product is 

capable of dense phase conveying. A total of 22 products were tested in 
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Chapter 4 Conveying Trials 

this programme of work (including the three degraded products). The 

relative performance of products was determined by comparing the mass 

throughput of product for a given set of conveying conditions. For the 

products which were capable of dense phase conveying, a wide range of 

conveying performance was recorded. Variation in relative performance 

also existed for dilute phase products, although the spread of results 

was not as great. 

For dense phase conveying, flow visualisation, via sight glasses in the 

pipeline, played a major part in determining the flow regime in which the 

product was conveyed. It was also used to give visual clues to the 

probable mechanism of pipeline blockage. Products conveyed in dense 

phase adopted a variety of flow regimes although in most cases these 

could be grouped into either moving bed type flow or plug type flow. 

Most of the products tested during these trials were conveyed in the 

moving bed type flow regime. 

The products were chosen to represent a wide range of bulk properties, 

several of them being acknowledged as 'difficult' materials to convey 

pneumatically. Many of the products were chosen for their troublesome 

nature by industrial companies who were participating in the Pneumatic 

Conveying Design Guide Project. 

The conveying test plant was described in some detail in chapter 3 and 

was notable for the fact that it was a completely conventional system 

with no 'innovative' techniques employed, such as additional air injection 

along the pipeline or air pulsation at the beginning of the conveying 

line. This enabled a base performance lever to be found enabling direct 

comparison between products. 

4.2 EXPERIMENTAL. METHOD 

Initially, the blow tank was charged with product. The volume of the blow 

tank in either top or bottom discharge configuration was sufficient, in 

most cases, to allow a tonne of product to be conveyed. The poured bulk 
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Chapter 4 Conveying Trials 

density of most products ranged from 500 to 1500 kg/m'; notable 

exceptions to this were pearlite with a poured bulk density of 100 kg/m' 

and at the other extreme Zircon sand with a poured bulk density of 2600 

kg/m -4. 

The choice of total air mass flow rate and the split between conveying 
line and blow tank (i. e. the choice of blow tank air ratio, BTAR) was not 

obvious for the first test run. The discharge characteristics of the 

blow tank were not known since they depended on the type of product 
being conveyed. Past experience with similar products may help in this 

respect, although the performance of apparently similar products can 

often be misleading. Therefore, a safe approach was adopted for the 

first run by selecting a high mass flow rate of air corresponding to a 

high 'free' air velocity in the pipeline and a low blow tank air ratio. 

Air was then supplied to the system and the vent line between the blow 

tank and the hopper was closed to initiate conveying. Pressurisation 

began as soon as the vent line was closed and product conveying followed 

shortly after. The start up transient and, to a lesser extent, the 

depressurisation transient were dependent on the air mass flow rate and 

the blow tank air ratio for a given product. A diagram illustrating a 

typical blowing cycle is shown in fig. 4.1. At high air mass flow rates 

and high blow tank air ratios the transient periods and steady state 

conveying periods were relatively short. Conversely, at low air mass 

flow rates and low blow tank air ratios the transient and steady state 

conveying periods were relatively long. However, in general, the ratio of 

transient periods to steady state periods is approximately constant (Ref. 

4.1) and the ratio of the steady state product flow rate to the average 

product flow rate over the complete cycle is approximately 2. 

Throughout the cycle, measurement of conveying line pressure drop, blow 

tank pressure, product mass flow rate and air mass flow rate were 

continuously monitored. For the purpose of producing the conveying 

characteristics or phase diagram for the product, it was the steady state 

values of the pressures and flow rates that were of interest. In the 

53mm bore pipeline, conveying rates varied between less than 1 tonne/hr. 
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Chapter 4 Conveying Trials 

to about 30 tonnes/hr. which gave steady state conveying periods of 
between 1 hr. and 2 minutes. In most cases, the conveying data from 

one run gave rise to a single point on the conveying characteristics. 
However, in cases where the steady state period was particularly long 

(longer than about 15 to 20 minutes) it was possible'to obtain more than 

one point by varying the total air mass flow rate. This was achieved by 

reducing the upstream pressure of the critical flow nozzles via the 

pressure reducing valve and allowing the system to settle into another 

stable steady state condition. However, this practice was limited; 

firstly, by the degree to which the upstream pressure of the critical 

flow nozzles could be reduced, bearing in mind that the conveying line 

pressure (downstream pressure) must not exceed 90Z of the upstream 

pressure; and secondly, that sufficient time was available for the 

transient effects to die away and that an acceptable further steady state 

period was available before the end of the cycle. 

At the end of the cycle, after the depressurisation transient, high 

velocity air was passed through the pipeline to ensure that the pipeline 

had been completely emptied of all product. 

Initial test runs were carried out using high air mass flow rates with 

low blow tank air ratios to ensure that the conveying regime was dilute 

phase. On subsequent test runs, the total air mass flow rate was 

progressively reduced and the blow tank air ratio increased. This had the 

effect of reducing the velocity in the pipeline and increasing the phase 

density. It was possible to observe the changes in flow regime as the 

conveying mode progressively developed from dilute to dense phase. This 

process was continued until a line blockage occurred indicating the limit 

of conveying. In some cases, ample warning of impending blockage was 

given by extreme instability of flow to the point of partial blockage and 

subsequent recovery. In other cases the blockage was sudden, with no 

warning. The only indication of the blockage having occurred being due 

to a sudden rise in blow tank and conveying line pressures and the 

absence of noise due to the lack of air flow. In most cases two or three 

blockages or near blockages would be observed in order to establish the 

limits of conveying. 
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Chapter 4 Conveying Trials 

Conveying test runs were carried out over as wide a range of operating 

conditions as possible for each product. For products which were capable 

of being conveyed in dense phase this would typically involve 30 to 40 

test runs. For products that could only be conveyed in dilute phase, 15 

to 20 test runs would be undertaken. 

Phase diagrams produced for pneumatic conveying are often based on 

conveying velocity. A typical example is the original phase diagram 

produced by Zenz (Ref. 4.2). This velocity is normally taken to be the 

superficial air velocity at atmospheric pressure ( that is, the velocity 

based on the empty cross-section of the pipe). The problem with using 

velocity is that it is not an independent variable. Gases are 

compressible and their densities vary both with temperature and pressure. 

However, air mass flow rate is an independent variable and is therefore 

an ideal substitute for velocity. The air mass flow rate remains 

essentially constant over the entire pipeline length unlike the velocity 

which will increase with decreasing pressure. The superficial gas 

velocity, C, at any point can be determined from the Ideal Gas Law: - 

p V= mRT 

where p= absolute pressure kN/m2 

T= absolute temperature K 

R= characteristic gas constant kJ/kg K 

and V= volumetric flow rate m3/s 

since V=Cxc. s. a. = 1r C d= for circular pipes 

4 
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Chapter 4 Conveying Trials 

Substituting this in the Ideal Gas Law and making the velocity the 

subject gives: 

C= 4mRT 

jr p d2 

The dependence of velocity on both gas temperature and pressure for a 

given-mass flow rate is clearly shown by this expression. For a given 

set of conditions, the superficial gas velocity can be easily determined 

for any point along the pipeline. 

The data obtained from the conveying trials was plotted on axes of 

product mass flow rate against air mass flow rate. This method of 

presentation was suggested by Mills (Ref. 4.3). Each run was represented 

by a single data point which was marked with the conveying line pressure 

drop associated with that run. The data recorded for pulverised fuel ash 

(p. f. a. ) is plotted on these axes and is shown in fig. 4.2. It can be seen 

that the decimal point of the conveying line pressure drop represents the 

actual location of the test point on the graph. Having plotted the points 

it was possible to draw a family of curves representing lines of constant 

conveying line pressure drop. 

The conveying characteristics for pulverised fuel ash (p. f. a. ) together 

with lines of constant phase density are shown in fig. 4.3. The lines of 

constant phase density are purely a consequence of the axes of the graph 

and not due to experimental data. 

The bounds of the graph are due to various conveying limitations. The 

first is the limit on the right *band side of the graph which is set by 

the volumetric capacity of the fan, blower or compressor used. However, 
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Chapter 4 Conveying Trials 

from the conveying characteristics of p. f. a. it can be seen that the limit 

of the right band side of the graph corresponds to a free air velocity of 

around 40 m/s. This is considered to be be the upper limit for most 

pneumatic conveying systems. This upper limit is partly influenced by 

the adverse effects of velocity on product degradation and bend erosion 
in the pipeline. However, the most significant influence is the adverse 

effect of high velocity on conveying line pressure drop and hence product 

throughput. 

The second limit is that at the top of the graph which is mainly set by 

the pressure rating of the air mover. However, this does depend on the 

nature of the conveying characteristics and hence on the product. If the 

lines of constant conveying line pressure drop become very steep, then 

the limitation may be imposed by a combination of phase density and 

velocity limits. 

The third limit is on the left hand side of the graph and represents the 

approximate minimum safe conditions for successful conveying of the 

product. The lines actually terminate at this limit and conveying is not 

possible in the area to the left at lower air mass flow rates. The limit 

is determined predominantly by the minimum conveying velocity but also 

by a complex combination of phase density, product properties and 

conveying distance. 

In order to determine the minimum conditions for conveying a product, a 

graph of conveying line inlet velocity against phase density can be drawn 

and is shown in fig. 4.4. for p. f. a. A distinct pattern emerges for 

products that can be conveyed over a wide range of conveying conditions 

at low velocity. A line can be drawn representing the possible minimum 

conveying condition. The exact position of the curve is difficult to 

establish. If the pipeline is blocked no experimental point can be 

obtained for the test, although in some cases it is possible to estimate 
the approximate location of the point from preceding tests. However, it 
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Chapter 4 Conveying Trials 

Is often possible to deduce that conveying conditions, in a particular 
test, are close to the minimum condition from pressure fluctuations wbicb 

occur in the conveying line. 

For products that can only be conveyed in dilute phase, it is often not 

possible to convey at phase densities greater than about 20. This tends 

to suggest that the minimum conveying velocity would be in the range of 

13 to 18 m/s. This is borne out to practice with many products having a 

minimim conveying velocity of approximately 15 m/s. Therefore, the 

minimum conveying condition for products capable of only dilute phase 

conveying can be quantified in terms of minimum conveying velocity alone. 

This is not the case for products which can be conveyed over a wide 

range of conveying conditions. The minimum conditions for a product such 

as p. f. a. must be quantified in terms of both phase density and velocity. 

However, the minimum conveying velocity at maximum phase density is a 

good guide to con veyability. 

Conveying with an unnecessarily high air mass flow rate has an adverse 

effect on product throughput. This is due to the square law relationship 

of pressure with respect to velocity which approximately applies to 

suspension flow. The effect of high air mass flow rates on the conveying 

line pressure drop, for a given product throughput, can be most clearly 

seen in fig. 4.5. This is an alternative way of presenting the conveying 

data which plots conveying line pressure drop against air mass flow rate 

and identifies lines of constant product mass flow rate. This graph is 

plotted for p. f. a. and illustrates clearly why conveying at low velocity 

is desirable. For example, in the case of p. f. a., one could convey at 10 

tonnes/hr with a conveying line pressure drop of 1.0 bar and an air mass 
flow rate of 0.035 kg/s or convey at the same rate with a conveying line 

pressure drop of 2.0 bar and an air mass flow rate of 0.110 kg/s. For 

the condition when the conveying line pressure drop is 1.0 bar, the power 

required is 4 kW. However, when the conveying line pressure drop is 2.0 

bar the power required is 20 kW. Therefore, the p. f. a. can be conveyed at 
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Chapter 4 Conveying Trials 

10 tonnes/hr using either 4 kw or 20 kW of power depending on the 

conveying conditions. With some products 10 tonnes/hr can only be 

achieved with 2.0 bar at 0.11 kg/s of air but with other products only 
1.0 bar and 0.035 kg/s of air is needed. It is important to be able to 

identify these products and avoid over design. Obviously, not all 

products are capable of being conveyed over such a large range of 

conditions and hence this tends to illustrate the desirability of being 

able to predict the likely performance of a product from a small sample 

of the product. 

The adverse effect of high velocity is further illustrated in fig. 4.6. 

which shows a graph of product mass flow rate against conveying line 

exit air velocity for p. f. a. with lines of constant conveying line inlet 

air velocity superimposed. The conveying line exit air velocity is 

directly proportional to the air mass flow rate when the conveying line 

exit is at atmospheric pressure. The conveying line inlet air velocity is 

a function of both pressure and air mass flow rate and is, therefore, 

plotted graphically. It can be seen that, for a given conveying line 

pressure drop, as the velocity increases the product throughput decreases 

and consequently the phase density decreases also. 

Nineteen products were conveyed in total. However, some products were 

particularly susceptible to degradation to the point where they could be 

considered two different products before and after conveying. In some 

cases, two sets of conveying characteristics were obtained providing two 

sets of conditions for correlation with product properties. A detailed 

discussion of these products is given in section 4.8. In addition to the 

products tested, two further products have been used for correlation 

which have been tested by colleagues at Thames Polytechnic. The products 
tested can be broadly grouped according to their conveying capability. 
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Chapter 4 Conveying Trials 

Many of the products tested could only be conveyed in a dilute phase flow 

regime using a conventional system. Since the critical flow nozzles were 

designed to provide a range of air mass flow rates over the entire 

conveying range, it was difficult, in some cases, to obtain as many test 

points as would be ideal when conveying in lean phase only. However, as 

discussed in section 4.4.2, for dilute phase conveying, it is possible to 

determine the minimum conveying condition in terms of minimum conveying 

velocity alone. Therefore, it was quite a simple matter to determine the 

limit of conveyability. Once the limit of conveyability was established 

early on in the trial, the remainder of the conveying characteristics were 

determined over as wide a range as was possible. However, the variation 

in conveying charateristics between products only capable of being 

conveyed in dilute phase is much smaller than is the case for dense 

phase conveying. 

An example of a product which could only be conveyed in dilute phase in 

its 'as supplied' form was the agricultural catalyst. The conveying data 

is presented in graphical form in fig. 4.7 with the interpreted lines of 

constant conveying line pressure drop superimposed. A graph showing the 

same conveying characteristics without the data but indicating lines of 

constant phase density and conveying line inlet air velocity is presented 

in fig. 4.8. The point indicated by a cross shows the estimated product 

flow rate immediately prior to the line blockage. At the point when the 

line blocked, the air mass flow rate was 0.0675 kg/s and the conveying 

line pressure drop was 0.75 bar. The conveying line inlet air velocity on 

the basis of the measured pressure drop and air mass flow rate is 

approximately 15 m/s. This was taken to be the limit of conveyability. 

Blockage of the pipeline occurred subsequent to two quite distinct 

sequences of events depending on the product being conveyed. In many 

cases, the only indication of pipe blockage was a sudden increase in 

conveying line pressure drop and a similar increase in blow tank 

pressure. Some products would give an indication of instability by the 
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Chapter 4 Conveying Trials 

pressure fluctuation in the conveying line. However, this can be 

misleading since it may be possible to continue reducing the air flow and 
increasing the phase density and pass through the instability into a 
lower velocity flow regime. For other products, this may be the onset of 

a blockage and the limit of conveyability. Other products show no sign 

of instability and block suddenly with no warning. The other extreme is 

when the product can be heard hammering around the pipeline, shaking the 

whole test rig, resulting finally in a blocked pipeline. 

The mechanism of blockage was not investigated and is a whole area of 

research in its own right. However, from flow visualisation and the 

experience of unblocking the pipeline on many occasions, a number of 

observations were made. During conveying, it was very rare for a product 

to be fully suspended in the air stream below a superficial conveying air 

velocity of 20 m/s. This depended to some extent on phase density. Under 

20 m/s, particularly as the velocity approached 15 m/s, an intermittent 

passive layer of material formed on the bottom of the pipe. There can be 

little doubt that the effect of product dropping out of suspension was 

likely to be exacerbated at the bends. As the velocity of the conveying 

air was further reduced the layer of material on the bottom of the pipe 

was increased. In some cases, as the material layer on the bottom of the 

pipe increased in depth, it became more active and began to move in a 

duning type flow, albeit intermittently. In other cases, the layer on the 

bottom of the pipe remained passive and static as the layer depth grew. 

In general, the products whose layer of material on the pipe bottom 

remained passive were the products which blocked the pipeline at around 

15 m/s and could only be conveyed in dilute phase flow. Products which 

exhibited this type of behaviour tended to be those with poor air 

retention properties. . 

This may help explain why, in many cases, little or no warning of 

impending pipe blockage was given. Some products did give warning of 

impending blockage in the form of severe instability which led to partial 
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blockage followed by recovery several times before final blockage of the 

pipeline occurred. In most cases, it was granular products such as 

granulated sugar or products with large lumps such as coal wbicb 

exhibited this type of behaviour. It may be that blockage in these cases 

may in some part be due to mechanical interlocking especially at bends. 

As may be expected, most blockages occurred at a bend section of the 

pipeline. 

It is interesting to note the apparent importance of 15 m/s as a minimum 

conveying velocity. The range of values of minimum conveying velocity 

for dilute phase products is very narrow with typical values being in the 

range of 14.5 to 16 m/s. In many cases, the minimum conveying air 

velocity was 15 m/s and it would be reasonable to consider 15 m/s as an 

approximate average value of minimum conveying air velocity for dilute 

phase products. For this reason, the author has assumed a minimum 

superficial air velocity of 15 m/s and a phase density of approximately 

20 as the criteria for differentiating between dilute and dense phase 

conveying. 

The range in product throughput performance for a given conveying line 

pressure drop and air mass flow rate is relatively small for dilute phase 

products. The relative performance of seven dilute phase products is 

presented in fig. 4.9. The plot is for a conveying line pressure drop of 

1.0 bar in the standard 53mm bore pipeline and a false origin has been 

used to emphasise the variation in performance. It can be seen that the 

relative performance of maximum throughput to minimum throughput was 

about 2.5: 1 for a given set of conditions. By comparison, the variation 

in throughput performance for dense phase products, for a given set of 

conditions, can be in excess of 10: 1. Further discussion regarding 

throughput performance of dense phase products can be found in section 

4.7.3 
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A number of the products tested were capable of being conveyed at 

conveying air velocities below 15 m/s and at phase densities in excess of 

20. The products which were capable of dense phase conveying tended to 

be those products which formed stable dune type flow regimes as the 

conveying air velocity was reduced below 15 m/s. The layer of material 

on the bottom of the pipe tended to increase in depth with reducing 

velocity and remained 'live'. The extent to which the product remained 

'live' varied from product to product and consequently there was 

considerable variation in flow stability. 

As the conveying air velocity was reduced from about 15 m/s the mode of 

flow of the product changed from a predominantly suspension flow regime 

to a 'moving bed' type flow. The way in which the flow changed with 

reducing velocity was dependent on the product type. However, from flow 

visualisation, a general pattern of flow modification became apparent and 

a diagrammatic representation of observed flow patterns is presented in 

fig. 4.10. As the conveying air velocity drops below about 15 m/s, 

material which has fallen out of suspension is conveyed as a continuously 

sliding strand. Typically, the phase density would be in the order of 20. 

Further reduction in conveying air velocity results in a deeper moving 

bed which becomes intermittent and pulsatile in nature (fig. 4.10(b)). 

Some product is conveyed in suspension above the moving bed. Typical 

velocities at this stage would range between 7 and 12 m/s and typical 

phase densities between 20 and 80. 

Conveying air velocities in the range of 3 to 7 m/s yield a flow pattern 

as shown in fig. 4.10(c). The pulsatile moving bed now contains the 

majority of the product with small whisps' of product being conveyed in 

intermittent suspension flow. The phase densities are high being 
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typically above 80. Under these conditions it was quite common for full 

bore dunes/plugs to be formed momentarily. Any further reduction in 

velocity could result in pipeline blockage. 

It has already been established in section 4.5.1 that products which 

conveyed with a degree of stability in moving bed type flow were those 

products that displayed good air retention properties. Those that did 

not display good air retention properties tended to block the pipeline at 

saltation. The products which tend to exhibit goad air retention 

properties tend to be the fine powders. This tends to suggest that 

coarser products and granular products cannot be conveyed in dense phase 

in a conventional system. 

This is, obviously, not the case since Hitt et al. (Ref. 4.4) conveyed a 

number of granular products in full bore shearing plug type flow. 

Mainwaring and Reed (Ref. 4.5 & 4.6) suggest that the permeability of the 

product to air is the critical factor regarding the ability of a product 

to be conveyed in full bore plug flow rather than the air retention 
" 

properties of the product as for moving bed type flow. Mainwaring and 

Reed describe how granular products can form high velocity plugs. as the 

conveying velocity is reduced below saltation. This often results in 

excessive pressures being required to move the plugs and therefore 

blockage of the pipeline occurs. However, if the tests are started with a 

low conveying air velocity, then stable low velocity flow regimes can be 

achieved. Mainwaring and Reed suggest that this may be the reason some 

researchers only consider products with good air retention capabilities 

as candidates for dense phase. 

The majority of the products tested during the conveying trials which 

were capable of dense phase conveying exhibited good air retention 

characteristics and were conveyed in a moving bed type flow. However, 

some of the results obtained by Main waring and Reed (Ref. 4.7) for 

granular products have been used for correlation purposes. 
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4.7.2 Range of 'Convet=bim! 

Pulverised fuel ash (p. f. a. ) is an example of a particularly good dense 

phase product. The conveying characteristics for p. f. a. were presented 

earlier in fig. 4.3. Conveying was possible up to phase densities in 

excess of 120 and conveying air velocities down to about 3 m/s. 

The minimum conveying conditions for products such as p. f. a. were 

determined by pipeline blockage at low velocity and high phase density. 

Often, the minimum conditions could not be determined due to limitations 

imposed by the blow tank. In such cases, products would still convey at 

minimum air velocities and at 100Z blow tank air ratios (BTARs). 

Although, in these cases, the minimum condition is not found; it is 

sufficient, for the purposes of this work, to know that successful 

conveying was possible at velocities in the region of 3 m/s and at known 

high phase densities. 

Bot all products which could be conveyed at air velocities below 15 m/s 

could be conveyed over such a wide range of phase densities and air 

velocities. One such product was copper ore for which the conveying 

characteristics are presented in fig. 4.11. Copper ore was capable of 

being conveyed at phase densities up to about 50 and at conveying air 

velocities down to about 8iß m/s. Other products which exhibited similar 

conveying capabilities were the degraded sugar and degraded coal. 

The variation in product throughput for a given conveying line pressure 

drop and air mass flow rate can be quite considerable for dense phase 

conveying. A diagram illustrating this variation for products tested 

during the conveying trials is presented in fig. 4.12. It can be seen 
that for an air mass flow rate of 0.03 kg/s and conveying line pressure 
drop of 1.5 bar there was a possible 10: 1 variation in product throughput 

depending on the product being conveyed. 
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Friable materials can suffer serious degradation during conveying in a 

dilute phase system. This is due to the relatively high velocity 

necessary for suspension flow. The effect is made significantly worse if 

the pipeline has a number of bends. 

The problem of degradation was significant when conveying products such 

as granulated suger and lump coal. Initially, both these products were 

only capable of being conveyed in dilute phase. The problem was of 

particular concern when the product was to be recirculated a number of 

times to obtain conveying characteristics. Each time the product was 

conveyed, it would be changed in terms of mean size, size range and size 

distribution. In addition, the largest changes would occur in the first 

few runs. 

Granulated sugar was the first of the fragile products to be conveyed. 

It was suspected that the sugar would only convey in dilute phase in its 

'as supplied' condition. Therefore, the blow tank air ratio and the total 

air mass flow rate were set at what was considered 'marginal' conditions 

close to the anticipated blockage condition. The first run was initiated 

and, as expected, ended in blockage of the pipeline. Therefore, the 

minimum condition, in terms of velocity, was established. A full set of 

conveying trials was conducted using the same recirculated product with 

samples of product being taken at regular intervals. 

It was- found that the product degraded significantly in the first ten 

runs with the greatest damage ocurring within the first five. However, 

further damage to the product after ten runs was minimal. The effect of 

the degradation on the conveying characteristics was limited to reducing 

the minimum conveying velocity. The shape of the characteristics and 

their absolute values remained essentially unchanged. This was verified 

by repeating initial conveying runs and plotting the results on the 

conveying characteristics. 
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The conveying characteristics for granulated sugar are presented in fig. 

4.13. It can be seen that in the initial 'as supplied' condition the 

characteristics are restricted to a minimum conveying velocity of 15 m/s. 

In the 'after conveying' condition the minimum conveying velocity has 

dropped to around 7 m/s. However, the nature of the characteristic has 

not changed. 

The same general approach was used with other friable products with 

particular emphasis being placed on the verification of results. In some 

cases this involved re-testing with fresh batches of product. However, 

in every case the effect of product degradation led to wider 

conveyability due to a decrease in the minimum conveying velocity. In 

each case, the shape of the characteristic and the absolute values of the 

conveying line pressure drops were unchanged. 

The conveya bility of a product appears to fall into one of three 

categories: - 

1) Dilute phase only 

2) Dense phase - moving bed type flow 

3) Dense phase - plug/slug type flow 

This categorisation is a broad approximation with variation occurring 

within each category. Nevertheless, these groups are clearly identifiable 

and provide a useful means of correlating actual conveying performance 

with product characterisation. 

Virtually all products can be conveyed in dilute phase. Dilute phase is 

relatively easy to identify having clear limits of conveying range. 

Typical products which can only be conveyed in dilute phase are those 

with wide and irregular size distributions. Those products which are 

capable of dense phase conveying tend to fall into one of the two 

categories. Fine powders with narrow size distributions are often 
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Chapter 4 Conveying Trials 

candidates for the moving bed type flow regime, whereas, granular 

products with narrow size ranges are often candidates for plug/slug type 

flow. However, size alone is not a reliable guide to conveyability since 

many other morphological properties affect the air-product interaction. 

It is interesting to note that the moving bed type flow and the plug/slug 

type flow occur over different ranges of velocity and phase density. 

There are some products which are capable of plug flow and dilute phase 

flow but not moving bed type flow. For these products, there is likely 

to be a range of conveying velocity between about 6 and 15 m/s where 

conveying is not possible. 
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Chapter 5 Bencb Scale Tests 

The ultimate goal in pneumatic conveying is that it should be possible to 

design a pneumatic conveying system without the need to carry out full 

scale conveying tests with a product. System design for single phase 
flow can be carried out on the basis of knowing some descriptive 

parameters for the fluid such as density, viscosity etc. However, the 

problem is very much more complicated with two phase flow. One approach 

is to try to correlate product properties with pneumatic conveying 

performance. 

In the case of bulk solids many descriptive properties exist and the 

difficulty is trying to establish which properties affect which aspects 

of conveying. In this work, attention has been particularly paid to the 

moving bed type flow regime. In this context, the properties which 

involve and attempt to describe product/air interactions have been 

identified as properties of particular significance. A new test has been 

developed to assess and quantify the air retention characteristics of a 

product in terms of the vibrated de-aeration constant. The test has been 

developed by comparing the settlement of powders under the influence of 

gravity and vibration and overcomes many of the disadvantages of 

existing methods. 

In addition to the properties involving product/air interactions, a number 

of other familiar material properties have been used to characterise the 

products tested. 

5.2 SIZE ANALYSIS 

5,2.1 Sam IJ ing 

As the quantity of material required to carry out a size analysis was far 

less than the sample available from the batch of material delivered or 
from the conveying tests, it was necessary to obtain a smaller 
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representative sample. This was achieved by using a chute splitter 
consisting of a V-shaped trough along the bottom of which was a series 
of chutes alternately feeding two trays placed on either side of the 
trough. The sample was poured into the chute and repeatedly halved until 
a sample of the required size was obtained. If a very small sample was 
required for the photo-sedimentation technique of sizing then the sample 

produced from the chute sampler was put through the spinning riffler. A 
detailed account of these sampling techniques is given by Allen (Ref. 

5.1). 

5.2.2 Sieve Analysis 
e 

The majority of products tested were analysed using wire mesh sieves 

which were mounted on a dedicated vibratory sieve platform. The samples 

were generally vibrated for between 10 and 15 minutes with samples of 

around 50g of material. In the case of particularly friable products the 

time of vibration was reduced. A detailed account of the sieving 

procedure is given by Allen (Ref. 5.1) and in the British Standard (Ref. 

5.2). 

5.2.3 Equivalent Spherical Size by )Mass 

In the case of mono-sized or nearly mono-sized particles, the nearest 

approximation of particle size obtained by sieving is the range between 

the sieve sizes which encompass the actual particle size. For large 

particles like polyethylene pellets, however, a number of particles can be 

counted and weighed. If the mass of a known number of particles at 
least 50) and the particle density is known, then the size of an 

equivalent sphere having the same average mass can be found. 
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5.2.4 Fhotosedtmentation 

Sedimentation is based on the rate of settling of particles dispersed in 

a liquid. Photosedimentation combines the gravitational settling with 

photoelectric measurement. This is a technique used for measuring the 

size distribution for products in the size range 2 to 75 micron. All the 

products used for the conveying trials which fall into this size range 

were tested using photosedimentation. This test method allows 

determination of the Stokes diameter which is the diameter of a sphere 

which has the same density and free-falling velocity as the irregular 

particles under test. A detailed account of standard methods is given by 

Allen (Ref. 5.1) and In the British standard (Ref. 5.3). 

Particle density was measured using an air comparison pycnometer. A 

diagram indicating the principle of the device is presented in figure 5.1. 

It consists of two identical cylinders connected through a valve and 

differential pressure indicator, each containing a piston and output scale 

reading volume in cc. With the connecting valve closed any movement of 

the reference piston must be accompanied by an identical movement of the 

measuring piston in order to maintain a null reading on the differential 

pressure indicator. After setting the zero on the instrument the volume 

of any material placed in the measuring cylinder will be shown by the 

position of the measuring piston for a null reading on the differential 

pressure indicator. Hence by knowing the mass of product under test the 

particle density can be determined. It should be noted that the method 

yields the average particle density of the bulk solid. The densities of 

different constituent particles in a blended product can only be 

determined with any certainty by measuring them before mixing. 
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Chapter 5 Bench Scale Tests 

The 'true' particle density is obtained by dividing the mass of particles 

by the volume they occupy excluding internal and external pores. The air 

comparison pycnometer yields the apparent particle density which is the 

mass of product divided by the volume occupied including closed pores but 

excluding open pores. 

5.3.2 Bulk Density 

To obtain the poured bulk density approximately 240ml of material was 

carefully poured into a 250m1 measuring cylinder of known mass. The 

measuring cylinder was held at an angle of about 45' to the horizontal 

during pouring to avoid compaction. The cylinder was brought upright and 

the volume occupied by the material noted. The cylinder and the material 

were then weighed. From this the mass of material could be deduced and, 

hence, the poured bulk density determined. 

To obtain the tapped bulk density, the cylinder was repeatedly tapped for 

a given number of cycles and the volume occupied by the material noted. 

The process was then repeated until there was no measurable change in 

volume. Using the final volume, the tapped bulk density could be 

determined. These tests were carried out a minimum of three times until 

good agreement of results was obtained. 

Compaction Is simply the percentage change in bulk density from the 

'poured' condition to the 'tapped' condition. The amount of compaction 

can give a very rough guide to air retention capability of a product. 
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Hitt (Ref. 5.4) identifies the permeability of a product to the conveying 

gas to be of major importance to the successful conveying of a product in 

a plug type flow regime. Many workers identify permeability as an 

important characteristic for dense phase conveying in general. As a test 

involving and describing the interaction between product and air, 

permeability is seen as a significant product property for correlation 

with pipeline conveying mode. 

The flow of fluids through a packed bed has been studied extensively. The 

most well known work is probably that of Ergun (Ref. 5.5) who proposed 

the following equation: - 

dP3 = 150 (1 -f )= pU+1.75 (1-E)p U` 

L fý d3 f-'4 d 

where the units are Imperial and the symbols have the following 

meanings: - 

d is the effective particle diameter 

g is the gravitational constant 

L is the length in the direction of the fluid flow 

U is the superficial percolation velocity 

dP is the pressure drop across the bed of material 

f is the voidage of the bed 

p is the absolute fluid viscosity 

and p is the density of the fluid 

The practical difficulties of using this equation lie in the determination 

of the effective particle diameter which is not the median particle size. 
The effective diameter is based upon the surface area per unit volume of 

solids. The easiest way to obtain an approximate value of specific 

surface is by carrying out an air permeability test. 
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Chapter 5 Bench Scale Tests 

The Ergun equation consists of two terms; the first term accounts 

primarily for the viscous energy losses, whereas the remaining term is 

primarily related to kinetic losses. The first term is the predominant 

component in the laminar flow region with the second term becoming 

dominant for turbulent flow. This is confirmed by the test work carried 

out on the materials used for the conveying trials which appear to show 

a linear relationship between aP/L and U over the low velocity range. 
For laminar flow, the relationship between 4P/L and U can be expressed as 

follows: - 

cep 

L 

where C is a constant and dependent an the powder and fluid properties. 

A diagram is presented in figure 5.2 which shows the idealised 

relationship between pressure drop per unit height of bed and the 

superficial air velocity for laminar flow. A graph of this nature can be 

obtained by testing a sample of material in a permeameter similar to that 

shown in figure 5.3. It can be seen that the fixed bed portion of the 

graph presented in figure 5,2 is a straight line. The British Materials 

Handling Board (Ref. 5.6) suggest that the inverse of the slope of this 

line, known as the 'permeability factor' C, is a useful parameter which 

characterises a product's permeability to the fluid. 

The permeability factor has been adopted as an easily measurable 

indicator of the permeability of a product to air and has been used to 

correlate with pneumatic conveying performance. The results obtained for 

permeability factor are very reliable with regard to repeatability and 

produce good straight line relationships. For very coarse materials, with 

relatively large minimum fluidising velocities, evidence of the effect of 
the second term in the Ergun equation can be detected by very slight 

curvature of the graph at the high velocity end. 
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Chapter 5 Bench Scale Tests 

Results obtained for two different products at different ends of the 

permeability range are presented in figures 5.4 and 5.5. The results for 

all the products used in the conveying trials are presented in appendix 

3. 

The importance of aeration properties to the flow of bulk solids, 

especially in hoppers and channels has long been appreciated. Caldwell 

(Ref. 5.7) makes particular reference to the fact that the air retention 

or de-aeration capability of a product was significant to conveying 

performance. From flow visualisation during the conveying trials it was 

apparent that the retained fluid-like behaviour of the product was 

important to the continued successful conveying in a moving bed type flow 

regime. 

Few workers appear to have considered the de-aeration process. Sutton 

and Richmond (Ref. 5.8) present a method of recording the drop in bed 

height with time and produce a de-aeration constant particular to a 

material which is system-dependent. Sutton and Richmond apply Fick's law 

of diffusion assuming that the height of the powder level is 

exponentially dependent on the time of settlement. Geldart and Wong 

(Ref. 5.9) suggest that the relationship between the height of the powder 

level and the time of settlement varies according to the position of the 

product on the Geldart classification. 

Various other workers have attempted to analyse the de-aeration process 

mathematically. Johanson and Jenike (Ref. 5.10) use a finite element 

technique to produce a mathematical model for settlement with time. 

Interestingly, they predict a curve approximating an exponential decay. 
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Chapter 5 Bench Scale Tests 

5.5.2 De-aeration Constant 

The air retention capability can be assessed in terms of the time it 

takes a fluidised bed of product to return to a specified bulk density 

after quickly shutting off the air supply. Fluidising should provide a 

maximum volume increase of the product without severe bubbling at the 

material surface. With some products the level of material falls rapidly, 

particularly in the early stages. In these circumstances analysis is best 

carried out from a video recording of the fall. In other cases products 

such at cement with very high air retention capability can remain in a 

fluidised state for a number of days. Sutton and Richmond (Ref. 5.7) 

analysed this transient fall by extending Fick's Law of Diffusion to the 

situation. The general form of Fick's law is: - 

SP =öD. 6P 

6'r öL 77 

where P is the air pressure and D is the diffusion coefficient 

differentiating; 6P = 6D . 6P +D. 6=P 

6T 6L 6L 6L= 

If a linear pressure gradient is assumed then SIP =0 

8L2 

.. SP = 6D . 6P 

6r 6L L 

where GP is the pressure drop across the bed (F-. A- and P. = atmospheric 

pressure. 

The pressure drop across the bed is linearly proportional to the mean 

voidage in the bed and the mean voidage is linearly proportional to the 

bulk density. Therefore, if the bulk density at a point is p, then: - 
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Chapter 5 Bench Scale Tests 

dp = SD . dp 

dr SL L 

Experimental work carried out by Sutton and Richmond on the settlement 

of powders under the influence of gravity confirmed this relationship and 

justified the assumptions made. 6D/dL is a constant which, when applied 

to the analysis of de-aeration, Sutton and Richmond called the de- 

aeration constant, K'. Hence: - 

dp = K' dp 

dr L 

where p is the product bulk density, kg/m' 

is the time, s 

K' is the de-aeration constant, m/s 

L 1s the bed height, m 

Integration of this differential equation between suitable experimentally 

derived limits will yield the de-aeration constant. 

The de-aeration constant will give an indication of the capability of a 

product to retain air. A high de-aeration constant will indicate rapid de- 

aeration and therefore poor air retention. 

There are a number of practical problems with using this method of 

determining the air retention capability of a product. Firstly, for 

products which have poor air retention characteristics fie de-aerate 

fast) there is a problem with obtaining data unless video techniques are 

used. Secondly, and probably more importantly, the settling time of 

powders exhibiting good air retention capability (le de-aerate slowly) 

can run into hours and even days for some very air retentive powders. 
The second problem could be overcome if the settlement of powders could 

be accelerated. A method commonly used in industry for settlement of 

powders is vibration. 
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Chapter 5 Bench Scale Tests 

Initial tests using vibration to determine tapped bulk density indicated 
that the relationship between bed height with time was very similar to 

that obtained for de-aeration. Sutton and Richmond state that after a 

powder bed finally attains a constant value, tapping or other vibration 

will cause the level of the bed height to drop further. A schematic 
diagram showing the two stages of change in bed height with time is 

presented in figure 5.6. In other words the settlement under the 

influence of vibration from the 'as poured' state to the 'tapped' or 

'compacted' state is simply an extention of the settlement from the 

'fluidised' state to the 'as poured' condition. Under these conditions it 

is not unreasonable to apply the analysis of Sutton and Richmond to the 

settlement due to vibration. 

The analysis of Sutton and Richmond to this case gives: - 

dp = k�' ap 

dr L 

where K' = vibrated de-aeration constant, m/s 

ap =pm-p, kg/m3 

This expression can be integrated definitely between limits arising from 

the following boundary conditions; 

at r=0, L=L, 

7 =(0, L=Lm 
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Chapter 5 Bench Scale Tests 

The result is: 

K�' r=L. in 111111 

LLL: L, Lv L 

where Li = initial bed height, m 
L. = final bed height, m 

This equation can be written in the form of a straight line graph the 

slope of which is the vibrated de-aeration constant: 

Thus A=K�"T 

where A is a function of bed height, L, and is given below: - 

L. In 1 1_ 3 1 1 1 

L L Lý Lý Lm L 

High values of vibrated de-aeration constant indicate a high settling 

rate and, therefore, poor air retention capability. To carry out tests to 

determine vibrated de-aeration constant apparatus had to be designed. 

The apparatus consists of a clear perspex tube or cylinder of 53mm bore 

and 250mm long with a graduated scale in millimetres. The bottom of the 

cylinder had a means of attaching it to a vibrator which oscillated in 

the vertical plane (longitudinally). A stop watch was used for timing 

the application of vibration. 

Initial tests were carried out to assess the influence of the mode of 

vibration. Tests were carried out for a number of products using a 
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horizontal vibrator operating at a fixed frequency and amplitude. The 

results in terms of a graph of height against time were compared with 

the results obtained from the longitudinal vibrator for the same 

frequency and amplitude. No appreciable difference in results was 

obtained. This allowed the use of the longitudinal vibrator for the tests 

which had the advantage of variable frequency and amplitude settings. A 

series of tests were carried out to establish the effect of frequency and 

amplitude on the results for a number of products. 

It was found that at the lower frequency settings very little effect on 

the material was observed. For the frequency range between approximately 

35 - 70 Hz a definite settling effect on the powders was observed. 

However, the results did not appear to be sensitive to frequency. For 

consistency, a frequency of 50 Hz was adopted as a standard. 

Tests were carried out to establish the effect of amplitude/power of the 

vibration on the results obtained for settlement against time. Again, the 

results did not appear to be particularly sensitive to amplitude either in 

terms of final bed height or the time taken to achieve it. Therefore, for 

consistency a power setting of 7.5 watts was used throughout the test 

programme. 

The method of obtaining a series of values of bed height against time of 

vibration involved carefully pouring a sample of material into the 

cylinder of known mass, avoiding compaction of the material. The initial 

bed height was then measured. The cylinder and contents were weighed and 

then attached to the vibrator. The cylinder was then vibrated for 5 

seconds initially and the bed height recorded. The cylinder was then 

vibrated for a further time interval and the bed height measured again. 

This process was then repeated until the final bed height was reached. 

As the change in bed height decreased the time interval for vibration was 

increased. When three consecutive readings normally with time intervals 

of about 60 seconds indicated no change in bed height, then this was 

considered to be the final bed height. These values were then put into 

the expression derived for vibrated de-aeration constant and a straight 
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line graph drawn of H against time r. The slope of the straight line 

graph gives the value of vibrated de-aeration constant. 

In general the bed height can be read to an accuracy of about ±1 mm for 

most products. Tests were carried out to determine the effect of error 

occurring in the reading of initial and final bed heights. The effect of a 

1mm reading error on inital bed height did not affect the value obtained 

for K�'. The slope of the graph obtained remains constant but a small 

zero error is detected. The effect of a 1mm reading error for final bed 

height does produce a change in the slope of the graph and results In a 

4Z error in the value of K., '. In the context of pneumatic conveying, a 4Z 

error is not considered serious. 

Sutton and Richmond (Ref. 5.8) emphasise the fact that the value they 

obtain for the de-aeration constant is not only dependent on the material 

under test, but it is also system-dependent. They report that on scale 

up from pilot scale rigs (it should be remembered that their interest was 

in flow promotion) large changes in absolute values of de-aeration 

constant were obtained although the general relative position of one 

material to another remained constant. This is also bound to be the case 

for the vibrated de-aeration constant although no tests for scale have 

been carried out. 

The quantity being measured during the settlement of powders under the 

influence of vibration is obviously different to that measured for the 

natural settlement of powders under the influence of gravity. However, 

both methods appear to give an indication of the air retention 

capabilities of a product. 
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It can be argued that the settlement of a powder under the influence of 

vibration is made up of two components. The first is the release of 

interstitial air and the second is the rearrangement of particles to 

allow closer packing. It is probable that the release of air is the 

predominant action initially with the rearrangement of particle position 

becoming dominant as the bed approaches the final bed height. For this 

reason, it is the first portion of the graph obtained from the test which 

is treated as having greater significance. 

Sample results of the vibrated de-aeration test for two products at 

opposite ends of the air retention capability range are presented figures 

5.4 & 5.5. The results obtained for all the products used in the conveying 

trials are presented in Appendix 3. It can be seen that, in general, good 

straight lines are produced making the determination of vibrated de- 

aeration constant a relatively easy task. This to some extent justifies 

the choice of adopting the Sutton and Richmond analysis and applying it 

to the vibrated de-aeration test. 

The products which produce less clear results are the products which do 

not have good air retention properties. The problem centres around the 

difficulty in obtaining test points. However, this immediately indicates 

that the product is not suitable for moving bed type flow and does not 

present a problem to the conveying performance correlation. The products 

which produce very clear results are the products which have good air 

retention capability and these are the results with which correlation 

with pneumatic conveying performance is made. 
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MATERIAL No. 1- AGRICULTURAL CATALYST (ICI) 
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Fig. 6.1 MICROGRAPH OF AGRICULTURAL 
CATALYST 

102 103 
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Fig. 6.2 SIZE ANALYSIS OF 
AGRICULTURAL 
CATALYST 

Mean particle size 782 pm 

Mass median particle size: 1150 pm 

Particle size range (2.5Z/97.5%): 375/1900 'Um 
Particle density: 4655 kg/m- 

Poured bulk density: 767 k, -Im 

Tapped bulk density: 864 kg/m 

Compaction: 13 1 

Permeability factor, C: 23x10 m=`s/kg 

Vibrated de-aeration constant, K�': ? 3x10-- m/s 
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MATERIAL No. 2- AGRICULTURAL CATALYST (degraded) 
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Fig. 6.3 XICROGRAPH OF DEGRADED 
AGRICULTURAL CATALYST 

Mean particle size 
Mass median particle size: 

Particle size range (2.5Z/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 
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Fig. 6.4 SIZE ANALYSIS OF 
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MATERIAL No. 3- ALUMINA 

Fig. 6.5 MICROGRAPH OF ALUMINA 

Mean particle size: 
Hass median particle size: 

Particle size range (2.5Z/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C. 

Vibrated de-aeration constant, K, ': 
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Fig. 6.6 SIZE ANALYSIS OF 
ALUMINA 
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Comments: Prone to electrostatic charging. Agglomerates tended to form 

causing a change in the conveying characteristics to occur. The product 

returned to its original state as the charge was dissipated. 
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MATERIAL No. 4- BARYTES 

Fig. 6.7 MICROGRAPH OF BARYTES 

Mean particle size: 

Mass median particle size: 

Particle size range (2.5x/9?. 5z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�'. 
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MATERIAL No. 5- CEXENT (Ordinary Portland) 
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Fig. 6.9 MICROGRAPH OF CEXENT 

Mean particle size: 
Mass median particle size: 

Particle size range (2.5%/97.52): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 
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Fig. 6.10 SIZE ANALYSIS OF 
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Fig. 6.11 MICROGRAPH OF COAL 

Mean particle size: 

Mass median particle size: 

Particle size range (2,5Z/97,5%): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 

Fig. 6.12 SIZE ANALYSIS OF COAL 
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MATERIAL No. 7- COAL (degraded) 

Fig. 6.13 XICROGRAPH OF DEGRADED 
COAL 

Mean particle size: 

Mass median particle size: 

Particle size range (2.5x/97.5z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 
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Fig. 6.14 SIZE ANALYSIS OF 
DEGRADED COAL 
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36 Z 

1.0x10-l m-"s/kg 

2.9x10-l m/s 

10 

Comments: Significant breakage occurred during conveying. It can be 

seen that the size range has been significantly reduced from the 'as 

supplied' condition. 
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MATERIAL No. 8- COAL (Pulverised Fuel) 
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Fig. 6.15 MICROGRAPH OF PULVERISED 
FUEL 

Mean particle size: 

Mass median particle size: 

Particle size range (2.5Z/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 
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Fig. 6.16 SIZE ANALYSIS OF 
PULVERISED FUEL 

84 arm 
80 um 

35/230 um 

1550 kg/ma 

393 kg/m 

514 kg/m 

31 % 

0.53x10 - t, m `s /kg 

4,3x10' m/s 

10 
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)IATERIAL No. 9- COPPER ORE 
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Fig. 6.17 MICROGRAPH OF COPPER ORE 
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Fig. 6.18 SIZE ANALYSIS OF 
COPPER ORE 

Mean particle size: 55 arm 

Mass median particle size: 75 , um 

Particle size range (2.5Z/97.5Z): 11/600 pm 

Particle density: 3950 kg/m-' 

Poured bulk density: 1660 kg/m=" 

Tapped bulk density: 2150 kg/m- 

Compaction: 30 Z 

Permeability factor, C: 0.33x10 m-; 's/kg 

Vibrated de-aeration constant, K�': 9.8x10- m/s 

Comments: In appearance, this product seems quite cohesive and 
deceptively fine. However, the largest particles are in excess of 600pm. 
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HATERIAL No. 10 - FLOUR (RHM Democrat) 
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Fig. 6.19 MICROGRAPH OF FLOUR 

Mean particle size: 

Mass median particle size: 

Particle size range (2.5. °6/97.5. °6): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K»: 
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Fig. 6.20 SIZE ANALYSIS OF 
FLOUR 
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103 

Comments: A particularly cohesive product which is sometimes difficult 

to fluidise (rat-boles easily). This product has a high inherent moisture 

content of around 14%. 
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MATERIAL No. 11 - IRON POWDER 
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Fig. 6.21 MICROGRAPH OF IRON POWDER 

Mean particle size: 

Kass median particle size: 

Particle size range (2.5Z/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, KI: 

127. 

1 10 
Particle Size - um 

Fig. 6.22 SIZE ANALYSIS OF 
IRON POWDER 
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5710 kg/m 
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MATERIAL No. 12 - MAGNESIUM SULFHATE 
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Fig. 6.23 MICROGRAPH OF MAGNESIUM 
SULPHATE 

Mean particle size: 

Mass median particle size: 

Particle size range (2.57/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K': 
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Fig. 6.24 SIZE ANALYSIS OF 
MAGNESIUM SULPHA TE 
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MATERIAL No. 13 - PEARLITE 

Fig. 6.25 MICROGRAPH OF PEARLITE 

Hean particle size: 

Nass median particle size: 

Particle size range (2.5. "6/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K': 
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Fig. 6.26 SIZE ANALYSIS OF 
PEARL ITE 

158 Nm 
200 pm 

50/900 pm 

800 kg/m-' 

100 kg/m 

130 1rg/m 

30 % 

5.7x10 -' m's/kg 

8.8x10 -'' m/s 

10 

Comments: Pearlite is particularly significant for its extremely low 

bulk density. 
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Chapter 6 Test Materials 

MATERIAL No. 14 - POLYETHYLENE PELLETS (EP Rigidex) 
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Fig. 6.27 PHOTOGRAPH OF POLYETHYLENE 
PELLETS 

20 mm F 

Mean particle size: 4000 pm 

Mass median particle size: 4000 pm 

Particle size range (2.5Z/97.5Z): NIL /gym 

Particle density: 912 kg/m-` 

Poured bulk density: 540 kg/m-ý 

Tapped bulk density: 567 kg/m 

Compaction: 5 1/1 

Permeability factor, C: 420x10 m-`s/kg 

Vibrated de-aeration constant, K�': 60x10- .. m/s 

Comments: This product is composed of nearly monosized particles which 

are cylindrical in shape. 'Angel Hairs' can be formed when conveying this 

product by small slithers of plastic separating from the pellets during 

high velocity collision with the pipe walls. 
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Chapter 6 Test Materials 

MATERIAL No. 15 - POTASSIUM CHLORIDE 
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Fig. 6.28 MICROGRAPH OF POTASSIUM 
CHLORIDE 
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Particle Size - jim 

Fig. 6.29 SIZE ANALYSIS OF 
POTASSIUM CHLORIDE 

Mean particle size: 384 pm 

Mass median particle size: 420 pm 

Particle size range (2.5`6/97,5%): 100/1100 pm 

Particle density: 1987 kg/m 

Poured bulk density: 1010 kg/ma 

Tapped bulk density: 1170 kg/m= 

Compaction: 16 /, 

Permeability factor, C: 11x10 m='s/kg 

Vibrated de-aeration constant, K»: 26xl0 m/s 
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Chapter 6 Test Materials 

MATERIAL No. 16 - POTASSIUM SULPHATE 
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Fig. 6.30 MICROGRAPH OF POTASSIUM 
SULPHATE 

Mean particle size: 

Mass median particle size: 

Particle size range (2.5/, /97.5. ): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K': 

10 102 

Particle Size - }1m 

Fig. 6.31 SIZE ANALYSIS OF 
POTASSIUM SULPHATE 

131 um 

150 Nm 

45/2400 jim 

2625 kg/m-:: 

1260 kg/m"= 

1480 kg/m 

17 Z 

0.99x10 -'- m='s/kg 

18x10-- m/s 

103 
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Chapter 6 Test Materials 

MATERIAL No. 17 - PULVERISED FUEL ASH (p. f. a. ) 
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Fig. 6.32 MICROGRAPH OF PULVERISED 
FUEL ASH 

Mean particle size: 
Mass median particle size: 

Particle size range (2.5Z/97,5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 

1 10 

Particle Size - um 

Fig. 6.33 SIZE ANALYSIS OF 
PULVERISED FUEL 
ASH 
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5/120 pm 
2446 kg/m 

979 kg/m-` 
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Chapter 6 Test Materials 

MATERIAL No. 18 - FVC POWDER 

Fig. 6.34 HICROGRAPH OF PVC 
PDVDER 
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Mean particle size: 

Mass median particle size: 

Particle size range (2.5Z/97.5Z): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 

10 102 

Particle Size - um 

Fig. 6.35 SIZE ANALYSIS OF 
PVC POWDER 

90 pm 

108 um 
52/180 Nm 

990 kg/m-` 

615 kg /m 

751 kg/m 

22 , 'G 

1.2x10 6 m="s/kg 

8x10-` m/s 
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Chapter 6 Test Materials 

MATERIAL No. 19 - SILICA SAND 
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Fig. 6.36 MICROGRAPH OF SILICA SAND 

Mean particle size: 
Mass median particle size: 

Particle size range (2.5: 6/97.5'6): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�': 

135. 
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Fig. 6.37 SIZE ANALYSIS OF 
SILICA SAND 

174 um 

220 }gym 

105/420 pm 
2630 kg/m 

1450 kg/m---` 

1619 kg/m- 

--12 Z 

3.9x10-1 mls/kg 

34x10 -' m/s 
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Chapter 5 Test J(aterials 

MATERIAL No. 20 - GRANULATED SUGAR (As Supplied) 
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Fig. 6.38 XICROGRAFH OF GRANULATED 
SUGAR 

102 103 
Particle Size - um 

Fig. 6.39 SIZE ANALYSIS OF 
GRANULATED SUGAR 

Mean particle size: 458 pin 

Mass median particle size: 460 , um 

Particle size range (2.5Z/97.5Z): 210/750 , um 

Particle density: 1580 kg/m-- 

Poured bulk density: 890 kg/m=' 

Tapped bulk density: 980 kg/m-=` 

Compaction: 10 7. 

Permeability factor, C: 20x10-`-` m-ls/kg 

Vibrated de-aeration constant, K� ': 13x10- ` m/s 
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Chapter 6 Test Materials 

I(ATERIAL No. 21 - GRANULATED SUGAR (Degraded) 
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Fig. 6.4 0 MICROGRAPH OF DEGRADED 
SUGAR 

Mean particle size: 
Nass median particle size: 

Particle size range (2.5Z/97.5%): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K,. ': 

10 102 

Particle Size - um 

Fig. 6.41 SIZE ANALYSIS OF 
DEGRADED SUGAR 

157 um 
170 )im 

55154 0 um 

1560 kg/m-=-' 

656 kg/Jn=` 

935 kg/m' 

43 

1.4x10 m=s/kg 

8.3x10 m/s 
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Chapter 5 Test Materials 

NATERIAL No. 22 - ZIRCON SAND 
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Fig. 6.42 MICROGRAPH OF ZIRCON SAND 

fifean particle size: 

Hass median particle size: 

Particle size range (2.57. /97.5; 6): 

Particle density: 

Poured bulk density: 

Tapped bulk density: 

Compaction: 

Permeability factor, C: 

Vibrated de-aeration constant, K�'. 

138. 
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Fig. 6.43 SIZE ANALYSIS OF 
ZIRCON SAND 

120 um 

115 arm 
75/185 um 

4600 kg/m 

2600 kg/m 
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1.3x10--" i Is/kg 
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CHAPTER 7 

THE CORRELATION BETWEEN PRODUCT CHARACTERISTICS 

AND CONVEYING PERFORNANCR 
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The following number codes have been used throughout this Chapter. 

KEY TO PRODUCTS 

1. Agricultural Catalyst 
2. Agricultural Catalyst (degraded) 
3. Alumina 
4. Barytes 
5. Cement 
6. Coal (as supplied) 
7. Coal (degraded) 
8. Coal (pulverised fuel) 
9. Copper Ore 
10. Flour 
11. Iron Powder 
12. Magnesiun Sulphate 
13. Pearlite 
14. Polyethylene Pellets 
15. Potassium Chloride 
16. Potassium Sulphate 
17. Pulverised Fuel Ash 
18. PVC Powder 
19. Silica Sand 
20. Granulated Sugar 
21. Sugar (degraded) 
22. Zircon Sand 
23. Coarse Sand 
24. Mustard Seed 

KEY TO SYMBOLS 

Conveying limit established 

0 Conveying limit NOT established 

13 Data taken from other workers 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

A brief look at the conveying characteristics for the materials tested in 

appendix 2 shows the wide range of conveying performance which can be 

obtained for different types of product. In a conventional system not 

all products can be conveyed in dense phase. In addition, it is often not 

clear why a product will not convey in dense phase. A problem for users 

and manufacturers of pneumatic conveyors alike is identifying which 

products have dense phase capability and if they do, what mode of 

conveying is most suitable. An undeniable feature of pneumatic conveying 

is that the process relies on the interaction between the product and the 

conveying gas (normally air). 

The importance of product properties on pneumatic conveying performance, 

In particular those properties which involve product/air interaction, has 

been appreciated by many workers in a qualitative manner. Dixon (Ref. 

7.1), amongst others, realised the importance of product type on the mode 

of conveying and used the Geldart Classification for fluidisation 

behaviour (Ref. 7.2) as a basis for determining the most likely conveying 

mode for a given product. This classification is known as the slugging 

diagram and can be seen in fig. 7.1. The position of a product on the 

chart is dependent on the density difference between the product and the 

conveying fluid (usually air), and the mean particle size. 

Other workers have used the Geldart Classification (fig. 7.2) as a basis 

for predicting conveyability and likely conveying mode. However, most of 

the published work is restricted to comments indicating that the Geldart 

Classification gives some indication of likely conveyability. 

The conveying trials (Chapter 4) produced a considerable amount of 

valuable data which was used to check the reliability and validity of 

previous suggestions. In addition, the bulk product characteristics have 

been thoroughly researched, particularly those relating to product/air 
interactions (Chapter 5). This bank of data has allowed an alternative 
phase diagram to be proposed based on product properties which involve 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

product/air interaction. These properties are believed by the author to 

be more representative of the product and of greater importance to 

conveyability. 

Having established an alternative phase diagram to classify the products 

according to their likely conveying mode, the author has proposed a 
further correlation between product throughput and the air retention 

characteristics of the product. This allows prediction of the likely 

performance level of a product in a pneumatic conveying pipeline and is 

therefore a powerful tool for system design. 

The phase diagram together with the mass throughput correlation provide 

a method of predicting, not only the conveyability of a product as is the 

case with other proposed phase diagrams, but also a first indication of 

actual product throughput for a range of pipeline configurations. 

Both the Dixon Slugging Diagram and the Geldart Classification are 

divided up into four areas A, B, C & D. It is suggested that these four 

areas group together products with similar flow capability. Therefore 

the position a product occupies on the diagram will give some indication 

of the potential conveyability and mode of flow. 

Dixon (Ref. 7.1) suggests that group A products are considered to be the 

best candidates for dense phase conveying. They can be conveyed at high 

phase densities but are not natural 'sluggers'. In otherwords, group A 

powders are most suited to the moving bed type flow regime. Figure 7.3 

shows the position of the products tested during this programme of work 

on the slugging diagram. The products pulverised fuel ash and PVC powder 
lie in group A. This is quite consistent with the results of the 

conveying trials. Both products displayed good dense phase flow 

characteristics in a moving bed type flow regime. In addition, these 

products were conveyed at high phase densities. However, the products 

pulverised coal and flour exhibited equally good conveying performance 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

and yet these products are positioned on the border between groups A and 
B. In the case of flour, its conveying performance was significantly 
better than that of the PVC powder. Other products which were tested 

during the conveying trials also exhibited good moving bed type flow 

characteristics. Copper ore, iron powder and pearlite were also conveyed 
in moving bed type flow at reduced velocities and high phase densities. 

These three products are designated group B products according to the 

Slugging Diagram. On the Geldart Classification, pearlite, pulverised 

coal, flour and copper ore all appear in group A, however, the iron powder 

falls into group B. 

Barytes and cement are examples of products that exhibit extremely good 

dense phase capability in a moving bed type flow regime at high phase 

densities and yet are designated group c products by both 

classifications. To a lesser extent, the degraded forms of the 

agricultural catalyst and degraded sugar are also capable of lower 

velocity moving bed type flow but not at such high phase densities. Both 

of these products are designated group B products. 

Group B products are considered to be troublesome for lower velocity, 

high phase density conveying. Dixon suggests that techniques developed 

by vendors (i. e. innovative systems) can overcome the natural 

disadvantages of these products. The implication here is that products 

within group B are unlikely to convey in dense phase in a conventional 

system. This is supported, in general, by the results of the conveying 

trials. The majority of products falling within group B on the slugging 

diagram would only convey in a dilute phase flow regime in a conventional 

system. 

The products which fall into group B on the Slugging Diagram are alumina, 

degraded coal, magnesium sulphate, potassium chloride, potassium sulphate, 

silica sand, granulated sugar and zircon sand. None of these products 

were capable of dense phase conveying with pipeline blockages occurring 

around saltation velocity. However, in addition to the products already 

mentioned, copper ore, iron powder, pearlite, degraded catalyst and 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

degraded sugar also fall within group B all of which are capable of dense 

phase moving bed type flow. 

On the Geldart Classification, the boundary between groups A and B is 

positioned differently from that on the Slugging Diagram. This comes 

about due to a completely different method of defining the group 
boundaries. However, the only difference in the grouping of the test 

materials, due to the change of boundary, is that pearlite and copper ore 

appear in group A on the Geldart Classification and in group B on the 

Slugging Diagram. 

Group D products are considered by Dixon and other workers to be natural 

'sluggers'. Dixon describes the typical flow of group D products to be in 

the form of 'strong axisymmetric slugs'. Typically this type of flow will 

have a lower phase density than the moving bed type flow but can be 

sustained at lower velocities. 

During this programme of work, only polyethylene pellets were observed to 

convey in a plug type flow regime. However, results from another worker, 

Xainwaring (ref. 7.3), have been used together with polyethylene pellets to 

provide three group D products. The additional products were mustard seed 

and a coarse grade of silica sand. However, in addition to these 

products, the agricultural catalyst and the coal appear as group D 

products on the Slugging Diagram. These products have no dense phase 

capability in a conventional system and would, therefore, be better 

described by group B type behaviour. The coal had a particularly wide 

size distribution and tends to highlight the problem of grouping products 

on the basis of a single representative size. On the Geldart 

classification, the coal is positioned on the boundary between groups B 

and D. 

The fourth area on both the Geldart Classification and the Slugging 

Diagram is group C. Group C powders are reported by Dixon to be 

arguably the worst candidates for dense phase conveying. This is 

attributed to their poor fluidising characteristics. It is suggested that 

group C products exhibiting group A like fluidising properties would be 
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Chapter 7 The Correlation Between Froduct Characteristics and 
Conveying Performance 

more likely to convey in dense phase. Barytes and cement both fell into 

the group C category. It would be incorrect to suggest that barytes and 

cement are easily fluidised, intact it is difficult to introduce air into 

these products. However, once fluidised, they exhibit good air retention 

properties. Barytes and cement were conveyed in a moving bed type flow 

regime at low velocities and high phase densities. 

It appears that neither the Geldart Classification nor the Slugging 

Diagram are the ideal vehicles for predicting con veyability or mode of 

flow. Out of a random sample of 24 products, eight (33Z) do not fall in 

the correct category with regard to identified group behaviour. There 

are a number of reasons why this may be the case. 

The Geldart Classification was never developed or intended to be used as 

a guide to pneumatic conveying. The diagram was conceived to classify 

various types of observed fluidisation behaviour. However, recognising 

the importance of product/air interaction in the context of pneumatic 

conveying, many workers saw the diagram as a possible basis for 

identifying products with likely dense phase capability. Dixon took this 

a stage further by redefining the boundaries of the groups according to 

models developed from vertical pneumatic conveying and fluidisation. 

However, the four groups remained basically in the same position as on 

the Geldart Classification. 

It is evident, from flow visualisation, that three major flow regimes 

exist for pneumatic conveying; suspension flow, moving bed type flow and 

slug or plug type flow. There can be considerable overlap between the 

moving bed type flow and slug flow in terms of velocity and phase 

density depending on the product characteristics. Within each flow 

regime there are many sub-divisions and variations in flow 

characteristics which make the problem of behavioural prediction 

extremely difficult. Nevertheless, the Geldart and Dixon diagrams provide 

a first indication of probable behaviour. Both diagrams are based on 

fluidisation but use only the mean particle size as a basis of 

categorising the product. However, it is known that a mean size alone 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

does not take into account particle size range, distribution and shape, 

all of which will affect the fluidising properties of a product. 

Suggestions, such as those proposed by Zenz (Ref. 7.4), have been made as 
to bow to characterise a product's size more completely by a single 

variable. However, since it is the fluidising capability of the product 

which is deemed to be of importance, it may well be Just as easy to 

measure fluidising capability directly rather than try to relate it to 

particle size. 

Caldwell (Ref. 7.5) made the point that it is not only the fluidising 

capabilities of a product which are important but also the ability of a 

product to retain air. The air retention properties of a product are as 

important as the fluidising capability of a product in many cases. It 

will be shown that, in some cases, the air retention properties of a 

product are more important than the fluidising capability. 

Tests have been carried out on all the products used in the conveying 

trials to determine their fluidisation and air retention characteristics. 

A detailed account of the tests and methods used has been given in 

chapter 5. The fluidising capability of a product is measured using a 

standard technique which produces a permeability factor, C. This is a 

measure of the ease with which air (or the conveying gas) can permeate 

through the product. The test can be carried out quite quickly and 

produces a result with reliable repeatability. 

The standard air retention tests can be time consuming. Some products 

such as cement can take two days or more to settle. (indicating a high 

degree of air retention capability). However, this is not particularly 

convenient when a reasonably quick result is desired. Chapter 5 

describes a new method of determining a measure of air retention 

capability. It involves using a vibration technique and can provide an 
indication of product air retention capability within about ten minutes. 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

The test has been shown to be consistent with conventional methods of 

air retention measurement although the actual numbers produced and the 

scale are obviously different. The numbers produced are termed the 

'vibrated de-aeration constant' and indicated by the symbol K'. 

These tests are relatively easy to undertake and take no longer to carry 

out than the tests required to position a product on the Geldart 

Classification or the Slugging Diagram. A small sample of the product is 

all that is required and the equipment needed to carry out the tests 

manually is relatively simple and inexpensive. 

The term minimum conveying conditions has already been defined in 

chapter 4. A guide to minimum conveying conditions is given by the 

minimum conveying velocity. This alone can sometimes be misleading since 

It does not indicate the mode of flow or the pipeline concentration 

either in terms of volume or mass. 

For suspension 'flow, the range of phase density is limited and therefore 

the minimum conveying velocity will give a good guide to minimum 

conveying conditions. For non-suspension flow,, the minimum conveying 

velocity will vary with phase density. However, the minimum velocity 

obtainable will occur at maximum phase density. Therefore, the minimum 

conveying velocity obtainable (i. e. just prior to pipeline blockage) will 

-give a good guide to minimum conditions but not to the mode of flow. A 

more complete description of minimum conditions for non-suspension flow 

would be a statement of minimum conveying velocity together with the 

observed mode of flow. 

A graph of minimum conveying velocity against permeability factor is 

presented in fig. 7.5. Three major groups have been identified according 
to observed modes of flow and are marked on the diagram. On the right 
hand side are the group of coarse products (polyethylene pellets, coarse 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

sand and mustard seed) which conveyed in slug type flow at low velocity. 
The middle group of products represent those with no dense phase 

capability in a conventional system (dilute phase only). Whilst the group 
on the left represent products which have good dense phase capability in 

a moving bed type flow regime. 

It can be seen, however, that there is a group of four products which by 

observed conveying capability and minimum conveying velocity clearly fall 

into the wrong group. Alumina, degraded coal, potassium sulphate and 

zircon sand all fall in the moving bed type flow category although the 

conveying trials indicate that none of these products exhibit dense phase 

capability. This tends to indicate that permeability to air is not the 

only characteristic influencing conveyability and the mode of flow. 

A graph of minimum conveying velocity against vibrated de-aeration 

constant is presented in fig. 7.6. It can be seen that an immediately 

identifiable correlation appears to exist between the vibrated de-aeration 

constant and the minimum conveying velocity. It should be noted that a 

reduction in the value of vibrated de-aeration constant indicates an 

increase in air retention capability. 

The graph in fig. 7.7 shows the same plot of minimum conveying velocity 

against vibrated de-aeration constant but with each product Identified by 

a number. Boundaries have been drawn between groups of products which 

have been observed, during conveying trials, to have similar modes of 
flow. The area on the left of the diagram groups products which were 

observed to convey in a moving bed type flow regime. The centre section 

of the diagram represents products which were observed to have no dense 

phase capability whilst the area to the right of the diagram groups 
together products which were observed to convey in a slug type flow 

regime. Only one product out of the 24 considered does not fit the 

correlation. This product is degraded coal. 
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Chapter 7 The Correlation Between Froduct Characteristics and 
Conveying Performance 

The degraded coal had the widest size distribution of any of the products 
tested other than the original coal as it was supplied. The size ranged 
from over 2.4 mm to under 70, um. In addition, the size distribution was 
far from Gaussian having two distinct peaks. This is assummed to have 

occurred due to the particular susceptibility of certain size fractions to 

particle breakage- during initial conveying. It was apparent during the 

conveying trials that as degradation of the coal took place the minimum 
conveying velocity reduced. Some of the coal was being conveyed as a 
shallow moving bed but at relatively high velocity. As the coal degraded, 

a greater proportion of fines would be formed which could account for the 

increase in air retention properties. This increased air retentiveness 

would seem to explain the tendency toward a moving bed type flow regime. 
However, the increase in air retention appears to be out of proportion to 

the increase in conveyability. It may well be that products with very 

wide size ranges and/or size distributions that deviate widely from the 

Gaussian form should be viewed as possibly troublesome. 

The diagrams presented in figures 7.5 & 7.7 relate the minimum conveying 

velocity to material characteristics in terms of vibrated de-aeration 

constant and permeability factor. In addition, from flow visualisation 

during the conveying trials, it has been possible to determine broad 

areas representing particular modes of flow. By combining the two 

diagrams and plotting vibrated de-aeration constant against permeability 

factor it has been possible to produce an empirical phase diagram for 

conventional pneumatic conveying. 

A graph of vibrated de-aeration constant against permeability factor is 

presented in fig. 7.8. The points each represent a single product and 
have been labelled with their product identity number. A similar graph 
is presented in fig. 7.9 but in this case each product has been labelled 

with its corresponding value of minimum conveying velocity. It can be 

seen that the products form quite distinct groups of minimum conveying 
velocity range. Some of the products are represented by circular points 
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Chapter 7 The Correlation Between Product Characteristics and 

Conveying Performance 

which indicate that during conveying trials a minimum conveying velocity 

was not found. That is, it was impossible to block the pipeline for the 

particular blow tank/pipeline configuration. The square points indicate 

products which were tested by other workers. 

Using the boundaries identified for figures 7.5 and 7.7 together with the 

obvious broad groupings identified on the phase diagram presented in fig. 

7.8 it was possible to determine approximate boundaries for the different 

modes of conveying. The grouping in the bottom left hand corner 

represents products which have dense phase capability in the moving bed 

type flow. The grouping in the top right hand corner represents products 

with dense phase capability in a plug type flow regime and the centre 

grouping represents products which generally are restricted to dilute 

phase flow in a conventional system. 

It is evident that, to some extent, high values of permeability factor 

will Imply poor air retention properties and hence high values of 

vibrated de-aeration constant. It can be seen from the phase diagram 

(fig. 7.8) that the relationship between vibrated de-aeration constant and 

permeability factor is only approximately linear in the broadest possible 

sense, indicating that the relationship is far from straightforward. 

The message which seemed to emerge from a comparison of the conveying 

data and the bench scale tests was that different product properties were 

responsible for different conveying modes. From the graphs in figs. 7.5 

& 7.7 it can be seen that the air retention properties of a product 

appear to be the predominant influence as to whether or not a product can 

be conveyed in a moving bed type flow regime. For slug type flow, it 

would appear that the permeability of the product to air is the 

dominating factor. These observations are supported by the work of 

Xainwaring and Reed (Ref. 7.6) who in particular cite permeability to air 

as being the significant material property with regard to plug type flow. 

In section 7.2 the Geldart Classification and the slugging diagram were 

evaluated by comparing predicted modes of flow against observed modes of 

flow from the conveying trials. Of the products tested, over 30Z were 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

predicted to convey in modes other than those observed during the 

conveying trials. For the products tested, only two products do not 

conform to the empirical correlation (i. e. 8Z). This is not all that 

surprising since it is unfair to test a correlation using the data which 

was used to produce it. However, the correlation has been used to 

predict the likely behaviour of products outside the group of 24 products 

tested for this work and the results are very encouraging. 

Therefore, the phase diagram can be used to predict whether or not a 

product is likely to be a candidate for dense phase conveying in a 

conventional system. Furthermore, the correlation predicts the most 

suitable conveying mode for a product that is indicated to be capable of 

dense phase conveying. The position of a product on the phase diagram 

is obtained by carrying out two simple bench scale tests which 

characterise a product's interaction with air. The advantage of this 

phase diagram over other methods of prediction lies in the direct 

correlation of product/air interaction characteristics with conveying 

mode of flow. 

One of the most striking points to emerge from the conveying trials was 

the very large range of product throughputs that could be achieved for a 

given set of conveying conditions with different product types. Some 

discussion regarding this variation has already taken place in chapter 4. 

The graph presented in figure 7.10 (repeated from 4.12) illustrates the 

wide range of product mass flow rates that can occur, particularly as the 

velocity is reduced and the product begins to convey in a moving bed 

type flow regime. 

The graphs presented in figures 7.5 and 7.7 indicate that, for products 

being conveyed in a moving bed type flow regime, the air retention 

characteristics of the product appear to have a dominating influence. 

Most of the products tested which exhibited dense phase capability with a 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Ferformance 

wide variation in product throughput were fine powders which were 
observed to convey in a moving bed type flow regime. For this reason, a 
comparison was made between product conveying performance in terms of 
mass throughput for a given set of conditions and the vibrated de- 

aeration constant. 

A graph of mass flow rate of product against vibrated de-aeration 

constant is presented in figure 7.11. The points have been plotted for 

the standard 53mm pipeline for a given air mass flow rate and hence a 

given 'free air' velocity. The curves are drawn for three different 

conveying line pressure drops. The graph suggests that as the value of 

vibrated de-aeration constant decreases (indicating an increase in air 

retention capability of the product) the product mass flow rate increases 

for a given conveying line pressure drop and air mass flow rate. 

The sample size used for this analysis is rather small at eight products. 

However, using a regression analysis on the data points a reasonable 

correlation is indicated. In addition, small samples of other products 

have been tested and predictions, with regard to conveying performance, 

made using the correlation with subsequent conveying trials confirm the 

initial prediction. 

The problem with the correlation is that it is specific to the particular 

pipeline for which it has been produced. However, Mills and Mason (Ref. 

7.7) have been working in recent years on global scaling techniques for 

both conveying distance and pipe bore. In particular, efforts have been 

made to compensate for bend losses for two phase flow. This has enabled 
limited generalisation of the correlation within specific limits which has 

been checked against conveying data produced for pipelines of various 

pipeline lengths, bores and bend configurations. 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

The scale up of product mass flow rate with respect to conveying 
distance can be carried out, with a fair degree of accuracy, provided the 

extrapolation is not too great. The model used is a simple reciprocal 
law: 

hp a1 /L 

for a constant air mass flow rate and conveying line pressure drop due 

to product. Vhere hp is the product mass flow rate and L is the 

conveying distance. 

alternatively i, LY = mm2 L. - 

or i, L= Constant 

This model has been shown to be quite accurate when the pipeline length 

is increased with little change in pipeline geometry. However, when 

significant changes in the number of bends are introduced there is a 

problem in predicting the equivalent length of straight pipe to allow for 

each bend. However, work carried out by Kills (Ref. 7.8) attempts to 

predict an equivalent length of straight pipeline which can be assumed to 

have a similar effect as the 90 degree bend in terms of the effect on 

pressure drop and mass throughput of product. Kills found that the 

equivalent length necessary to simulate the bend was predominantly 

dependent on velocity. A graph is presented in figure 7.12 which relates 
the bend equivalent length of straight pipe to superficial conveying line 

Inlet air velocity. However, the graph is drawn for bends having a bend 

diameter to pipeline bore ratio Old) of 24. 

The diagram presented in figure 7.13 shows the bead Löss for single phase 
flow around a 90 degree bend for various Did ratios. The equivalent data 
for gas-solid flows is not available. However, recent research has 
indicated that a similar relationship exists with respect to gas-solid 
flows (Ref. 7.9). On this basis, It is reasonable to accept that the 
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Chapter 7 The Correlation Between Product Characteristics and 

Conveying Performance 

diagram in figure 7.12 could be used with caution for Did ratios in the 

approximate range 5 to 30. It should be noted, however, that it would be 

totally unacceptable to use head loss values for single phase flow for a 

gas-solid flow application. 

It is, therefore, apparent that the conveying distance, L, is not purely 

the length of the pipeline, and must be assumed to be made up of two 

parts: - 

L= LF, f k. L., cb..,, a> 

where L is the length of horizontal pipeline, L. <ar. e> is the bend 

equivalent length for an individual bend and k is the number of 90' bends 

in the pipeline. 

The overall equivalent length for the entire pipeline is often denoted by 

L.. 

therefore, L,. = L, 

Scale up of product mass flow rate with respect to pipe bore can be 

carried out with a reasonable degree of accuracy, provided the 

extrapolation is not to great, using a scaling model based on the cross- 

sectional area: 

A, aAad2 

This model bolds provided that conveying conditions in terms of velocity 

and conveying line pressure drop due to the product are kept constant, 

where mp is the product mass flow rate, A is the cross-sectional area of 

the pipe and d is the pipe bore. 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Ferformance 

alternatively A. I =mpg 

di= da= 

so that mpg = m, ý, d< 

d, 

where subscripts 1 and 2 refer to the appropriate pipe bores. 

However, scaling for bore will not give satisfactory results unless care 
is taken to ensure that the air mass flow rate is scaled to provide 

constant conditions with regard to velocity. 

The 'free air' velocity (or the air velocity at atmospheric pressure) will 
be the maximum superficial air velocity in the pipeline for a positive 

pressure system. This is assuming that the outlet of the pipeline is at 

or very close to atmospheric pressure. The velocity at any point along 
the pipeline is given by the expression: - 

C=iz RT 
A p, 

where L. = air mass flow rate (kg/s) 

R= characteristic gas constant (287 kf/kg K for air) 

T= absolute temperature (K) 

A= pipeline cross-sectional area (m) = rrd--/4 

pat,. = absolute pressure (N/m2) 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

For the specific condition when the velocity is a maximum, 
p. a. = 1.013 x 10= N/m-2 then: - 

Gý,. x = 3600 m. T 

where d is the pipe bore in mm. 

For scaling in terms of pipeline bore the air mass flow rate must be 

adjusted to ensure that the free air velocity remains constant. 

The product throughput expressed as a product mass flow rate is specific 

to one pipeline configuration and a single bore. If it is assumed that 

the scaling models are reasonably accurate provided extrapolation is 

limited, then the product or solids throughput can be generalised. This 

will allow prediction of likely conveying performance over a range of 

horizontal pipeline configurations. 

The solids mass flux is obtained by dividing the product mass flow rate, 
L,, by the pipeline cross-sectional area, A, and multiplying by the 

equivalent length of the pipeline, L.: - 

Solids Mass Flux, M= mý L. 

A 

The units become Tonnes/h. m 

The graph of solids mass flux against vibrated de-aeration constant is 

presented in Figure 7.14. The graph is drawn for a 'free air' vet oci ty of 
15 m/s and three conveying line pressure drops of 1.0,1.5 and 2.0 bar. 

The conveying line inlet air velocity for these conveying line pressure 
drops will be 7.5,6 and 5 m/s respectively. This range of velocity is 

typical for the moving bed type flow regime. 
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Chapter 7 The Correlation Between Product Characteristics and 

Conveying Performance 

The graph presented in Figure 7.14 is only valid for a single value of 

'free air' velocity; that is, for a given value of air mass flow rate in a 

given pipe crass-section. The graphs presented in figures 7.15 & 7.16 

show similar plots of solids mass flux against vibrated de-aeration 

constant for 'free air' velocities of 20 and 25 m/s. The associated 

conveying line inlet air velocities, G, rN (which in most cases are the 

minimum velocities for that particular conveying condition) are shown in 

the table below, where Cx is the 'free air' velocity and Gp is the 

conveying line pressure drop. 

at 
IN 

CMAX ap 
1.0 1.5 2.0 

15 

20 

25 

7.5 

10 

12.5 

6 

8 

10 

5 

6.7 

8.3 

TABLE - 7.1 

These graphs indicate that the identified relationship between air 

retention characteristics and mass throughput of product hold good 

throughout the range of the moving bed type flow regime of dense phase 

conveying. 

Having introduced the variable solids mass flux, it is necessary to 

justify its use and establish limits of applicability. Conveying 

characteristics for a number of products conveyed through a number of 

different pipeline configurations have been used to check the validity of 

this generalised variable. An example of typical data obtained is 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

presented in table 7.2 for three different pipeline configurations. 
Pipeline number 1 is the standard test loop that was used to obtain the 

conveying characteristics on which the correlation is based. Pipeline 

number 2 was just over twice the length of the standard pipeline at 104 

m long with 9 bends. Both pipelines had a bore of 53mm. The third 

pipeline was of the same configuration as the standard pipeline but had a 

bore of 105 mm. This enabled the effect of scaling for length and for 

bore to be assessed independently. 

Values of product mass flowrate were taken from conveying test data, for 

a conveying line pressure drop of 1.5 bar and a 'free air' velocity of 

20m/s, for each of the three pipeline configurations. For each pipeline, 

under these given conditions, the conveying inlet air velocity was 8 m/s. 

The equivalent lengths for each of the pipelines were calculated using the 

techniques described in sections 7.8 and 7.9. Knowing the equivalent 

lengths and the cross-sectional area of the pipelines, the values for 

solids mass flux were determined. 

If the scaling model was perfect, then the solids mass flux in all three 

cases would be equal. The results are shown in table 7.2 together with 

the percentage error. The trend indicated by these figures is typical of 

the data analysed to assess the suitability of the scaling models as a 

method of generalising the correlation. In general, the reliability of 

scaling for bore was more reliable than that for distance. This is not 

surprising as the equivalent length method for bend compensation is 

based on a global or 'average effect' approach. 

In view of the considerable error wbicb can occur, particularly when 

scaling for both distance and bore, limits need to be imposed to avoid 

excessive extrapolation. As a general guide, the solids mass flux 

correlation should not be used to predict conveying performance for 

distances in excess of 200m and for bores in excess of 105mm. These 

guidelines are approximate and care would need to be exercised when 

extrapolating, for example, near the limits for distance and bore 

simultaneously. In addition, the use of this correlation for conveying 

configurations with a large number of bends will accentuate the error. 

171. 



Ap = 1.5 bar 
C-14x = 20 =Is 
GIZN=8 m/s 

PIPELINE IDENTIFICATION 

123 

Pipeline length 50 105 50 
(m) 

No. of bends 9 9 9 

Did ratio 24 24 12 

L. /bend 6.3 6.3 6.3 

(m) 

L. 106.3 160.3 106.3 

(m) 

Pipeline bore 53 53 106 

(mm) 

Pipeline c. s. a. 2.2 2.2 8.8 

(x10-3 M2) 

Air mass flow 0.052 0.052 0.110 

rate - kg/s 

Product mass flow 11 6 40 

rate - tonnes/hr 

Solids mass flux 531 437 481 

(x10' tonnes/hr. m) 

x Error 18 9 

EVALUATION OF SOLIDS MASS FLUX AGAINST 
KNOWN CONVEYING DATA FOR THREE PIPELINE 
CONFIGURATIONS 

TABLE 7.2 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

However, within these general limits, the correlation provides a useful 
tool for predicting the likely performance level of a product when 

conveyed in a pneumatic conveying pipeline. In addition, the prediction 

can be made based on straightforward material tests which can be carried 

out using a small sample of product. 

7.12 THE CORRELATION BETWEEN PHASE DENSITY FACTOR AND VIBRATED 

DE-AERATION CONSTANT 

Conveying performance is often measured in terms of the solids loading 

ratio or phase density. This is simply the ratio of product flow rate to 

air flow rate on a mass basis. Unlike product mass flow rate, the phase 

density is already a generalised variable with regard to pipe bore but 

does vary with pipeline length. To overcome this problem, a phase 

density factor has been introduced which is normalised for conveying 

distance in much the same way as the product mass flow rate was 

normalised using the solid mass flux. 

Phase density, or = Az (i) 

in. 

and ia,. = p�,. CA c'ti) 

RT 

If p. b. is considered to be atmospheric pressure (i. e. 1 bar or 1x105 

N/m -) when C is the free air velocity then: 

mm = IOS CmQx A= C1AX A 

82656 0.83 

Equation (lii) assumes R for air to be 287 J/kg. K and T to be 288 K. 
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Conveying Performance 

substituting eqn. (iii) into eqn Ci): 

f= 0.834, 

CM Ax A 

This equation bolds if the iL is in kg/s; for z in tonnes/br: 

f=0.23 Ap fi v) 

CrfAx A 

where C"'QX = free air velocity (m/s) 

and A= cross-sectional area of pipe (m-) 

To generalise phase density with respect to conveying distance a phase 

density factor is introduced: - 

where Phase Density Factor, r=iL. 

Graphs of phase density factor against vibrated de-aeration constant are 

presented in figures 7.17,7.18 & 7.19 for free air velocities of 15,20 

and 25 m/s respectively. As expected, the phase density for a given set 

of conditions increases with a decrease in vibrated de-aeration constant 

in a similar way to that of solids mass flux. 

The problems of predicting conveying behaviour are particularly difficult 

especially for the moving bed type flow regime. This is evident from the 

gap that exists between the extensive work which has been undertaken for 

the dilute phase flow regime and the many attempts at mathematically 

modelling dense phase plug flow. However, very little work has been 

undertaken in the moving bed type flow. All the more surprising since 
the majority of commercial dense phase systems operate within this flow 

regime. 
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Chapter 7 The Correlation Between Product Characteristics and 
Conveying Performance 

This chapter has presented a method of assessing the suitability of 

products for conveying in a conventional dense phase pneumatic conveying 

system by testing a small sample of material. Having established the most 

suitable flow regime for a product, a correlation has been suggested for 

predicting the likely level of conveying performance based on simple 
bench scale tests for products that are suited to the moving bed type 

flow regime of dense phase pneumatic conveying. 
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Chapter 8 The Correlation Between Product Characteristics and 
Blow Tank Performance 

Blow tanks are widely used in industry for the pneumatic conveying of 
bulk materials through pipelines. This is because of the ease with wbicb 
they can be controlled and the fact that they can be used over a very 

wide range of air supply pressures. They can, therefore, be used equally 

well for both dilute and dense phase conveying. It is for precisely this 

reason that a blow tank feeder was chosen for this work. 

The emphasis of this research has been directed towards the pipeline. It 

has been found that the product type has a significant effect on pipeline 

performance and, hence, a phase diagram and performance correlation have 

been proposed to quantify these effects. Since the product/air 

interaction has been identified as a significant factor affecting pipeline 

performance, it follows that the same interactions are likely to affect 

blow tank performance. Suprisingly little work has been published with 

regard to the effect of material type on blow tank performance. That 

which is reported is based on only two or three products all of similar 

type. 

A correlation is proposed which quantifies the effect of material 

characteristics on the performance of the blow tank. This is based on 

the same material characteristics that were identified as having a 

significant effect on pipeline performance and a similar type of 

correlation is identified. A comparison was made between the performance 

of the blow tank in conventional top and bottom discharge arrangements. 

This suggested that the key to optimum blow tank performance lies in the 

effective fluidisation of the product for materials which exhibit good air 

retention properties. 

Details regarding the blow tank used for this work are given in chapter 
3. The blow tank allowed conveying over a wide range of conditions with 

pressures up to 4 barg. Control of the blow tank, and hence the 

pipeline product mass flow rate, was achieved by controlling the total 

air mass flow rate and the proportion of the total directed to the blow 
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tank. The proportion of the air directed to the blow tank is known as 

the 'Blow Tank Air Ratio' (BTAR). 

8.2 FACTORS AFFECTING DISCHARGE RATE 

The factors which affect discharge from the blow tank have been studied 

by many workers. Jotaki and Tomita (Ref. 8.1) analysed the discharge 

characteristics of a top discharge blow tank using PVC powder and 

polyethylene pellets. The blow tank used was a conventional top 

discharge arrangement with a fluidising membrane being the only inlet for 

blow tank air. Jotaki and Tomita show a direct relationship between the 

superficial air velocity in the blow tank discharge pipe (i. e. the inlet to 

the conveying pipeline) and the discharge rate of product regardless of 

the BTAR or the pipeline conditions. However, it is clear from the 

graphs produced for the two products tested that the discharge rate is 

product dependent. 

Yaghorn and Mason (Ref. 8.2) suggested that the effects of pipeline bore 

and pipeline back pressure were important and produced models for 

discharge rate prediction based on pipeline diameter and blow tank 

pressure. However, the work reported was based on one product. 

Many workers have attempted to model the characteristics of blow tasks. 

However, the majority have neglected the effect of product type. With a 

difficult problem of this nature, it is understandable that workers have 

limited the number of variables by assuming an 'ideal product' or 

adopting a single product type. However, from the experience of the 

conveying trials it is evident that the blow tank characterisics are 

heavily product dependent. Workers such as Marcus and Lohrmann (Ref. 8.3) 

and Kennedy et al. (Ref. 8.4) have recognised the importance of product 

properties on the discharge characteristics of a blow tank. 

Marcus and Lohrmann undertook a series of tests, using a bottom 

discharge blow tank, on three products all of which fall into group A on 

the Geldart Classification. The three products were pulverised fuel ash 
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(pfa), manganous oxide and calcine. It was expected that the conveying 

capability of all three products would be similar and that the discharge 

rates achieved would be roughly in proportion to their densities. 

However, the results obtained showed that the pfa had the largest 

discharge rate as expected but the manganous oxide, which was the 

heaviest product, achieved a greater discharge rate than the calcine. 

This tends to indicate that basing the discharge rate on density is not 

realistic. However, it does show that products which are identified as 

dense phase candidates on the basis of the Geldart or Dixon 

Classifications may well have vastly different capabilities in terms of 

discharge rates for a given blow tank. 

Since the data obtained from the conveying trials contained all the 

information required to produce the blow tank characteristics, a selection 

of products covering the range of con veyability were chosen to carry out 

an analysis of the blow tank discharge rate for the chosen products. The 

products selected were flour, pfa, polyethylene pellets, pearlite and 

sugar. 

The blow tank characteristics were produced in much the same way as the 

conveying characteristics for the pipeline. The co-ordinates of air mass 

flow rate and product mass flow rate were plotted for each conveying run 

but, instead of each point being marked with the associated conveying 

line pressure drop, each point was marked with the blow tank air ratio 

(STAR). Lines of constant BTAR were drawn to provide a record of the 

blow tank characteristics for the particular product being conveyed. An 

example of the data obtained is presented in figure 8.1 for pia. 

The blow tank characteristics for the five products are shown in figures 

8.2 - 8.6. In each case the characteristics are for the top discharge blow 

tank configuration using the 50 metre long pipeline of 53mm bore and 9 

bends. The blow tank characteristics for sugar are the only ones where 

it was not possible to explore the whole of the blow tank feeding 
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capability due to limitations imposed by the conveying capability of the 

product in the pipeline. Sugar in its granulated form had a minimum 
conveying velocity of around 15 m/s and was only capable of being 

conveyed in dilute phase. It was felt important to include a product 
that could only be conveyed in dilute phase so that as wide a range of 

product property values as possible could be tested. 

The other four products exhibited similar characteristics in terms of 

curve shape but the discharge rates for particular BTAR values at a given 

air mass flow rate varied considerably. Comparative plots are presented 

in figures 8.7 and 8.8 for BTARs of 15Z and 75Z for each of the products. 

These plots highlight the variation in discharge rate for different 

products for a given set of conditions. The comparative plot for a BTAR 

of 75Z indicates a 4: 1 ratio of product discharge rates for an air mass 

flow rate of 0.12 kg/s. This tends to suggest that the material 

characteristics are responsible for the variation in discharge rates 

obtained. 

If one considers the comparative plot for a BTAR of 75Z (Fig. 8.8) it is 

noticeable that as the product mass flow rates decrease from pfa to flour 

to pearlite to polyethylene pellets, the products become coarser. This 

obviously has implications for the aeration properties of the products 

tested. It is quite reasonable to assume that the product/air interaction 

within the blow tank is every bit as significant as the product/air 

interaction in the conveying pipeline. On this basis, the. results of the 

bench scale tests described in chapter 5, that is permeability factor and 

vibrated de-aeration constant, have been used to correlate product 

properties with blow tank discharge performance. 

A graph of phase density against permeability factor is presented in 

figure 8.9 for two values of BTAR at a constant air mass flow rate. This 

relationship suggests that as the air permeability factor decreases, the 

discharge rate increases. This general trend appears to be supported by 
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the apparent relationship between the discharge rate and the vibrated de- 

aeration constant which is presented in figure 8.10. This suggests that 

as the vibrated de-aeration constant decreases (which indicates an 
increase in air retention capability) the discharge rate increases. 

Therefore, products which have good air retention capability and 

relatively poor air permeability will tend to achieve greater discharge 

rates than products with lesser air retentive capability and greater air 

permeability. This could well explain the unexpected results of Marcus 

and Lohrmann (Ref. 8.3). Pulverised fuel ash can have particularly good 

air retention capability. Athough the other two products, calcine and 

manganous oxide, have similar mean particle sizes, there is no 

information regarding the size range or the distribution, both of which 

will have a significant effect on air retention and air permeability 

capabilities. 

Being in the very fortunate position of having a blow tank capable of 

being used in both top and bottom discharge configurations, the 

opportunity was taken to undertake a comparative analysis of performance. 

A detailed account of the hardware used for these comparative trials is 

given in chapter 3. However, a schematic diagram showing the essential 

features of the two arrangements is presented in figure 8.11. It should 

be noted that, as far as possible, the pipeline configuration remained 

constant at 50 metres long, 53mm bore and with 9 bends. 

Three products were tested in both top and bottom discharge 

configurations to cover a range of product types. These products were 

pulverised fuel ash (pfa), polyethylene pellets and silica sand. Most of 
the work concentrated on the pfa because it can be conveyed over a wide 

range of conveying conditions with ease. 

The blow tank characteristics for pfa in top and bottom discharge modes 

are presented in figures 8.3 and 8.12. To compare the feeding capability 
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of the blow tank in top and bottom discharge configurations, it is 

necessary to compare the two sets of blow tank characteristics. These 

two graphs show clearly that the blow tank characteristics for top and 
bottom discharge configurations are quite different. A much higher 

discharge rate is achieved with the top discharge arrangement. A 

comparison of the discharge limits imposed by the two discharge 

arrangements is superimposed on the pipeline conveying characteristics 

for pfa in figure 8.13. It can be seen that the variation in discharge 

rates between the two configurations is approximately 2: 1. It is obvious 

from both the conveying characteristics for the pipeline and the blow 

tank characteristics that, for dense phase operation, the choice of blow 

tank arrangement could be critical. If a conventional bottom discharge 

blow tank had been selected to feed the pipeline used for this test work 

in an operational situation, then the blow tank would not be able to 

achieve a discharge rate compatable with the optimum performance of the 

pipeline. 

The blow tank characteristics for sand in both top and bottom discharge 

configurations are presented in figures 8.14 and 8.15. The limitation on 

discharge rate in the case of the sand was that imposed by the conveying 

line. However, it can be seen that the blow tank air ratio required to 

achieve the same discharge rate in bottom discharge as that in top 

discharge is considerably higher. This indicates the same tendency 

towards an enhanced discharge rate from the top discharge configuration. 

However, the improvement in discharge rate is not as great as that for 

pia. 

The blow tank characteristics for top and bottom discharge configurations 

are presented for polyethylene pellets in figures 8.4 and 8.16. It is 

interesting that the characteristics for the two configurations are very 

similar with the 1002 STAR lines being almost identical. This tends to 

indicate that there is little or no difference in discharge rate between 

top and bottom discharge for polyethylene pellets. 

The question arises as to why there is such variation in the blow tank 

discharge rates for the two configurations for the pfa and apparently no 
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difference in the case of polyethylene pellets. It has already been 

established that the product type will influence the discharge rate. 
Products with good air retention capability are likely to achieve higher 
discharge rates than products with poor air retention characteristics. 
Since the fundamental concepts of pneumatic conveying lie with the 

product/air interaction, and the fluidisation of the products is shown to 

affect blow tank discharge rates, perhaps one should consider the 

introduction of air to the blow tank in both configurations. 

The top discharge blow tank arrangement is shown in figure 8.11 (a). The 

arrangement is quite conventional with the air entering the tank via a 

fluidising membrane. The large fluidising surface provides effective 

fluidisation of the product. However, for very cohesive products, 

preferential pathways may be established (rat-holing) in which case a 

different fluidising membrane would need to be selected. 

In the case of the bottom discharge arrangement, there is scope for 

variation, The design used for this work is fairly common with the air 

being introduced via a fluidising annulus. Nainwaring (Ref. 8.6) carried 

out tests on varying the position of introduction of the air to a bottom 

discharge blow tank. He introduced the air in three different positions; 

directly into the top of the blow tank using a diffuser plate, through a 

fluidising ring similar in position to the fluidising annulus and a blow- 

through arrangement at the bottom of the blow tank. The results of these 

tests showed no significant difference in discharge rates with change in 

the position of the air introduction. 

Kennedy, Vypych and Arnold (Ref. 8.4) report on the effect of using a 

fluidising cone on a bottom discharge blow tank. They report significant 

increases in product mass flow rate when using the fluidising cone. This 

tends to suggest that the fluidising annulus does not, infact, fluidise 

effectively. 
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It would appear that the key to increasing the discharge rate lies with 

effective fluidisation of the product whilst in the blow tank. Obviously, 

this can only be the case with products which exhibit good fluidising and 

air retention characteristics. Products like polyethylene pellets will 

not respond in terms of enhanced discharge rate with fluidisation. 

However, for products such as pfa, which are the products which are 
likely to be conveyed in a moving bed type dense phase, effective 
fluidisation within the blow tank can mean the difference between 

achieving the optimum conveying condition in the pipeline and not. 

The discharge rate for a blow tank is dependent on a number of factors. 

Attempts have been made to determine the discharge rate for a blow tank 

purely in terms of air supply to the blow tank or on the basis of the 

Inlet conveying line velocity. These models may be of use when the 

product to be conveyed has no fluidising capability. However, tests have 

shown that widely differing blow tank discharge rates can be obtained 

which appear to be dependent on the material being conveyed. 

As with the correlation between product aeration properties and pipeline 

performance, the same product properties influence the operation of the 

blow tank. It appears that the discharge rate can be significantly 

enhanced for products with good fluidising capability if effective 

fluidising within the blow tank is provided. The conventional top 

discharge blow tank arrangement is inherently good from the fluidising 

point of view. This is, probably, why it is generally recognised in the 

Industry that the top discharge blow tank is good for fine powders. 
However, little quantitative work exists which correlates product 

properties with discharge performance. 

The bottom discharge blow tank is inherently poor from the effective 
fluidisation point of view. The significance of the variation in discharge 

rates between top and bottom discharge configurations becomes apparent 
when designing a system. Products that are likely to be conveyed in 
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dense phase are the very products that show a significant difference in 

discharge rate in conventional top and bottom discharge blow tank 

configurations. This means that it is possible to design a system using 

a bottom discharge blow tank that is not capable of conveying at the 

intended rate due to the limitations imposed by the blow tank. 

Although the conventional bottom discharge blow tank severely restricts 

the feeding capability of the pipeline, little difference was observed in 

the product conveying characteristics. Thus, apart from the conveying 

limit imposed, there is no significant difference in the pressure, and 

hence energy, required to convey the product through a pipeline at a 

given product flow rate and phase density, whether the pipeline is fed by 

a bottom or top discharge blow tank. 

It has been shown by other workers that effective fluidisation can be 

achieved in a bottom discharge blow tank by the use of a fluidising cone. 

There may well be little difference between the discharge rates of the 

top and bottom discharge configurations under these conditions. 
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Chapter 9 Conclusions 

Although, in recent years, dense phase pneumatic conveying has gained in 

popularity, the majority of industrial systems are still based on 

suspension flow. Many of the products conveyed in dilute phase may well 
be capable of dense phase operation but are conveyed in a suspension flow 

regime simply because the dense phase potential of the product is not 

appreciated. The potential of a product to be conveyed in dense phase is 

often difficult to assess. 

Qualitative assessment of the potential of a product for dense phase 

conveying is often made on past experience of having conveyed a similar 

product before. However, this method is notoriously unreliable and is 

illustrated by the fact that two products which by visual inspection 

appear to be very similar, may have very different conveying potential. 

One might convey in dense phase, the other might not. 

Recognition of these problems has led to a number of workers attempting 

to predict the likely con veyability ' of a product based on product 

properties. The Geldart Classification of fluidisation behaviour (Ref. 9.1) 

has been evaluated by many workers in the field of pneumatic conveying 

and, in general, the Classification is recognised as being a useful first 

indicator. The Slugging diagram (Ref. 9.2) was an attempt to produce a 

phase diagram based on the Geldart Classification specifically for 

pneumatic conveying. 

However, many workers such as Wypych and Arnold (Ref. 9.3), Lohrmann and 

Marcus (Ref. 9.4) and Jodlowski (Ref. 9.5) cite the use of a single 

representative diameter for particle size as inadequate since the size 

range and distribution as well as other factors such as particle shape 

are likely to have a significant effect on conveying performance. These 

workers present results which 1ndicate that products classified by a 

single representative size can fall into the wrong category based on 

actual conveying performance. However, Marcus suggests that the 

attractiveness of the Geldart Classification in terms of its simplicity 

should not be overlooked. 
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Chapter 9 Conclusions 

The work presented in this thesis is an attempt to produce a phase 

diagram based on product characteristics which have been identified as 

important to conveying performance. A method has been devised to 

quantify the air retention capability of a product using a simple test 

which can be carried out in a short time. 

Air retention and air permeability have been identified as product 

properties of particular significance to the product/air interaction which 

takes place in the pipeline. Other workers (Ref. 9.6 & 9.7) identify the 

permeability of a product to air as being significant to the plug type 

flow regime. This work identifies the air retention capability of a 

product as being of particular significance to the moving bed type flow 

regime of dense phase conveying. 

A phase diagram has been developed which is presented in figure 9.1. It 

is a plot of vibrated de-aeration constant against permeability factor. 

Broad empirical boundaries have been drawn which divide the diagram into 

three groups each of which have been identified with 'a particular mode of 

conveying. - 

Group I Products in this group have good air retention capability. In 

general they fluidise well. However, products with particularly 

low values of vibrated de-aeration constant and permeability 

factor may be quite cohesive making initial fluidisation 

difficult. Products in this group are probably the best 

candidates for dense phase conveying in a conventional system 

and have been particularly identified with the moving bed type 

flow regime. They tend to convey at low velocities and high 

phase densities. 

Group 2 Products in this group have mid range values of vibrated de- 

aeration constant and permeability factor. This indicates no 

special capability for fluidisation or air retention. In 

general, these products will not convey in dense phase in a 

conventional system. These products can be conveyed in 

suspension at high velocities and low phase densities and will 
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Chapter 9 Conclusions 

tend to block the conveying line at or near the saltation 

velocity (generally around 14 - 16 m/s). Some products within 
this group may be conveyed in dense phase in some of the 

innovative systems available. 

Group 3 Products in this group have good air permeability and poor air 

retention. These products are capable of being conveyed in 

dense phase and are particularly associated with the plug type 

flow regime. 

The advantage of this classification of products over existing methods is 

that the tests carried out to position a material on the diagram and 

hence determine its likely conveyability are based on product/air 

interactions which take into account particle size range and distribution. 

In addition, the bench scale tests are simple to carry out and the 

results take no longer to obtain than those necessary to position a 

product on the Geldart Classification. 

0 

The performance of a product in terms of product mass flow rate for a 

given set of conditions can vary greatly in the moving bed type flow 

regime of dense phase pneumatic conveying. A 20: 1 variation has been 

obtained during the conveying trials for this work. This variation could 

be vitally important when designing a system for dense phase conveying. 

In most cases, the performance level of a product is determined by 

carrying out a set of pilot conveying trials using a system which is as 

similar to the actual application as possible. Very little work has been 

reported with regard to attempts at predicting the performance level of a 

product in dense phase. Those which are reported, are based on models 
derived by an analysis of the mechanics of flow which does not, 

generally, take into account variation in product properties other than a 

particle friction factor. Frequently, these models are based on plug 
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flow. Dixon (Ref. 9.2) attempts to predict a theoretical maximum phase 
density, which is unlikely to be achieved in practice, based on minimum 
fluidising velocity, voidage and particle density. 

During the conveying trials, it became apparent that products which 

exhibited good air retention capability appeared to achieve higher 

product throughputs for given conditions. Products tested which conveyed 
in dense phase as a moving bed were used to investigate possible links 

between air retention capability and conveying performance. The graph 

presented in figure 9.2 is an example of the relationship which exists 

between the product throughput and the air retention capability of the 

product. The product throughput is expressed in terms of the generalised 

variable solids mass flux which is defined by the following expression: 

Solids Mass Flux, M= mP L,. 

A 

where j i, product mass flow rate (tonne/b) 

L. = equivalent length of conveying pipeline (m) 

A= cross-sectional area of conveying pipeline Cm=) 

The air retention capability of the product is determined using a new 

test developed during this research programme by the author which is 

described in chapter 5. The test measures the air retention capability 

of the product in terms of the vibrated de-aeration constant. It can be 

seen from figure 9.2 that as the air retention capability increases 

(vibrated de-aeration constant decreases), the product throughput for a 

given conveying line pressure drop and free air velocity increases. 

Graphs relating product throughput and air retention are produced for 

three free air velocities covering the range of conditions for the moving 

bed type flow regime. Graphs representing free air velocities of 20 and 
25 m/s are presented in figures 7.15 and 7.16 in chapter 7. 

Hence, once a product has been identified as capable of being conveyed in 

a dense phase moving bed type flow regime using the phase diagram, the 

relationships derived between product tbrougbput and air retention 
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capability can be used to estimate the likely conveying performance. The 

use of the generalised variable solids mass flux allows prediction of 

product mass flow rate for a limited range of pipeline lengths and bores. 

It has also been identified that the minimum conveying velocity of a 

product can be correlated with the air retention capability of the 

product. Figure 9.3 presents the relationship between minimum conveying 

velocity and vibrated de-aeration constant. This relationship provides a 

guide to the likely minimum conveying velocity of a product based on the 

vibrated de-aeration test. 

Together, the graphs presented in figures 9.2 and 9.3 provide the 

necessary information based on bench scale tests of the product to 

predict the likely conveying performance for pipeline bores in the range 

50 to 105mm and pipeline lengths up to 200m. 

The main thrust of the test programme was concerned with the pipeline. 

However, to obtain a wide range of conveying conditions, a blow tank was 

used as a feeder. The results of the correlation of product properties 

with pipeline performance led to closer attention being paid to the 

operation of the blow tank. The blow tank. is probably the most widely 

used feeder for dense phase conveying and as such is an important system 

component with regard to successful operation. 

It has been established by other workers (Ref. 9.8) that fluidisation of 

the product can enhance the discharge rate. However, in the light of the 

correlation between the aeration properties of the product and the 

product performance in the pipeline, the data obtained during the 

conveying trials which relates to the blow tank characteristics was 

analysed and correlated with the same product properties. Since 

fluidisation is known to be important to blow tank performance it was 

felt that similar product properties may well have a significant effect 

on blow tank discharge rates. 
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Chapter 9 Conclusions 

The graphs presented in figures 9.4 and 9.5 show the effect of air 

retention capability and air permeability on the blow tank discharge rate 
In terms of phase density. It can clearly be seen that as the air 

retention properties increase and the air permeability decreases, the blow 

tank discharge rate increases. 

These results led to a comparison of conventional top and bottom 

discharge blow tank systems. The blow tank used for this work was 

designed to operate in either top or bottom discharge configuration with 

a few minor changes. Full details of the two arrangements are given in 

chapter 3. The comparison involved testing three different products with 

varying degrees of air retention capability and air permeability in both 

top and bottom discharge arrangements using the same pipeline 

configuration. The outcome of the tests was to suggest that, for 

products which have good air retention capability, the effective 

fluidisation of the product in the blow tank was critical if optimum 

conveying rates were to be achieved in the pipeline. 

For pulverised fuel ash, the discharge rates achieved in the bottom 

discharge arrangement were about half those achieved in top discharge. 

For products such as polyethylene pellets, which have virtually no air 

retention capability, the difference in discharge rates obtained in top 

and bottom discharge configurations was negligible. This tended to 

indicate that the effective fluidisation of air retentive products was 

crucial if maximum discharge rates were to be achieved. It also 

indicated that the conventional bottom discharge arrangement is not 

particularly effective with regard to fluidisation of the product. 

The importance of product properties with regard to pneumatic conveying 
has been recognised by many workers qualitatively. Some attempts have 

been made to produce phase diagrams which have been based on a mean 

particle size. This work attempts to classify products by means of a 

phase diagram which is based on product properties which Involve 
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product/air interaction. It is believed by the author that these product 

properties are more representative of the interactions that take place 
between the product and air in the pipeline than basing fluidisation 

behaviour on a single representative size. In addition, the product 

properties used for the correlations are all embracing taking into 

account size range and distribution as well as factors such as particle 

shape. The tests required to position a product on the phase diagram are 

simple and should take no longer than the time required to carry out a 

size analysis and particle density test. 

For products which are indicated as likely to be conveyed in a moving 

bed type flow (which is the most commonly used mode of dense phase 

conveying) a correlation is proposed which will give a first indication 

as to the likely conveying performance in terms of mass throughput for 

given conditions. A correlation indicating probable minimum conveying 

velocity is also proposed. 

The importance of effective fluidisation on blow tank performance for air 

retentive products is discussed. The performance of the blow tank can be 

critical to the overall performance of the system. A correlation is 

proposed which indicates the effect of product type on the discharge of 

the blow tank. The correlation is based on work for a single pipeline 

and for the top discharge blow tank arrangement. However, it is believed 

by the author that the trends indicated in this correlation could be 

extended in principle to other systems qualitatively. 
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Cbapter 10 Suggestions For Further Work 

The global approach involves the production of empirical correlations 

based on a macroscopic analysis of the system under consideration. This 

approach provides a method of identifying those parameters which have a 

significant affect on the overall system performance. This is important 

when the correlation is to be used as a design tool. These aims are - 
achieved by observing the complete system and attempting to eliminate as 

many variables as possible. For example, in this work the pipeline 

configuration, number and type of bends and blow tank arrangement 

remained constant which allowed the results of the conveying trials for a 

range of products to be compared on the basis that the system variables 

were constant. Therefore, any substantial variation in system 

performance must be product dependent. The scope of the correlations 

presented in this work would be difficult to achieve by conventional 

mathematical modelling. 

The phase diagram presented in this thesis is based on 24 products. 

This is a relatively large number when one considers the work involved in 

assessing each of the products' capabilities i. e. full scale conveying 

trials and the bench scale tests. However, in terms of the number of 

data points these products provide to produce a phase diagram, the number 

is quite small. There is obviously a need to expand the database to 

allow further development of the correlations. 

The global approach can be a powerful design tool. However, by its very 

nature tends to be a macroscopic view of the subject in question and is 

relatively insensitive. For practical applications, the global approach 

is advantageous due to its wide applicability. For this reason, the 

development of the global approach, in terms of extending the database 

and refining and modifying the correlations on the basis of new data has 

to be an area for further work. 
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10.2 THE MATHEMATICAL. MODELLING APPROACH 

One of the advantages of the global approach is that there is no need to 

make a large number of simplifying decisions in order to contain the 

problem within constraints that make mathematical modelling possible. 
The correlations are made on an empirical basis and therefore represent 

an observed pattern of behaviour rather than a modelled approximation. 

The correlation is then used to predict the behaviour of an unknown 

product on the basis of past observation. Because the correlation does 

not involve many assumptions and often has a wider applicability than 

the mathematical models, the empirical correlations are often viewed by 

industry as being of more use. This is probably true in the short term. 

However, one should not overlook the usefulness of mathematical modelling 

especially in the long term. Progress with mathematical models is a much 

longer process. Many of the problems associated with mathematical 

modelling stem from the validity of assumptions i. e. identifying which 

parameters are particularly significant for particular modes of flow. In 

many ways the results of empirical correlations such as those presented 

in this work give an indication as to which parameters should be 

considered when trying to model a particular flow regime. 

Much work has been published with regard to the mathematical modelling 

of the plug flow regime. However, trying to model sliding bed type flow 

is much more difficult. Those that have tried to model sliding bed type 

flow have done so by considering higher velocity low phase density forms 

of the regime which allow a steady state, continuous flow type model to 

be produced. In most cases, these models do not take into account 

product properties. 

It is easy to understand why steady state, continuous flow conditions 
have been adopted. It is because of the problems invoved in modelling 

non-steady flows and the difficulty in incorporating the product 

properties mathematically. However, with the increasing sophistication of 

computer software packages using finite element methods for fluid flow, 
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it is now possible to model these difficult flow regimes over small time 

intervals using non-linear differential equations. These allow continual 

updating with each consecutive time interval. 

Therefore, in the long term, the use of computing power together with 

mathematical modelling has the potential - for a powerful analytical 

approach. However, this is not likely to yield a quick solution and the 

wide applicability of the empirical correlation is likely to remain the 

most powerful design tool for some time to come. 

Unlike the correlations for the pipeline, the correlations proposed for 

the blow tank are based on a single blow tank In two different 

configurations. However, the work reported by other researchers suggests 

that the trends identified can be assumed to hold for different blow tank 

sizes. A generalised correlation can be produced using the phase density 

as a measure of blow tank discharge performance. However, it would be 

useful to know how the geometry of the blow tank affects the discharge 

performance and whether any change in performance is due to a change in 

fluidisation capability of the revised geometry or due to some other 

cause. This would be difficult to achieve since several blow tanks may 

have to be used. 
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APPENDIX II 

CONVEYING CHARACTERISTICS FOR ALL 

PRODUCTS CONVEYED 
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KEY TO PRODUCTS 

1. Agricultural Catalyst 
2. Agricultural Catalyst (degraded) 
3. Alumina 
4. Barytes 
5. Cement 
6. Coal (as supplied) 
7. Coal (degraded) 
8. Coal (pulverised fuel) 
9. Copper Ore 
10. Flour 
11. Iron Powder 
12. Xagnesiun Sulphate 
13. Pearlite 
14. Polyethylene Pellets 
15. Potassium Chloride 
16. Potassium Sulphate 
17. Pulverised Fuel Ash 
18. PVC Powder 
19. Silica Sand 
20. Granulated Sugar 
21. Sugar (degraded) 
22. Zircon Sand 

NOTE - All conveying characteristics for products are for a 50m, 53mm 

bore pipeline with 9x 90' bends each with a Did ratio of 24. 
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APPENDIX III 

AERATION PROPERTIES OF NATERIALS TESTED 
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XATERIAL No. 5- CEXENT 
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THE INFLUENCE OF PRODUCT TYPE ON BLOW TANK PIPELINE FEEDING CHARACTERISTICS 

by 

MG JONES, D MILLS AND JS MASON, 

Thames Polytechnic. 

London 

UK 

SUMMARY 

Blow tanks are widely used in industry for the pneumatic conveying of bulk 

materials through pipelines. This I. because of the ease with which they can be 

controlled and the fact that, as there are no moving parts, erosion and 

degradation are minimised. Blow tanks can be used over a remarkable range of 

operational duties from dilute to dense phase conveying. The characteristics of 

a blow tank in terms of the proportion of the total air mass flowrate required 

to pass through the blow tank to achieve a particular product throughput at a 

given total air mass flowrate is dependent on the physical properties of the 

product being conveyed. The work reported in this paper shows the variation in 

blow tank characteristics for a range of materials which cover both dilute and 

dense phase conveying. The work has been carried out on a pilot-scale 

experimental facility and the results are presented to show the effect of 

product type on the blow tank characteristics. 
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a 
1. THE CONVEYING PLANT 

The conveying plant was basically a batch type system with the product being 

conveyed from the blow tank around the pipeline and into the receiving hopper. 
The product was then dropped through the double valves back into the blow tank 
for recirculation. The supply air to the blow tank entered through a plenum 
chamber under the fluidising membrane. This both fluidised the product and 
pressurised the blow tank. The supplementary air entered the system via a swept 
'T' in the discharge pipe as close as possible to the top of the blow-tank In 

order, to minimise the pressure drop across the discharge pipe. A small blow 

tank was used for loading the product initially into the receiving hopper. 

After use the product was discharged from the main blow tank into an elevated 

storage or off-loading hopper. 

2. THE AIR SUPPLY 

Three compressors were available each capable of 0.095 m Is (202 ft3/min) of 
'free air' at a pressure of 6.9 bar (100 lbs/sq. In) gauge. A diagrammatic 

layout of the air supply from the compressors to the conveying plant is shown in 

Fig. 2. For this work, only one compressor was required since a 53 mm bore 

pipeline was used and this represents a free air velocity of 42 m/s. Part of 

the air was directed to the blow tank and the rest was directed to the 

supplementary air line. The control of the air supply was by use of a pressure 

reducing valve to control the upstream pressure and critical flow nozzles placed 
in the two air supply lines. 

3. INSTRUMENTATION 

Five variables were measured. These were both air mass flowrates, product mass 

flowrate, pipeline pressure drop and blow tank pressure. The air mass flowrates 

were measured by using critical flow nozzles. The advantage of using this 

device is that since it relies on the air flow being choked (i. e. the velocity 

at the throat is sonic), then for a fixed upstream pressure the air mass 

flowrate is constant over a wide range of downstream pressures and the effects 

of pulsations are avoided. The control of the air mass flowrate through a 

particular nozzle was achieved by altering the upstream pressure. Operation 

with pressure ratios of up to 0.9 is possible with good convergent-divergent 

nozzles. The nozzles were positioned in the air supply lines to the blow tank 

and the conveying line as shown in Fig. 2. The total air mass flowrate for 
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conveying the product through the pipeline is the sum of the blowtank and 

supplementary air mass flowrates. 

The product mass flowrates were obtained from the load cells on which the 

receiving hopper was mounted. Three load cells were used. The combined 
elecrical output signal was fed into a recording instrument and integrated with 
respect to time to give the product flowrate. 

The air supply pressure was measured immediately before the product pick-up 
point in the supplementary air supply line and was recorded. With the discharge 
being into the receiving hopper at atmospheric pressure, the conveying line 

pressure drop was obtained. The blow tank pressure was measured directly. 

4. EXPERIMENTAL TECHNIQUES 

The only control over the blow tank, and hence the pipeline, was achieved by 

controlling the total air mass flowarate and the proportion of the total air 

mass flowrate going to the blow tank. The proportion of air to the blow tank is 

known, as the 'Blow Tank Air Ratio' (STAR). The STAR was controlled by the 

appropriate selection of critical flow nozzles for use in the air lines to the 
blow tank and conveying line. The total air mass flowrate was the sum of the 

air mass flowrates to the blow tank and to the conveying line. The total air 

mass flowrate could be adjusted by varying the upstream air supply pressure. 

To start conveying, the BTAR and the total air mass flowrate were set. The blow 

tank vent line (Fig. 1) was closed and the blow tank began to pressurise. When 

steady state conditions were reached the pressures and product mass flowrate 

were recorded over a reasonable time period, typically 2 to 3 minutes. The data 

recorded on one pass provides a single point on the blow tank characteristics. 

The data from 30 to 40 runs, for a product that would convey in dense phase, was 

then plotted on a graph of product mass flowrate against total air mass flowrate 

as shown in Fig. 4. Lines of constant BTAR could then be drawn to provide a 

record of the blow tank characteristics for the particular product being 

conveyed. This procedure was then repeated for each of the other products. 

S. PRODUCTS TESTED 

The products have been chosen to give as wide a range of blow tank 
characteristics as possible. A table is given below to indicate the salient 
features of the products tested. 
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PRODUCT 
BULK DENSITY 

'As poured' 
kg/m3 

MEAN PARTICLE 
SIZE 

ym 

PARTICLE DENSITY 

kg/m3 

Flour 515 78 1470 

P. F. Ash 979 40 2446 

Poly pellets 540 4000 912 

Pearlite 100 200 800 

Sugar 890 460 1580 

6. ANALYSIS OF BLOW TANK CHARACTERISTICS 

The blow tank characteristics for the five products tested are shown in Figs. 

5-9. The blow tank characteristics for sugar are the only ones where it was not 

possible to explore the whole range of the blow tank feeding capability due to 

the limitations imposed in the conveying pipeline. Sugar in its granulated form 

has a minimum conveying velocity of around 15 m/s and is only capable of being 

conveyed in lean phase. It was felt important to include a product that can 

only be conveyed in lean phase so that as wide a range of product properties as 

possible could be tested. 

The other four products tested exhibit similar characteristics in terms of 

curve shape but the product flowrates for particular BTAR values at a given air 

mass flowrate vary considerably. Comparative plots (Figs. 10 and 11) show the 
151 and 75% BTAR lines for each of the products and highlights the variation in 

characteristics for the various products. The comparative plot using a STAR of 
75% shows a 4: 1 ratio of product flowrates for an air mass flowrate of 0.12 

kg/s. Since the system is unchanged from one product trial to the next, it is 

probable that the material characteristics are responsible for the variation in 

discharge rate. With the relatively small number of products that have been 
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studied so far it is difficult to identify with any certainty possible 

relationships between material properties and the blow tank characteristics. 
However, certain basic product properties seem to align themselves to the trend 

in the blow tank characteristics. 

If one considers the comparative plot for a STAR of 752 (Fig. 10) it is 

noticeable that as the product mass flowrates decrease from P. F ash to flour to 

pearlite to poly. pellets, the product median particle size increases. This has 

implications for the specific surface area. As the particle size increases the 

specific surface area of the material will decrease with a consequent increase 

in the air permeability. Waghorn and Mason (Ref. 1) have published data on the 

influence of aeration on blow tank discharge showing that the discharge rate is 

enhanced if the product is aerated. 

The products used in this study have been tested for air permeability properties 

using an air permeameter. The values for permeability factor obtained from the 

air permeameter have been used to investigate the relationship between discharge 

rate and aeration properties by plotting phase density against permeability 

factor (Fig. 12). It is unreasonable to assume this to be a definitive 

relationship but it does seem to indicate a trend which suggests that as the air 

permeability factor decreases, the discharge rate increases. Independent 

support for this general trend is provided by the apparent relationship between 

discharge rate and vibrated de-aeration constant. 

The vibrated de-aeration constant is a measure of a product's air retention 

properties. In general, products exhibiting poor permeability properties have 

good air retention properties. Fig. 13 shows a plot of phase density against 

vibrated de-aeration constant. The trend indicates that products with good air 

retention properties produce high discharge rates. This supports the 

indications suggested by the apparent relationship between permeability factor 

and phase density. 

7. CONCLUSIONS 

The discharge rate of a blow tank can vary widely depending on the product being 

conveyed. For this reason it is important to have some knowledge of the product 

to be conveyed when designing or specifying blow tank systems. 
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Products which exhibit good aeration properties seem to produce blow tank 

characteristics with high discharge rates for a given air mass flowrate and blow 

tank air ratio. Similarly, products exhibiting poor air permeability properties 

seem to achieve high discharge rates from a blow tank system. In general it is 

products with small median particle sizes and narrow size distributions which 

exhibit the above described qualities. 

The models proposed in this paper are not definitive but show a general trend. 

Further study in this field may yield a more definite correlation. However, the 

work described here provides a general awareness of the influence of product 

type on blow tank pipeline feeding characteristics. 
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SOLIDS HANDLING CONFERENCE 

A COMPARISON OF THE PERFORMANCE OF TOP AND BOTTOM DISCHARGE BLOW TANK SYSTEMS 

M6 Jones. Dr D Mills and Dr J3 Mason 

Thames Polytechnic, London 

SUMMARY 

Blow lank systems are widely used in industry for the 
pneumatic conveying of bulk materials. This is because of 
the ease of control and the fact that, as there are no 
moving parts, erosion and degradation are minimised. Both 
top and bottom discharge configurations are used in industry 
but the choice of configuration is largely based on 
convenience rather than the merits of configuration 
performance. To date, very little information has been 
published regarding comparisons of blow tank performance in 
the top and bottom discharge modes. The work reported in 
this paper presents a direct comparison between top and 
bottom discharge performance in terms of feeding capability 
for given constant conditions. The work was carried out on 
a pilot scale facility using a blow tank that could be 
arranged in both top and bottom discharge configuration with 
minimum changes in pipeline geometry. Blow lank 
characteristics are presented for PFA in both top and bottom 
discharge modes. 

THE CONVEYING PLANT 

The conveying plant used was basically a batch type system with the product 
being discharged from the blow tank and conveyed through the pipeline into a 
receiving hopper. The product was then dropped through double valves back into 
the blow tank for recirculation. A diagrammatic layout of the conveying plant 
and pipeline is shown in Figs. I to 3. Fig. 4 shows the arrangement of the blow 
tank in both top and bottom discharge modes. 

a) Too Discharge Blow Tank 

The supply air to the blow tank entered through a plenum chamber under the 
fluidising membrane. This both Iluidesed the product and pressurised the blow 
tank. The supplementary air entered the system via a swept 'T' in the discharge 
pipe as close as possible to the top of the blow tank. There was no valve in 
the discharge line in this configuration. 

b) Bottom Discharge Blow Tank 

The top discharge blow tank was transformed into a bottom discharge blow tank by 
producing a fabrication that could be bolted directly onto the bottom flange of 
the blow tank replacing the fluidisation membrane and plenum chamber. The 

C-13 

290 



ýWrwsw FROM 
T41 LNI 

R[CtWýw w""ta 

WAVI 
YWNT LINE 

uev 
Twr  

Miautet NK 

KYIeNINý MIM ý$ANI 

lKtal. ar - 
MI . TAsf 

Mrtwtl 
s. wrs 

` 

IWý11Na ý, ý 
YNrf " 

To TfsT 6090 

wawa 
Mwce"Ib 
vkvt 

WATft Taaº 

== - WMlO1(NTA4r 
M" MM. T11Y TO 

A*wYýrraf 

N" a/CSIVU 

Ma wlua -+ 

(, NW TMm pwºalf1" 
M" 

Mma (37 vw)-. " 

fey! CoWVrylN* PLANT LAVOUT 

TOP O[SCHAlGi 14061 

.! 
°i 

AM 

SLOW Vwd 
N" 

CC,, " 

PLOW 
M41166C 

Fi3 2 mwflub PLANT AIR &uººLY 

T. f*l Llo*/M " ffa 
Nat . fj r 
4 Iwo&& 

3 CANVIYIN& PIPELINE LAYOUT 

C-11 

291 



discharge pipe used in the top discharge mode was blocked off. The supply air 
to the blow tank enters the tank via a fluidising annulus. A discharge valve at 
the base of the blow tank allows the blow tank to be pressurised or part 
pressurised before conveying began. Since a discharge valve was not available 
for the blow tank in the top discharge mode, this discharge valve was not used 
in bottom discharge operation. The supplementary air entered the pipeline just 
downstream of the discharge valve. 

In general, the conveying line geometry was the same for both top and bottom 
discharge. Slight differences occur due to the position of the discharge pipes 
for top and bottom discharge modes. These differences are shown in Fig. 4 

THE AIR SUPPLY 

Three compressors were available each capable of 0.095 m'/s (202 ft'lmin of 
"free air" at a pressure of 6.9 bar (100 lbslsq. in) gauge. A diagrammatic 
layout of the air supply from the' compressors to the conveying plant is shown in 
Fig. 2. For this work, only one compressor was required since a 53 mm bore 
pipeline was used and this represents a free air velocity of 42 m/s. Part of 
the air was directed to the blow tank and the rest was directed to the 
supplementary air line. The control of the air supply was by use of a pressure 
reducing valve to control the upstream pressure and critical flow nozzles placed 
in the two air supply lines. 

INSTRUMENTATION 

Five variables were measured. These were both air mass flowrates, product mass 
Ilowrate, pipeline pressure drop and blow tank pressure. The air mass Ilowrates 
were measured by using critical flow nozzles. The advantage of using this 
device is that since it relies on the air flow being choked (i. e. the velocity 
al the throat is sonic), then for a fixed upstream pressure the air mass 
flowrate is constant over a wide range of downstream pressures and the effects 
of pulsations are avoided. The control of the mass flowrate through a 
particular nozzle was achieved by altering the upstram pressure. Operation with 
pressure ratios of up to 0.9 is possible with good convergent-divergent nozzles. 
The nozzles were positioned in the air supply lines to the blow tank and the 
conveying Iino as shown in Fig. 2. The total air mass flowrate for conveying 
the product through the pipeline is the sum of the blowtank and supplementary 
air mass flowrates. 

The product mass flowrates were obtained from the load-cells on which the 
receiving hopper was mounted. Three load-cells were used. The combined 
electrical output signal was led into a recording instrument and integrated with 
respect to time to give the product flowrate. 

The air supply pressure was measured immediately before . 
the product pick-up 

point in the supplementary air supply line anu was recorded. With 'the discharge 
being into the receiving hopper at atmospheric pressure, the conveying line 
pressure drop was obtained. The blow tank pressure was measured directly. 

PRODUCT TESTED 

The product "Pulverised Fuel Ash" (PFA) has been used throughout this test work. 
PFA was chosen because of its ability to be conveyed easily in dense phase. 11 
can be conveyed at velocities as low as 3 to 4 m/s and at phase densities in 
excess of 100. The salient features of PFA are given below. 

. 

Medan Particle Size 42 pm 
Particle Density (mean) 2446 kg/m' 
Bulk Density (as poured) 979 kglm' 
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EXPERIMENTAL TECHNIQUES 

The only control over the blow tank, and hence the conveying Iine, was achieved 
by controlling the total air mass llowrate and the proportion of the total air 
mass flowrate going to the blow tank. The proportion of air to the blow tank is 
known as the "Blow Tank Air Ratio" (STAR). The STAR was controlled by the 
appropriate selection of critical flow nozzles for use in the air lines to the 
blow tank and conveying line. 

To start conveying, the STAR and the total air mass flowrate were set. The 
blowtank vent line (Fig. 1) was then closed and the blow tank began to 
pressurise. Since the discharge valve was not used when conveying in the bottom 
discharge configuration, the procedures used for the top and bottom discharge 
conveying trials were identical. When steady state conditions were reached the 
pressures and product mass flowrate were recorded over a reasonable time periods 
typically 2 to 3 minutes. The data recorded on one pass provides a single point 
on the conveying characteristics and on the blow tank characteristics. The data 
from 30 to 40 runs for each configuration was plotted on graphs of product mass 
flowrate against total air mass flowrate as shown in Figs. 6 and 6. Lines of 
constant STAR and constant conveying line pressure drop could then be drawn on 
the respective graphs, as shown. 

CONVEYING LIMITATIONS 

Tests were carried out over as wide a range of conveying conditions as could be 
achieved with the product and the plant. Maximum air flowrates were dictated 
by the capability of the air mover, but with conveying velocities of up to 42 
m/s, the normal range of operation is adequately covered. Maximum product 
flowrates are set when 100 per cent of the air is directed to the blow tank, as 
shown in Fig. 6. The minimum value of air flowrate. or conveying velocity, is 
dependent upon the capability of the product. In the case of PFA it is clearly 
capable of being conveyed in dense phase, with values of phase density up to 
about 120. In Fig. 7 the data from the top discharge tests is presented on a 
plot of conveying line inlet air velocity against phase density. A line drawn 
below the data represents the probable minimum conveying air velocity 
relationship for the product. Conveying line pressure drop depends upon the 
pipeline length, phase density and the product flowrate and so is limited by 
other parameters than feeding capability. 

ANALYSIS OF EXPERIMENTAL RESULTS 

The experimental data obtained can best be illustrated on four graphs. These 
graphs are presented in Figs. 8 to 11 and show the conveying pipeline 
characteristics and the blow lank characteristics for the PFA in both top and 
bottom discharge modes. Initially it is useful to look at the general conveying 
characteristics in both top and bottom discharge configurations. 

The conveying characteristics for both top and bottom discharge modes are shown 
in Figs. 8 and 9. It is noticeable immediately that in top discharge the 
conveying characteristics cover a greater range of conveying conditions than in 
bottom discharge configuration. This is particularly the case in the low air 
mass flowrate - high product flowrate area of the characteristics. However, if 
the two sets of characteristics are superimposed, it can be seen that the 
characteristics for the bottom discharge mode are the same as those for the top 
discharge configuration but with the boundaries restricted. This is not 
surprising since the shape of the constant pressure I ines on the pipeline 
conveying characteristics should be independent of the type of feeding device. 
However, the boundaries to the characteristics may well be determined by the 
feeding device it the device cannot feed at the maximum rate that the pipeline 
can accommodate. 
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CON P6 RATIONS 

To compare the feeding capability of the blow tank in top and bottom discharge 
configurations it is necessary to compare the two sets of blow tank 
characteristics. Figs. 10 and 11 show the blow tank characteristics for the two 
configurations. The curves'represent lines of constant BTAR. These two graphs 
show clearly that the blow tank characteristics for top and bottom discharge 
configurations are quite different. A much higher discharge rate is clearly 
achieved with the top discharge arrangement than with the bottom discharge 
configuration. A graph showing a comparison of the performance of top and 
bottom discharge modes is shown in Fig. 12. This shows the 50 per cent and 100 
per cent STAR lines for top and bottom discharge configurations. If one 
considers an air mass flowrate of 0.10 kgls and compares the discharge rate in 
top and bottom discharge modes for a BTAR of 100 per cent then the rate for 
bottom discharge is 11 tonneslh and for top discharge is 24 tonneslh. This 
represents a ratio of 2.2: 1 in discharge rates. It a BTAR of 50 per cent is 
considered for the same conditions the ratio is 2: 1. It is obvious from both 
the conveying and blow tank characteristics that for dense phase operation, the 
choice of blow tank configuration could be critical. If the bottom discharge 
blow tank had been selected to feed the pipeline used for this lest work in an 
operational situation the blow tank would not be able to achieve a discharge 
rate that would be compatible with the optimum performance of the pipeline. 

DISCUSSION 

The question now arises as to why there is such a variation in blow tank 
discharge rates for the two differnt configurations. The problem is that there 
are too many unknowns in the problem at present. An extensive programme of 
experimental work would need to be undertaken and is outside the scope of this 
paper. However, there are a few points that can be discussed. 
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The physical properties of the product being conveyed will influence the 
discharge rate. Jones of at (Ref. 1) have reported that for products that will 
convey ºn dense phase the discharge rate increases as the air retention 
properties increase and the air permeability decreases. Waghorn and Mason (Ref. 
2) report that for a given product, the discharge rate can be increased by 
fluidising the product. Both of these papers refer to top discharge blow tank 
configurations. Since the fundamental concepts of pneumatic conveying lie with 
the air/product interaction. and the fluidisation of products ºs shown to affect 
discharge rates, perhaps one should consider the introduction of air to the blow 
lank ºn both configurations. 

It one considers the top discharge blow tank (Fig. 4) the design of the blow 
tank is conventional. It is extremely common for the air to enter the blow tank 
through a fluidising membrane. The vertical position of the discharge pipe 
relative to the fluidising membrane ºs critical. Waghorn and Mason (Ref. 2) 
found the optimum position to be about 40 mm above the membrane. Introduction 
of the air to a top discharge blow tank at any other position is most uncommon. 

If one considers the introduction of air to the bottom discharge blow lank 
configuration there ºs scope for variation. The design used for this test work 
is fairly common with the air being introduced via a fluidising annulus. 

Mainwaring (Rel. 3) carried out some tests on varying the position of 
introduction of the air to a bottom discharge blow tank. He introduced the air 
in three differnt positions; directly into the top of the blowtank using a 
diffuser plate, through a fluidising ring similar ºn position to the fluidising 
annulus and a blow-through arrangement at the bottom of the blow tank. The 
result of these tests showed no significant difference ºn discharge rates with 
change in position of air introduction. This implies that the fluidising ring 
was not very effective at fluidising the produ. Q in the blow tank. 

Although the fluidising annulus, used for this test work, is a different design 
to the fluidising ring, used by Mainwaring, it is unlikely that it would be 

significantly better although there ss'no hard' evidence one way or the other. 
The question remains as to the effectiveness of fluidising the product using an 
annulus compared with using a membrane. The answer is unclear but it is 

probable that the fluidising membrane is significantly more effective. This may 
be partly responsible for the higher discharge rates experienced with the top 
discharge configuration. 

The obvious next stage would be to fit the bottom discharge blow tank with a 
fluidisin; cone in the lower region funnelling the product towards the discharge 

point and into the pipeline. This should have the effect of improving the 
fluidisation of the product in the bottom discharge configuration. If a 
significant increase in discharge rates is achieved then it would be reasonable 
to assume that effective fluidisation improves blow tank performance. 

Other products have been tested ºn both top and bottom discharge configurations 
such as sand and polyethylene pellets. These products have poor air retention 
properties and have good air permeability. These products have very similar 
blow lank characteristics ºn both top and bottom discharge modes. This would 
obviously tit ºn with the hypothesis that Iluºdºsalion of the product affects 
discharge rates it the product has good aeration properties. It ºs probably not 
a coincidence that the products which have good air retention properties are 
also the best candidates for dense phase conveying. Hence ºt can be seen that 
the choice of blow lank type when designing for dense phase conveying could be 
critical to the success or otherwise of the system. 
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CONCLUSIONS 

The blow tank characteristics for the top and bottom discharge configuration for 
a product exhibiting good aeration properties show a marked difference in 
discharge rate for the same fixed BTAR and air mass flowrale. This is 
significant since a product displaying good aeration properties is a likely 
candidate for dense phase conveying. 

The most likely reason for the variation in discharge rates in top and bottom 
discharge configurations is probably the lack of effective fluidisation in the 
bottom discharge mode. However, there is little experimental evidence to 
support this conclusion at present, although it is known that progressive 
fluidisation in a top discharge blow tank configuration enhances the discharge 
rate. A further extensive programme of work would be necessary to prove or 
disprove this hypothesis. 

The significance of the variation in discharge rates for the two configurations 
becomes apparent when designing a system. Products that are likely to be 
conveyed in dense phase are the very products that show a significant difference 
in discharge rate in conventional top and bottom discharge blow tank 
configurations. This means that it is possible to design a system using a 
bottom discharge blow tank that is not capable of conveying at the intended rate 
due to the limitations imposed by the blow tank. 

Although the bottom discharge blow tank severely restricts the feeding 
capability of the pipeline, little difference was observed in the product 
conveying characteristics. Thus, apart from the conveying limit imposed, there 
is no significant difference in the pressure, and hence energy, required to 
convey a product through a pipeline at a given product Ilowrate and phase 
density, whether the pipeline is led by a bottom or top discharge blow tank. 
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ABSTRACT 

There are two major modes of flow in pneumatic conveying; suspension 
flow and non-suspension flow. These modes of flow are often 
referred to as dilute and dense phase. It is always a problem to 
predict whether or not a product is capable of being conveyed in a 
non-suspension flow. There is often an advantage in conveying 
products in a non-suspension flow in terms of reduced degradation of 
friable products or a reduction in the level of pipeline erosion. 
The work reported in this paper describes a method of predicting the 
potential of a product to be conveyed in dense phase using a 
correlation between certain product characteristics and the mode of 
conveying. The correlation is also used to predict the probable 
conveying performance in terms of product throughput for a given set 
of conveying conditions. The products tested cover a range of 
product characteristics with an emphasis on high bulk density. The 

conveying characteristics and product properties are presented 
together with graphical representations of the empirical 
correlations. 

INTRODUCTION 

The first part of this paper describes the test rig and equipment which 
was used to carry out the conveying trials in order to determine the 
conveying characteristics for the five products. The conveying 
characteristics provide detailed information on the conveyability of the 
product. The experimental method and oprating procedures are discussed. 

A brief description of the relevant material characteristics is given. It 
has been found that the bench tests that involve product-air interaction 

such as air permeability and the air retention properties of the material 
provide the most reliable correlations with conveying mode and 
performance. 

DETAILS OF TEST RIG USED 

Conveying Plant. 

The conveying plant used for tests consisted of a high pressure blow tank 
having a volume of about 1.5 m, and a similar sized hopper mounted on 
load cells vertically above. A diagrammatic layout of the conveying plant 
is shown in Fig. 1. The blow tank was fitted with a fluidising membrane 
consisting of a terylene cloth sandwiched between perforated metal plates. 

The discharge pipe within the blow tank was 53 mm bore and was positioned 
about 40 mm above the centre of the fluidising membrane. 

It is basically a batch type system with the product conveyed from the top 
of the blow tank, through the conveying line and back into the receiving 
hopper. For the purpose of this work the products were recirculated. The 
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Air for fluidising the product in the blow tank was introduced at the 
bottom, beneath the fluidising membrane. The supplementary air was 
introduced into the discharge pipe as close as possible to the top of the 
blow tank in order to minimise the pressure drop in the discharge pipe. A 
small blow tank was used for charging the product into the hopper, and 
after use the product was discharged from the main blow tank into an 
elevated storage or off-loading hopper. 

The pipeline used was 50 m long, had an internal diameter of 53 mm (2 inch 
nominal bore), and incorporated nine ninety degree bends. A sketch of the 
test loop is given in Fig. 3. The bends in the pipeline had a bend 
diameter (D) to pipe bore (d) ratio of 24: 1. 

Air Supply 

The arrangement of the air supply to the conveying plant is shown in Fig. 
2. A reciprocating compressor was used for this work, driven by a 37 kW 
motor. The compressor was capable of delivering about 0.11 kg/s (200 
ft /min) of free air at a pressure of about seven bar gauge. The 
compressed air was cooled by means of an air blast after cooler. The air 
supply pressure could be controlled by means of a pressure reducing valve 
situated immediately before the air supply split to blow tank and 
conveying line. 

Instrumentation 

Air mass flow rates were recorded by means of calibrated choked flow 
nozzles. These were positioned in the air supply lines to the blow tank 
and conveying line as shown in Fig. 2 (Ref. 1). The total air flow rate 
used for conveying the product in the pipeline was the sum of the 
fluidising and supplementary air flow rates. The product mass flow rates 
were obtained from the load cells on which the receiving hopper was 
mounted. Three load cells were used. The combined electrical output 
signal was fed to a recording instrument and integrated with respect to 
time to give product flow rate. 

The air supply pressure immediately before the product pick-up point in 
the supplementary air supply line was recorded, and with the discharge 
being into the receiving hopper at atmospheric pressure, the conveying 
line pressure drop was obtained. 

operation and Control 

The only control available on the blow tank was that over the air supply. 
There were, however, eight different sizes of choked flow nozzle which 

could be used on both the blow tank fluidising line and the supplementary 
air supply line. This allowed a maximum of sixty four different 
combinations of the ratio of the air supply to the blow tank to the total 
air supply to be used. Many of the nozzle combinations would require air 
flow rates which are too high for the compressor, or give air flow rates 
which are too low for the product. Others result in excessively high 
product flow rates, and hence high conveying line pressure drops. With 
such a large potential number of combinations, however, it is always 
possible to fine a sufficient number which tan be used in order to 
identify the conveying limits for most of the products, and to test the 
product extensively over its range of conveyability. 
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The actual value of the total air supply could be varied over a wide range 
for any choked flow nozzle combination by varying the air supply pressure. 
This was achieved by adjustment of the pressure reducing valve. By 
varying the air supply pressure and changing the choked flow nozzles, a 
very wide range of conveying conditions could be obtained. There was, 
however, no way in which these could be pre-set to give the desired 
product flow rates for a test run (in advance of the conveying 
characteristics being obtained). There was also no valve at the outlet 
from the blow tank prior to the conveying line. At the start of each run, 
therefore, the nozzles were chosen and the air supply pressure was set, 
and conveying commenced when the blow tank vent line to the receiving 
hopper was closed. 

The blow tank pressure soon-'built up to a' steady operating pressure and, 
steady conveying conditions prevailed over a reasonable part of the 
conveying cycle, even in tests at very high product flow rates. For each 
conveying run the load cell reading (and hence product flow rate), and the 
supplementary air supply pressure (and hence conveying line pressure drop) 
were recorded continuously with respect to time. 

EXPERIMENTAL PLAN 

Since it was not possible to convey at a given product flow rate, or at a 
set conveying line pressure drop, two of the nozzles and an air supply 
pressure were selected and the product was conveyed. The recordings which 
were taken during each test run enabled the product mass flow rate to be 
evaluated. Experience obtained in handling the products in the conveying 
system led to a number of such tests being carried out. In order to 
establish the conveying limits with the products, tests were carried out 
with as many nozzle combinations and over as wide a range of conveying 
conditions as possible. 

ANANLYSIS OF DATA 

Presentation of Results 

The results for the five products tested are shown in graphical form in 
terms of conveying characteristics for each product (Figs. 4-9). If two 
variables are chosen for the x- and y- axes of the graph, the test results 
for a third variable can be plotted. The values are appropriately rounded 
for convenience with the decimal point indicating the actual location of 
the test results. Lines of constant value can then be drawn through the 
data to provide a family of curves. 

In Fig. 4 conveying line pressure drop results have been plotted on a 
graph of product mass flow rate against air mass flow rate. The pressure 
drop, of course, is a primary variable in the problem, for this is a 
limitation imposed by the compressor used. Air mass flow rate is also one 
of the major variables, and conveying air velocity can be evaluated from 
it. Lines of constant conveying line pressure drop have been drawn 
through the data points to provide a family of curves. This allows 
prediction of the product throughput knowing the conveying line pressure 
drop and the total air consumption on a mass basis. (It should be noted 
that this is for a given pipeline but scaling techniques can be used over 
a limited range to give reliable predictions for alternative pipelines). 
The results in this form are known as the conveying characteristics and 
provide a powerful and concise analysis of the conveying potential of the 
product. 
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Convevine limitations 

Apart from the lower limit of zero for the product mass flow rate, there 
are three other limitations on the plot in Fig. 4. The first is the limit 
on the right hand side of the plot which is imposed by the volumetric 
capacity of the compressor used. The air mass flow rate of 0.11 kg/s 
gives a free air velocity of about 42 m/s which for most pneumatic 
conveying systems is near the upper limit. This upper limit is partly 
influenced by the problems of product degradation and bend erosion in the 
conveying line, but is mainly due to the adverse effect on conveying line 
pressure drop and the consequent reduction in product mass flow rate. 

The second limit is that at the top of the graph. For a long pipeline 
this limit will be set by the pressure capability of the compressor used. 
With this relatively short pipeline, however, the limit was set by the 
discharge capability of the blow tank in the case of the Cement and 
Barytes and by the conveying pipeline limitation due to velocity and 
pressure in the case of the other three products. (The pipeline 
limitation will be discussed later in this paper). 

The third limit is that on the left hand side of the graph and this 
represents the minimum conditions for successful pneumatic conveying with 
the product. The lines actually terminate and conveying is not possible 
in the area to the left at lower air mass flow rates. Any attempt to 
convey with a lower air mass flow rate would result in a blockage of the 
pipeline. 

Minimum Conveying Conditions 

Due to the compressibility of air, the conveying air velocity will vary 
with pressure along the pipeline. It is for this reason that air mass 
flow rate is chosen as the variable for the X-axis for the conveying 
characteristics. However, whilst it is useful to be able to eliminate the 
effect of variation in velocity for the purpose of producing such 
characteristics, ignoring the fact can be disastrous. In many respects it 
is the conveying velocity that determines the minimum conveying 
conditions. However, due to the fact that it is very difficult to obtain 
the actual velocity of the air or the solids especially in sliding-bed 
type flows at any given point along the pipeline, correlation work usually 
uses superficial air velocity based on the cross-sectional area of the 
pipeline. This is common practice and therefore future reference to 
velocity in this paper will mean superficial air velocity. 

Determination of minimum conveying conditions is achieved by producing a 
graph of conveying line inlet air velocity against phase density. An 
example is shown in Fig. 10. The spread of results was obtained because a 
wide range of conveying conditions was required for the characteristics to 
be drawn. A curve representing possible minimum conditions can be drawn. 
The exact position of the curve which represents the minimum conveying 
conditions is rather difficult to locate. If the pipeline is blocked no 
experimental data can be obtained although it is often possible to 
estimate the approximate position from tests which "precede it. In 
general, however, it is often possible to deduce that conveying conditions 
in a particular test are near to the minimum condition from the unstable 
nature of the flow indicated by erratic pressure fluctuations in the 
pipeline. 
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PRODUCT CHARACTERISATION 

It has long been established that material properties of a product to be 
conveyed must influence the conveyability of the product. However, there 
has been very little work done in the past to specifically quantify the 
effect of various material characteristics, be they bulk or particle 
characteristics, on the conveyability of the product. Many papers refer 
qualitatively to the effect that various product properties give an 
indication as to the suitability or otherwise of a product to be 
pneumatically conveyed. 

Since pneumatic conveying involves the transport of particulate solids in 
air, it is probable that the most likely correlation between conveying 
characteristics and material properties is to be found from bench tests 
that involve significant product-air interaction. Fluidisation in its 
various forms provide the necessary techniques. 

The two properties which have been identified as most useful for the 
purposes of determining conveyability are the permeability of a product to 
air (or the conveying fluid) and the ability of a product to retain air. 
The permeability characteristic of a product is measured in terms of a 
'permeability factor'; the absolute value of which is of little 
significance but the relative value compared with other products is of 
great use. The air retention properties of the material are measured in 
terms of a 'Vibrated De-aeration Constant' which involves a method of 
measuring air retention in a much quicker way that the established 
methods. The absolute values are, again, of no real value, it is the 
comparison with other products which provides useful information. 

A summary of product characteristics is given in Table 1. The salient 
features of each product are given in terms of their size and densities as 
well as the other properties already mentioned. 

DISCUSSION OF RESULTS 

Product Characteristics and Conveying Mode 

It is widely accepted that most products can be pneumatically conveyed in 
suspension flow. There may be many reasons why it is not practicable such 
as degradation, bend erosion or problems with feeding or collecting, but 
if only the pipeline is considered most products can be conveyed. 
However, in many cases it is desirable that products be conveyed at lower 
velocity in a non-suspension mode of flow. It would, therefore, be useful 
if some assessment could be made as to the potential of a product to be 
conveyed in a non-suspension mode of flow. 

In general terms, a product will remain in suspension flow whilst the 
velocity remains sufficient. A value of around 15 m/s is normally 
considered the minimum velocity which is consistent with suspension flow. 
For many products, pipeline blockage is the result if the conveying line 
air velocity is allowed to drop below this nominal figure. The probable 
reason for blockage is an inability on the part of the product to be 
conveyed in a non-suspension flow regime. Therefore, if one wishes to 
evaluate the potential of a product to be conveyed in such a mode, one 
must identify which material characteristics are responsible for the 
ability or otherwise of a product to be conveyed in a non-suspension mode 
of flow. There are many modes of non-suspension flow but they can be 
grouped into two major flow regimes: sliding-bed type flow and plug or 
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slug type flow (Ref. 2). In this work tests were carried out at 
velocities down to about 3 m/s and is therefore restricted to sliding-bed 
type flow regimes. For the rest of the paper, non-suspension flow will be 
referred to as 'dense phase'. 

Minimum Conveying Velocity 

The graph in Fig. 11 shows the velocity limitations for the various 
products tested. The axes are the same as those used for the conveying 
characteristics. It Is noticeable that the zircon sand has a very high 
minimum velocity indicating that it will not convey in dense phase. The 
cement and barytes will convey with ease at low velocities and the minimum 
velocities indicated were imposed by the limitations of the test facility 
and not by line blockage. It is possible therefore that they will convey 
at even lower velocities. The iron powder did block the pipeline at a 
minimum velocity of about 4 m/s. 

Effect of Air Retention Properties on Minimum Conveying Velocity 

The graph in Fig. 12 shows the relationship between minimum conveying 
velocity and the vibrated de-aeration constant. An increase in the 
vibrated de-aeration constant indicates a reduction in the air retention 
capability. Therefore, the better the product retains air the lower the 
minimum conveying velocity. Products that exhibit good air retention 
properties are the most likely candidates for dense phase conveying. 

Effect of Permeability on Minimum Conveying Velocity 

The graph in Fig. 13 shows the relationship between minimum conveying 
velocity and air permeability factor. An increase in the permeability of 
the product indicates an increase in the minimum conveying velocity. This 
result seems to be complementary to that of air retention since it seems 
reasonable to suggest that an increase in permeability would result in a 
reduction in air retention qualities. However, when the permeability 
becomes very low the trend is reversed and the minimum conveying velocity 
increases once more. The reason for the reversal is probably due to the 
particularly high bulk density of the copper ore and the iron powder. The 
copper ore has a particularly wide size distribution which combined with 
its high bulk density gives a predictably low permeability. However, the 
high bulk density also produces a poor air retention capability. In the 
case of the iron powder the size range is much smaller and produces a 
similar but much reduced effect. It is interesting to note that the 
effect of the high bulk density is noticeable but does not affect the 
validity of the correlation. 

The experimental data used to evaluate the vibrated de-aeration constant 
is quite independent of the data obtained from fluidisation. Therefore, 
the cross correlation of the trends provides support to the validity of 
the results. 

Product Characteristics and Conveying Performance 

The correlation described so far gives an indication as to whether or not 
a product can be conveyed in dense phase. From a small sample of 
material, simple tests can be undertaken to determine the permeability 
factor and vibrated de-aeration constant which provide this indication. 

304 



The graph in Fig. 14 shows a comparison of products. Lines of constant 
conveying line pressure drop of 1.6 bar for each of the products have been 
plotted on a standard set of axes of product mass flow rate against air 
mass flow rate. It can be seen that for different products, variation in 
product throughput occurs for constant air mass flow rate and conveying 
line pressure drop. To analyse the effect of the product properties on 
the variation in throughput, values of product throughput have been 
plotted against various product properties for a fixed conveying line 
pressure drop and various air mass flow rates. The three air mass flow 
rates are marked by the vertical lines on Fig. 14. The graphs plotted in 
Figs. 15-16 use phase density, or solids loading ratio, rather than 
product mass flow rate. Phase density is the mass ratio of product to 
air. 

Effect of Air Retention Properties on Conveying Performance 

A very easily obtained indication of the likely air retention capabilities 
of a product can be obtained from the 'poured' and 'tapped' bulk densities 
of a product. The 'degree of compaction' or the 'percentage increase in 
bulk density' gives a good indication of the level of throughput. The 
graph of phase density against percentage increase in bulk density (Fig. 
15) shows three curves, one for each air mass flow rate. The curves 
indicate a general increase in phase density and hence throughput for a 
given pressure drop and air mass flow rate as the degree of compaction 
increases. 

The graph in Fig. 16 shows the relationship between phase density and 
vibrated de-aeration constant for the same three air mass flow rates and 
constant conveying line pressure drop as in Fig. 14. The curves indicate 
a general increase in throughput for the given conditions as the vibrated 
de-aeration constant decreases. A decrease in vibrated de-aeration 

constant indicates an increase in air retention capability. Therefore, in 
general an increase in the air retention properties of the product 
produces an enhanced product throughput for a constant set of conditions. 

Effect of Permeability on Conveying Performance 

The permeability factor has an inverse relationship to the air retention 
properties. In general, good air retention is accompanied by poor air 
permeability. Hence, it is no surprise to find that a decrease in 

permeability factor will increase the phase density achieved for a given 
set of conditions. The graph in Fig. 17 shows three curves representing 
three different air mass flow rates. 

However, if the permeability factor is very low, which is the case with 
the two particularly high density products, then the trend is reversed and 
the phase density reduces as the permeability factor is further reduced 
for given conditions. This tends to indicate that there is a range of 
values of permeability factor over which optimum conveying performance is 
achieved. 

CONCLUSIONS 

The conveyability of a product can be predicted by analysing a small 
sample of material to determine the product-air characteristics in terms 
of air retention and air permeability properties. Products that exhibit 
good air retention properties are the most likely candidates for dense 
phase conveying. Products that have these qualities can be conveyed at 
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relatively low velocities. Products that exhibit relatively poor air 
permeability characteristics are also good candidates for dense phase 
conveying. 

Products which have particularly high bulk (or particle) densities will 
have very low air permeability characteristics. However, the high bulk 
densities have an adverse effect on air rtention properties resulting in a 
possible increase in minimum conveying velocity. 

Having established the ability of a product to be conveyed in dense phase 
the same data will predict the likely level of product throughput or phase 
density. 

However. unlike the analysis to determine mode of flow, the absolute 
values of phase density are specific to the conveying line used in the 
test but the inforation provides a relative measure of the likely 
conveying performance and over limited ranges the data could be scaled. 

As is the case when determining conveying mode,. the effect of high bulk 
density is to reduce the air retention properties of the product. 
Therefore, the likely level of throughput for a particular set of 
conditions is likely to be lower than might otherwise be the case. 
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THE SELECTION OF BLOW TANK FEEDING ARRANGEMENT FOR PNEUMATIC CONVEYING 

by 

HC JONES, D HILLS AND JS MASON 
Themes Polytechnic 

London, 
UK 

SUMMARY 

Slow tank systems are widely used In industry for the pneumatic conveying 
of bulk materials. This is because of the ease of control and the fact that, 
as there are no moving parts, erosion and degradation are minimised. Both 
top and bottom discharge configurations are used in industry but the 
choice of configuration is largely based on convenience rather than the 
merits of configuration performance. To date, very little information has 
been published regarding comparisons of blow tank performance in the top 
and bottom discharge modes. The work reported in this paper presents a 
direct comparison between top and bottom discharge performance in terms of 
feeding capability for given constant conditions. The work was carried 
out on a pilot scale facility using a blow tank that could be arranged in 
both top and bottom discharge configuration with minimum changes in 
pipeline geometry. Slow tank charactristics are presented for various 
materials in both top and bottom discharge modes. 

THE CONVEYING. PLANT 

The conveying plant used was basically a batch type system with the product being discharged from 
the blow tank and conveyed through the pipeline into a receiving hopper. The product was then 
dropped through double valves back into the blow tank for recirculation. A diagrammatic layout of 
the conveying plant and pipeline is shown in Figs. 1 to 3. Fig. 4 shows the arrangement of the 
blow tank in both top and bottom discharge modes. 

Top Discharge Blow Tank Arrangement 

The supply air to the blow tank entered through a plenum chamber under the fluidising membrane. 
This both fluidised the poduct and pressurised the blow tank. The supplementary air entered the 
system via a swept 'T' in the discharge pipe as close as possible to the top of the blow tank. 
There was no valve in the discharge line in this configuration. 

Bottom Discharge Blow Tank Arrangement 

The top discharge blow tank was transformed into a bottom discharge blow tank by producing a 
fabrication that could be bolted directly on to the bottom flange of the blow tank replacing the 
fluidisation membrane and plenum chamber. The discharge pipe used in the top discharge mode was 
blocked off. The supply air to the blow tank enters the tank via a fluidising annulus. A 
discharge valve at the base of the blow tank allows the blow tank to be pressurised or part 
pressurised before conveying began. Since a discharge valve was not available for the blow tank in 
the top discharge mode, this discharge valve was not used in bottom discharge operation. The 
supplementary air entered the pipeline just downstream of the discharge valve. 

In general, the conveying line geometry was the same for both top and bottom discharge. Slight 
differences occur due to the position of the discharge pipes for top and bottom discharge modes. 
These differences are shown in Fig. 4. 
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THE AIR SUPPLY 

Three compressors were available each capable of 0.095 a /s (202 ftI/min) of 'free air' at a 
pressure of 6.9 bar (100 lbs/sq. In. ) gauge. A diagrammatic layout of the air supply from the 
compressors to the conveying plant is shown in Fig. 2. For this work, only one compressor was 
required sine* a 53 mm bore pipeline was used and this represents a free air velocity of 42 m/s. 
Part of the air was directed to the blow tank and the rest was directed to the supplementary air 
line. The control of the air supply was by use of a pressure reducing valve to control the 
upstream pressure and critical flow nozzles placed in the two air supply lines. 

INSTRUMENTATION 

Five variables were measured. These were both air mass flowrates, product mass flowrate. pipeline 
pressure drop and blow tank'pressure. The air mass flowrates were measured by using critical flow 
nozzles. The advantage of using this device is that since it relies on the air flow being choked 
(i. e. the velocity at the throat is sonic), then for a fixed upstream pressure the air mass 
flowrate is constant over a wide range of downstream pressures and the effects of pulsations are 
avoided. The control of the air mass flowrate through a particular nozzle was achieved by 
altering the upstream pressure. Operation with pressure ratios of up to 0.9 is possible with good 
convergent-divergent nozzles. The nozzles were positioned in the air supply lines to the blow 
tank and the conveying line as shown in Fig. 2. The total a! r mass flowrate for conveying the 
product through the pipeline is the sum of the blow tank and supplementary air mass flowrates. 

The air supply pressure was measured immediately before the product pick-up point in the 
supplementary air supply line and was recorded. With the discharge being into the receiving 
hopper at atmospheric pressure, the conveying line pressure drop was obtained. The blow tank 
pressure was measured directly. 

PRODUCTS TESTED 

Three products have been used covering a range of poduct types. Most of the work concentrates on 
the pulverised fuel ash (PTA) because it can be conveyed over a wide range of conveying conditions 
with ease. It can be conveyed at velocities as low as 3 to 4 m/s and at phase densities in excess 
of 100. 

The other products tested were polyethylene pellets and a fine sand. These products exhibit quite 
different characteristics to the PTA. Polyethylene pellets are a nearly mono-sized granular 
product which is capable of being conveyed at lower velocities and sand is a product with no dense 
phase capability in a conventional system and is therefore limited to suspension flow. The 
salient features of the three products are given below. 

PRODUCT MEDIAN PARTICLE BULK 
PARTICLE DENSITY DENSITY 
SIZE (mean) (As Poured) 

m kg/m kg/m. 

PFA 42 2446 979 

Pellets 4000 960 570 

Sand 70 2700 1250 
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EXPERIMENTAL TECHNIOUES 

The only control over the blow tank, and hence the conveying line was achieved by controlling the 
total air mass flowrate and the proportion of the total air mass flowrate going to the blow tank. 
the proportion of air to the blow tank is known as the 'Blow Tank Air Ratio' (STAR). The STAR was 
controlled by the appropriate selection of critical flow nozzles for use in the air lines to the 
blow tank and conveying line. 

To start conveying, the STAR and the total air mass flowrate were set. The blow tank vent line 
(Fig. 1) was then closed and the blow tank began to pressurise. Since the discharge valve was not 
used when conveying in the bottom discharge configuration, the procedures used for the top and 
bottom discharge conveying trials were identical. When steady state conditions were reached the 
pressures and product mass flowrate were recorded over a reasonable time period, typically 2 to 3 
minutes. The data recorded on one pass provides a single point on the conveying characteristics 
and on the blow tank characteristics. The data from 30 to 40 runs for each configuration was 
plotted on graphs of product mass flovrate against total air mass flovrate as shown in Figs. S and 
6. Lines of constant STAR and constant conveying line pressure drop could then be drawn on the 
respective graphs, as shown. 

CONVEYING LIMITATIONS 

Tests were carried out over as wide a range of conveying conditions as could be achieved with the 
product and the plant. Maximum air flow rates were dictated by the capability of the air mover, 
but with conveying velocities of up to 42 m/s, the normal range of operation is adequately 
covered. Maximum product flow rates are set when 100% of the air is directed to the blow tank, as 
shown in Fig. 6. The minimum value of air flow rate, or conveying velocity, is dependent upon the 
capability of the product. In the case of PTA it is clearly capable of being conveyed in dense 

phase, with values of phase density up to about 120. 

In Fig. 7 the data from the top discharge teats is presented on a plot of conveying line inlet air 
velocity against phase density. A line drawn below the data represents the probable minimum 
conveying air velocity relationship for the product. Conveying line pressure drop depends upon 
the pipeline length. phase density and the product flow rate and so Is limited by other parameters 
than feeding capability. 

ANALYSIS OF EXPERIMENTAL RESULTS 

The experimental data obtained can best be illustrated on four graphs. These graphs are presented 
in Figs. 8 to 11 and show the conveying pipeline characteristics and the blow tank characteristics 
for the PTA in both top and bottom discharge modes. Initially it Is-useful to look at the general 
conveying characteristics in both top and bottom discharge configurations. 

The conveying characteristics for both top and bottom discharge modes are shown in Figs. 8 and 9. 
It is noticeable immediately that in top discharge the conveying characteristics cover a greater 
range of conveying conditions than in bottom discharge configuration. This is particularly the 
case in the low air mass flovrate - high product flovrate area of the characteristics. However, 
If the two sets of characteristics are superimposed it can be seen that the characteristics for 
the bottom discharge mode are the same as those for the top discharge configuration but with the 
boundaries restricted. This 1s not surprising since the shape of the constant pressure lines on 
the pipeline conveying characteristics should be independent of the type of feeding device. 
However, the boundaries to the characteristics may well be determined by the feeding device if the 
device cannot feed at the maximum rate that the pipeline can accommodate. 

To compare the feeding capability of the blow tank in top and bottom discharge configurations it 
is necessary to compare the two sets of blow tank characteristics. Figs. 10 and 11 show the blow 
tank characteristics for the two configurations. The curves represent lines of constant STAR. 
These two graphs show clearly that the blow tank characteristics for top and bottom discharge 
configurations are quite different. A much higher discharge rate is clearly achieved with the top 
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discharge arrangement than with the bottom discharge configuration. A graph showing a comparison 
of the performance of top and bottom discharge modes is shown in Fig. 12. This shows the 502 and 
100% STAR lines for top and bottom discharge configurations. If one considers an air mass 
flowrate of 0.10 kg/s and compares the discharge rate in top and bottom discharge modes for a STAR 
of 100% then the rate for bottom discharge is 11 tonnes/h and for top discharge is 24 tonnes/h. 
This represents a ratio of 2.2: 1 in discharge rates. If a STAR of 502 is considered for the same 
conditions the ratio is 2: 1. It is obvious from both the conveying and blow tank characteristics 
that for dense phase operation. the choice of blow tank configuration could be critical. If the 
bottom discharge blow tank had been selected to feed the pipeline used for this test work in an 
operational situation the blow tank would not be able to achieve a discharge rate that would be 
compatible with the optimum performance of the pipeline. 

The conveying characteristics for Rigidex (polyethylene pellets) and sand are shown in Figs. 13 
and 14. In both cases, the shape of the constant pressure characteristics were the some for top 
and bottom discharge modes. However, unlike the PFA, the conveying boundaries remained the aase 
for both configurations. Figs. 15 to 18 show the blow tank characteristics for the two products 
in both top and bottom discharge modes. It can be seen that while there is some difference 
between the two sets of characteristics for the sand the difference between the two sets of 
characteristics for the Rigidex is minimal. 

DISCUSSION 

The question now arises as to why there is such a variation in blow tank discharge rates for the 
two different configurations. The problem is that there are too many unknowns in the problem at 
present. An extensive programme of experimental work would need to be undertaken and is outside 
the scope of this paper. However there are a few points that can be discussed. 

The physical properties of the product being conveyed will influence the discharge rate. Jones, 
at at (Ref. 1) have reported that for products that will convey in dense phase the discharge rate 
increases as the air retention properties increase and the air permeability decreases. Waghorn 
and Mason (Ref. 2) report that for a given product, the discharge rate can be increased by 
fluidising the product. Both of these papers refer to top discharge blow tank configurations. 
Since the fundamental concxpts of pns'utatic conveying lie with thR *fr/product interaction, and 
the fluidisation of products is shown to affect discharge rates, perhaps one should consider the 
introduction of air to the blow tank in both configurations. 

If one considers the top discharge blow tank (Fig. 4) the design of the blow tank is conventional. 
It is extremely common for the air to enter the blow tank through a fluidising membrane. The 
vertical position of the discharge pipe relative to the fluidising membrane is critical. Weghorn 
and Mason (Ref. 2) found the optimum position to be about 40 Ma above the membrane. Introduction 
of the air to a top discharge blow tank at any other position is most uncommon. 

If one considers the top discharge blow tank (Fig. 4) the design of the blow tank is conventional. 
It is extremely common for the air to enter the blow tank through a fluidising membrane. The 
vertical position of the discharge pipe relative to the fluidising membrane is critical. Waghorn 
and Mason (Ref. 2) found the optimum position to be about 40 mm above the membrane. Introduction 
of the air to a top discharge blow tank at any other position is most uncommon. 

If one considers the introduction of air to the bottom discharge blow tank configuration there is 
scope for variation. The design used for this test work is fairly common with the air being 
introduced via a fluidising annulus. Mainwaring (Ref. 3) carried out some tests on varying the 
position of introduction of the air to a bottom discharge blow tank. He introduced the air in 
three different positions; directly into the top of the blow tank using a diffuser plate, through 
a fluidising ring similar in position to the fluidising annulus and a blow-through arrangement at 
the bottom of the blow tank. The result of these tests showed no significant difference in 
discharge rates with change in position of air introduction. This implies that the fluidising 
ring was not very effective at fluidising the product in the blow tank. 
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Although the fluidising annulus, used for this test work, is a different design to the fluidising 
ring. used by Mainwaring it is unlikely that It would be significantly better although there is no 
hard evidence one way or the other. The question remains an to the effectiveness of fluidising 
the product using an annulus compared with using a membrane. The answer is unclear but it is 
probable that the fluidising membrane is significantly more effective. This may be partly 
responsible for the higher discharge rates experienced with the top discharge configuration. 

The obvious next stage would be to fit the bottom discharge blow tank with a fluidising cone In 
the lower region funneling the product towards the discharge point and Into the pipeline. This 
should have the effect of improving the fluidisation of the product in the bottom discharge 
configuration. If a significant increase in discharge rates is achieved then It would be 
reasonable to assume that effective fluidisation improves blow tank performance. 

Other products have been tested in both top and bottom discharge configurations. In particular 
Rigidex (polyethylene pellets) and fine sand. The fine sand is a product which exhibits average 
air retention properties and average air permeability properties. From the work in Ref. 4 it was 
shown that products in this category are unlikely to be candidates for dense phase conveying. 
This is confirmed by the apparent reluctance for the sane to be conveyed below around 15 m/s. 
Therefore, the limitation imposed on the conveying characteristics for sand shown in Fig. 13 is a 
pipeline imposed limitation and not a limit imposed by the blow tank. If one compares the blow 
tank characteristics for sand in both top and bottom discharge modes (Figs. 15 and 16) it can be 
seen that a much lower STAR is required in the top discharge configuration to achieve the same 
product throughput than is required in the bottom discharge mode. 

The polyethylene pellets are relatively large mono-sized particles and hence have virtually no air 
retentive properties at all. The product is also extremely permeable to air. If the superior 
performance of the top discharge configuration is due to effective fluidisation. then the 
performance of the two configurations with polyethylene pellets would be expected to be the same. 
Figs. 17 and 1S confirm this. The blow tank characteristics for polyethylene pellets in both 
configurations are essentially the same. 

CONCLUSIONS 

The blow tank characteristics for the top and bottom discharge configuration for a product 
exhibiting good aeration properties show a marked difference in discharge rate for the same fixed 
STAR and air mass flowrate. This is significant since a product displaying good aeration 
properties is a likely candidate for dense phase conveying. 

The most likely reason for the variation in discharge rates in top and bottöm discharge 

configurations is probably due to the lack of effective fluidisation in the bottom discharge mode. 
However, there is little experimental evidence to support this conclusion at present, although it 
is known that progressive fluidisation in a top discharge blow tank configuration enhances the 
discharge rate. A further extensive programme of work would be necessary to prove or disprove 
this hypothesis. 

The significance of the variation in discharge rates for the two configurations becomes apparent 
when designing a system. Products that are likely to be conveyed in dense phase are the very 
products that show a significant difference in discharge rate in conventional top and bottom 
discharge blow tank configurations. This means that it is possible to design a system using a 
bottom discharge blow tank that is not capable of conveying at the intended rate due to the 
limitations imposed by the blow tank. 

Although the bottom discharge blow tank severely restricts the feeding capability of the pipeline, 
little difference was observed in the product conveying characteristics. Thus, apart from the 
conveying limit imposed, there is no significant difference in the pressure, and hence energy, 
required to convey a product through a pipeline at a given product flow rate and phase density, 
whether the pipeline is fed by a bottom or top discharge blow tank. 
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It is probable that if the product could be fluidised as effectively in the bottom discharge 
configuration as it appears to be in the top discharge mode, then the throughput for given 
conditions may be little different. However, there are inherent differences in the designs which 
have not been explored in this paper but which may have a more subtle effect on performance. 
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