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SUMMARY 

Pneumatic conveying is being selected for an increasing number of industrial 

applications and products and is playing a more vital and integral role in the 

transportation of solid materials such as plastic pellets, grain and chemicals. However, 

despite all the minimum conveying velocity research (one of the operating boundaries 

for pneumatic conveying) that has been undertaken for several decades, the wide 

scatter and contradictions in the predictions of the minimum conveying velocity for 

dilute phase pneumatic conveying exist yet, determination of the operating boundaries 

for pneumatic conveying (mainly maximum conveying velocity for dense phase and 

minimum conveying velocity for dilute phase) still has been one of the most important 

tasks to be solved for the design, optimising and upgrade of pneumatic conveying 

systems as a consequence of that the mechanisms involved in the formation of 

boundaries between dilute-phase and dense-phase pneumatic conveying through a 

horizontal pipeline have not been well explored. 

Saltation velocity was investigated initially in this thesis and then the emphasis was 

placed on the transition between dilute-phase and dense-phase. With careful 

observations, it is found that pneumatic conveying of granular solid materials through 

a horizontal pipeline can exhibit five different flow modes (as the air velocity is 

decreased): fully suspended flow; strand flow; stable or unstable strand flow over a 

stationary layer for low solid mass flow rates; stable or unstable strand flow over a 

slowly moving bed for high solid mass flow rates; low-velocity slug-flow. The 

pressure fluctuations within the unstable zone result from the flow mode alternation 
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between a strand flow over a stationary layer (or slowly moving bed) and slug flow 

starting at the inlet due to a decrease in air velocity. The first slug moves quickly at a 

relatively high velocity and picks up a relatively thick stationary layer in front of it but 

only deposits a small amount of the material behind it. The increase in slug length and 

large increase in pressure cause severe pressure fluctuations and pipeline vibrations. 

Two different flow modes may exist simultaneously in the conveying pipeline: strand 

flow over a stationary layer or slowly moving bed near the feed point followed by the 

dilute-phase (suspension) flow of particles. For the latter, material erodes away from 

the end of the stationary layer or slowly moving bed and is conveyed in the form of 

small dunes (or pulsating strand flow). 

Based on the mass balance, force balance, momentum balance and the unstable flow 

forming mechanism, a theoretical three-layer model for the prediction of the transition 

zone boundaries has been established. With stability analysis, the boundaries of the 

transition zone in the state diagram have been identified, and have been found to agree 

very well with experimental data. According to the model established, the discussion 

on the influence of design parameters of particle and bulk properties of the material 

being conveyed and pipe wall properties on boundaries in the state diagram has been 

conducted. 

The discussion on the operating boundaries for pneumatic conveying of granular 

materials has been extended to conveying of powder materials and a principle for 

classification of granular materials and powder materials, which have different flow 

mode in PCC, has been proposed. 

The research also has been carried out on the pressure drop prediction for pneumatic 

conveying of granular materials in the form of low-velocity slug-flow in order to have 
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a perfect PCC state diagram. A new approach for the direct measurement of stress 

transmission factor has been developed in this thesis. The effect of the weight of the 

granular material in the slug on pressure drop is taken in account according to the 

experimental test results. The model for pressure drop prediction also includes a 

modified equation for the frontal force of the moving slug - allowing for momentum 

balance of accelerating particles and the additional force from the stationary layer to 

resist the movement. The modelling predictions agree very well with test results 

obtained on poly pellets conveyed through 98 mm and 60.3 mm ID horizontal stainless 

steel pipelines, each 21 m in length. 
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an Axial stress at front of slug caused by momentum balance of stationary layer. 

Pa 

X Shear stress, N m" 

0 Section of pipe cross-sectional area not occupied by strand and stationary bed 

(t)s Static internal friction angle, ° 

(t)w Wall friction angle, ° 

(0 Angle defined by Equation 10.1.3 



Chapter 1: Introduction 

CHAPTER 1: INTRODUCTION 



Chapter 1: Introduction 

1.1 Features of Pneumatic Conveying of Solid Materials 

Pneumatic conveying involves the transportation of a wide range of powdered and 

granular solid materials in an air stream within and/or among bulk solids handling or 

processing operating units. In recent decades, pneumatic conveying has been selected 

for an increasing number of industrial applications and products and plays a more vital 

and integral role in the transportation of materials such as flour, catalysts, granular 

chemicals, lime, soda, plastic pellets, coal, wheat and com. 

The main features that make pneumatic conveying of solid materials attractive to 

industries are: 

(i) Isolation from the environment. Products can be kept separate without 

polluting the environment and being contaminated by products (e.g. hot 

catalyst can be transported pneumatically between reactor and regenerator 

within the hydrocarbon re-forming operating unit). 

(ii) Rexibility of layout. Materials can be transported vertically and horizontally by 

the addition of a bend in the pipeline (especially important for limited head 

room). Also, materials can be distributed to, and picked up, from different areas 

in the plant (e.g. fly ash from several combustors within a power station can be 

transported pneumatically through one conveying pipeline to a fly ash 

collecting location). 

(iii) Security. A pipeline can be used to transport high-value products (e.g. those in 

a diamond recovery plant). 

(iv) Ease of control and automation. 
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(v) Low installation, maintenance and manpower cost. 

(vi) Greater capacity. Solid products such as pulverised coal, cement and com can 

be transported efficienUy at large conveying rates (e.g. 100 to 400 t/h). 

Offset against the advantages, there are some disadvantages for pneumatic conveying 

such as: 

(i) Relatively high power consumption. Pneumatic conveying is not economical 

for conveying solid materials over long distances compared with that by 

vehicle on the road. The optimal range is a few hundred metres. 

(ii) Wear and tear of the equipment. 

(iii) Damage to products. This may occur during conveying even with proper and 

optimal design. 

(iv) High levels of skills to design, operate and maintain a system. Because of the 

complexity of flow behaviour during the conveying, experienced and 

competent staff must be on hand. 

1.2 Modes of Pneumatic Conveying 

Pneumatic conveying exhibits different performance and flow patterns for different 

particle properties and operating conditions. The most acceptable classification so far 

is based on the average particle concentration in the pipeline and is separated into two 

categories: dilute-phase pneumatic conveying and dense-phase pneumatic conveying. 

Dilute-phase pneumatic conveying generally employs a large amount of gas and the 

gas stream carries the materials as discrete particles by means of lift and drag forces 
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acting on individual particles. With a high gas velocity, particles are uniformly 

distributed over the pipe cross-section and this state is referted to as a fully suspended 

flow. As the gas velocity decreases, a segregation of particle concentration occurs 

across the cross-section of the conveying pipeline and a strand flow occurs with high 

solids concentration on the lower part and suspended flow on upper part of the cross-

section of the pipeline. Dilute-phase pneumatic conveying systems are very common 

in industry and in many applications can produce a wide range of problems such as 

excessive system erosion and/or product damage due to the relatively high velocities 

required for transport, and excessive power consumption due to high air flows 

especially for coarse and/or heavy particles. 

Dense-phase pneumatic conveying generally employs less gas and is attractive because 

of the potential for high capacities within smaller diameter pipelines, less breakage of 

products, less wear on the pipeline systems, lower overall energy consumption and 

smaller dust-separating requirements. Dense-phase pneumatic conveying has three 

main forms according to the particle and pipeline properties. They are: 

(i) Low-velocity slug-flow (LVSF) of free-flowing granular bulk solids (e.g. 

plastic granules, grain, beans, wheat, rice). 

(ii) Fluidised dense-phase (FDP) conveying of powder materials that can fluidise 

well and retain aeration (e.g. cement, fly ash, skim milk powder, carbon fmes, 

pulverised coal) 

(iii) Low-velocity plug-flow (LVPF) of more cohesive and/or sticky solid materials 

(e.g. full-cream milk powder, instant coffee powder, drinking chocolate). 
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13 Transition between Dilute-Phase and Dense-Phase Pneumatic Conveying 

In conveying granular materials, there is a transition regime between dilute-phase and 

dense-phase located between Boundary B and D in the state diagram shown in Figure 

1.3.1. A strand flow over a stationary layer or a slowly moving bed and sometimes 

violent long slug flow with strong pressure fluctuations have been observed when 

operation is in the transition regime. For powder materials there is also a transition 

regime in the state diagram, where the gas-solids flow exhibits the form of a strand 

flow over a stationary layer or a direct transformation from dilute-phase pneumatic 

conveying to dense-phase pneumatic conveying is achieved. For some conveying 

conditions, the transition flow does not occupy the whole conveying pipeline and 

usually it takes place near the inlet of the conveying pipeline with a flow mode of a 

strand over a stationary layer or slowly moving bed of certain length and strand flow 

afterwards. In such a situation for the conveying of granular materials, strand flow in 

the form of pulsating or moving dune flow will appear. 

PMCrpressure minimum curve 

Air Mass Flow Rate 

Figure 1.3.1 Pneumatic conveying characteristics for granular products. 

Usually the unstable zone is located at the left side within the transition zone and 

operation in the unstable zone, which may result in severe pipeline vibrations and 
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pressure fluctuations even pipeline blockage, should be avoided. The transition zone 

between dilute-phase and dense-phase is also considered as the most important region 

in the state diagram and considerable effort has been made over several decades to 

identify the boundaries of transition zone for two reasons. Firstiy, during dense-phase 

or dilute-phase, lower pressure drop can be achieved if operation is close to the 

transition zone in the state diagram. Secondly, blockage or instability or even failure in 

conveying may take place in the transition region. 

Many investigations into pneumatic conveying have been connected with the transition 

between dilute-phase and dense-phase. Minimum conveying velocity for dilute-phase 

pneumatic conveying, which can be also considered as the upper boundary of the 

unstable or transition zone, is one of the major parameters required for the 

design/optimisation of pneumatic conveying systems and has been a popular or weU-

researched topic for several decades. The existing procedures to predict the minimum 

conveying velocity still contain numerous flaws, limitations and contradictions [109, 

110] and this situation can be attributed to that the fact that research on the minimum, 

conveying velocity has not considered the mechanism of the formation of the unstable 

zone and the single-particle concept has been believed to be fundamental to a study on 

saltation velocity. On the other hand, the lower boundary of the transition zone that is 

also considered as the maximum conveying velocity of dense-phase pneumatic 

conveying has never been researched. 

The transition behaviours between dilute-phase and dense-phase pneumatic conveying 

also can be considered as one of the criteria to classify the different modes of 

pneumatic conveying. The classification of bulk solid materials for different modes of 

pneumatic conveying has been made in order to determine the connection between 
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flow modes and the properties of solid materials [17, 27, 41, 80]. However, the 

classification of solid materials proposed by many researchers based on the solid 

properties of fluidisation is not generally applicable as the gravity force acting on the 

moving particle is in different directions for horizontal pneumatic conveying and 

fluidised bed. 

Since the precise mechanism by which dense-phase pneumatic conveying transforms 

to dilute-phase conveying has never been well understood, such a situation will limit 

the further application of pneumatic conveying to industries. 

1.4 Thesis Objectives 

One part of the task in the design of a pneumatic conveying system is to establish 

models for predicting overall pressure drop across the conveying pipeline reliably and 

accurately. This can be based on conveying test results from a pilot plant or a series of 

simple tests on the properties of the solid materials and pipeline wall surface. The other 

part of the task is to determine the conveying operating region in the state diagram so 

that pneumatic conveying of solid materials can be conducted steadily and pressure 

fluctuations or pipeline blockage can be avoided. So far, industrial design still relies 

mainly on past experience and the problem of scaling-up laboratory data is still 

significant. 

Since the complexity of the mechanism involved in the formation of the transition 

regime in the state diagram and the particle properties play an important role for the 

different characteristics of the transition performance of gas-solids two-phase flow, 

plastic pellets were selected as the testing particles for the purpose of alleviating the 

influence of particle properties on the flow behaviour in the transition regime and 

simplifying parameters for model establishment. The ultimate objective of this 
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research is to explore the mechanism involved in the formation of the unstable zone for 

pneumatic conveying of granular materials and establish a model for the prediction of 

the boundaries of the transition zone. Further, a new approach is required to establish 

for the prediction of pipeline pressure for low-velocity slug -flow pneumatic conveying 

of granular materials so as to provide a reliable and accurate design strategy and 

method for dense-phase pneumatic conveying of granular materials. 

To achieve the ultimate goal of this research, work has been concentrated on the 

following aspects: 

(i) Evaluating existing correlations for the upper boundary of the transition zone 

or minimum conveying velocity for dilute-phase pneumatic conveying. 

(ii) Experimentally investigating the influence of feeding device, pipe diameter and 

materials, particle properties on saltation velocity 

(iii) Exploring the mechanism involving the formation of the unstable zone 

investigating the flow behaviour of plastic pellets in the unstable zone and. 

(iv) Establishing a physical model to describe the observed three-layered flow 

structure of gas-solid flow in the transition regime based on mass balance, force 

balance and momentum balance. 

(v) Carrying out stability analysis of the three-layered flow structure and 

explaining the formation of the unstable flow and corresponding critical 

conditions, together with explaining the relationship between the different 

boundary lines in the state diagram. 
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(vi) Discussing the influence of particle properties and pipeline properties on the 

unstable zone for pneumatic conveying of granular materials based on the 

model established. 

(vii) Extending the application of the model to powder materials and discussing the 

transition regime in the state diagram for powder materials. Trying to 

determine the main parameters to identify granular materials and powder 

materials that have different transition boundaries in the state diagram. 

(viii) Developing a test rig for the measurement of the stress transmission coefficient 

and measuring this coefficient for plastic pellets. 

(ix) Developing a test rig for the measurement of the sliding friction coefficient and 

measuring this coefficient for plastic pellets and the actual conveying pipelines. 

(x) Establishing a model for the prediction of pipeline pressure for low-velocity 

slug -flow pneumatic conveying of plastic pellets. 

(xi) Combining the boundary model and pressure drop model to provide full 

information about the unstable boundary in die state diagram and comparing 

the predictions between models and the experimental results. 

(xii) Further discussing the influence of particle properties, operating conditions and 

pipeline properties on the transition flow performance between dilute-phase 

and dense-phase pneumatic conveying. 

(xiii) Developing a design model for the dense-phase pneumatic conveying of 

granular materials and providing a framework of computer program for 

calculating the boundaries and pressure. 
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As the research strategy, saltation velocity was investigated initially and mainly by 

experimental approach. Theoretical approach to explore saltation velocity was not 

going smoothly because of the lack of an understanding of mechanistic complexities 

involved in pneumatic conveying of solid materials within the transition zone at the 

primary stage. Hence the emphasis was then placed on exploration to the transition 

zone and the dense-phase pneumatic conveying. As it is impossible for all the research 

on this topic to be fully explored in one thesis, some problems related to this research 

topic may only be addressed to a certain depth and fiirther research to solve such 

problems is suggested later. 

1.5 Definitions for Some Basic Concepts 

Before addressing the research topic in the detail, it is necessary to defme some basic 

concepts. 

Suspension Flow: this refers to solid-air flow in a dilute condition. The particle density 

or concentration across the whole suspension flov/ region in the cross-section seems 

even. Suspension flow can occupy the whole pipe cross-section or just the upper part 

of the pipe cross-sectional area. 

Strand and Strand Flow: strand refers to solids moving with a variation in particle 

concentration that is higher than suspension flow. It can occur on the bottom of a 

conveying pipeline or a stationary layer or a slowly moving bed with suspension flow 

above it. The voidage of the strand is higher than that of bulk materials and tends to be 

equal to that of bulk materials as its condition approaches the unstable zone Boundary 

B shown in Figure 1.3.1. Strand flow consists of a moving strand and a suspension 

flow over the strand in a horizontal pipeline. Balling or duning can be considered as 

kinds of discrete strand flow. 
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Dilute-Phase Pneumatic Conveying: this refers to that air-solid flow in the form of 

suspension flow only or suspension flow and strand flow together. 

Dense-Phase Pneumatic Conveying: this refers to air-solid flow in a form of 

congregation of particles occupying the whole or at least the upper part of the cross-

sectional area of pipeline. The difference from the moving bed is that the moving bed 

usually exists on the bottom of the pipeline. 

Low-Velocity Slug-Row (horizontal): this refers to particles moving in the form of 

slug. Particle velocity in the slug is the same and the moving slug occupying the whole 

cross-sectional area of the pipeline will pick up the stationary layer in front of it and 

deposit a certain amount of particles behind it, determined by slug velocity. 

Slowly Moving Bed: this represents solid materials with a voidage similar to a loose-

poured condition on the bottom of the pipeline moving with very low velocity driven 

by the shear force from the strand flow above it. All particles contacting each other in 

the moving bed have the same velocity both in value and direction. The moving bed 

and stationary layer can be changed into each other according the shear force from the 

strand flow. 

Stationary Layer: this refers to solid materials depositing on the bottom of the pipeline 

and usually under a strand. Its voidage is equal to that of loose-poured bulk materials. 

The thickness of the stationary layer varies with the conveying condition. 

Unstable Flow Zone: this represents operation in the region of the state diagram where 

in a horizontal pipeline the flow mode alternates between long violent slug flow and 

strand flow over a stationary layer or slowly moving bed on the bottom of the pipeline. 
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Transition Row Zone: this refers to operation in a horizontal pipeline where the flow 

mode can be either strand flow over a stationary layer or slowly moving bed on the 

bottom of pipeline or alternation between long violent slug flow and strand flow over a 

stationary layer or slowly moving bed on the bottom of the pipeline. 
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CHAPTER 2: REVIEW OF RESEARCH TO DETERMINE 
OPERATING BOUNDARIES FOR PNEUMATIC 

CONVEYING 
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2.1 Introduction 

Determination of the operating boundaries for pneumatic conveying has been a popular 

research topic for some decades. Most attention however, has been paid to the 

determination of the minimum convejong velocity for dilute-phase pneumatic 

conveying while little interest has been shown in the lower boundary of the unstable 

zone or the maximum conveying velocity for dense phase pneumatic conveying. Since 

it is desirable to operate dilute-phase pneumatic conveying systems reliably with 

velocities close to the boundary in order to minimise energy consumption, pipeline 

wear and particle degradation, considerable effort has been made to determine the 

minimum conveying velocity accurately and reliably for a wide range of products and 

system characteristics. 

For example, numerous dieoretical and/or empirical correlations for the prediction of 

m,inimum. conveying velocity have been developed.over the past few decades [42, 83, 

110, i l l ] . These correlations have been developed by different researchers around the 

world and are based on different bulk solid materials, test rigs conveying 

conditions/techniques and measurement principles. However, the mechanism for the 

formation of the unstable zone has never been really considered. To provide guidance 

on the "best" of these correlations, some interesting statistical comparisons also have 

been carried out [42, 83]. However, when applied to several industrial systems and 

large-scale test rigs, even the "best" cortelations have been found to contain numerous 

flaws and limitations and they also display unexpected and contradictory results, 

especially for larger G ,̂ larger D and/or smaller d [110, 111]. 

To gain a better appreciation and understanding of these discrepancies and 

contradictions, it is important to appreciate the different flow modes that can occur in 
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conventional pipelines and also the various definitions of minimum conveying velocity 

used by researchers, to evaluate and compare the recommended correlations, the 

influence of particle properties, pipeline configurations and conveying conditions at 

minimum conveying velocity. 

2.2 General Forms of Pneumatic Conveying 

Numerous bulk solid materials with dramatically different particle properties (e.g. size, 

size distribution, shape and density) are transported pneumatically in conventional 

pipeline systems. For powders and granules, two general forms of conveying 

characteristic are observed, and these are described in detail below. 

2.2.1 Smooth Transition from Dilute-Phase to Dense-Phase 

This flow mode usually occurs for powder materials (e.g. flyash, cement and 

pulverised coal). A typical set of pneumatic conveying characteristics (PCC) for solid 

materials of this kind "Is shown in Figure 2.2.1. 

PMC: pressure minimum curve 
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Figure 2.2.1 General form of pneumatic conveying characteristics for fine powders. 
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For a high and constant solid mass flow rate, when the air mass flow rate is decreased 

from high to low, the pressure drop also decreases and reaches a minimum value. The 

region to the right of this pressure minimum point in the PCC usually is referred to as 

dilute-phase pneumatic conveying. As the air mass flow rate is decreased further, the 

pressure drop usually increases. This region in the PCC is generally called dense-phase 

pneumatic conveying. The locus of pressure minima is referted to as the pressure 

minimum curve (PMC) and is often used to define minimum conveying velocity for 

dilute-phase. Actually, operating at the minimum conveying velocity for dilute-phase 

for fine powder materials does not mean that further reductions in gas velocity will 

induce unstable operation or pipeline blockage. 

When conveying with a solid mass flow rate reducing to certain value, suspension 

and/or a strand flow over a stationary layer will be observed when the air mass flow 

rate is in between dilute-phase and dense phase in PCC (This will be further discussed 

in Chapter Six). For light powder materials such as flyash, the solids mass flow rate 

must be very low to allow the stationary layer to form on the bottom of the conveying 

pipeline and such low solids mass flow rate normally will not be selected for system 

operation. It was observed during PVC conveying tests that for a certain solids mass 

flow rate, the transition from dilute-phase to dense-phase may involve moving large 

amounts of stationary material on the bottom of the conveying pipeline and hence 

unstable flow with violent pressure fluctuation in the transition zone will take place. 

For relatively heavy powder materials such as PVC, the stationary layer on the bottom 

of the conveying pipeline will form with relatively high solids mass flow rate. The 

minimum conveying velocity for such powder materials still has significance and 

should be taken into account in the design of pneumatic conveying systems because a 

smooth transition can not be achieved between dilute-phase and dense-phase. 
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2.2.2 Dilute-Phase, Unstable-Zone and Dense-Phase 

This flow mode characteristic usually occurs for granular products (e.g., plastic pellets, 

wheat and rice). Figure 1.3.1 shows a typical set of pneumatic conveying 

characteristics for this flow mode. In dilute-phase with high air velocity, the particles 

are distributed evenly over the entire cross section of the pipe. When conveying takes 

place along a line of constant solid mass flow rate in the direction of decreasing air 

mass flow rate, the pressure decreases gradually and the air-solid two-phase flow 

exhibits the suspension of particles over a strand. With lower air mass flow rates, some 

particles will drop out of the strand and form a stationary layer or a slowly moving bed 

along the bottom of pipeline from the inlet of the conveying pipeline. Here, most of the 

material is transported in the form of a strand over a stationary layer or a slowly 

moving bed, or in the form of small clusters or dunes along the conveying pipeline 

where the stationary layer or slowly moving bed has not been achieved. With further 

decrease in air mass flow rate, the air-solid flow will be in the form of a strand over a 

stationary layer or a slowly moving bed that can extend to end of relatively short 

conveying pipelines. If the air mass flow rate is lowered even further, the air-solid flow 

will be in the form of unstable flow with pressure fluctuations. If die air mass flow rate 

is reduced further, the particles will be conveyed gentiy and in the form of slugs. The 

state diagram or conveying characteristics for granular materials is shown in Figure 

1.3.1 and consists of three boundary lines A, B and C and two other line PMC and D. 

Line A represents the minimum air mass flow rate to convey granular materials in the 

form of low-velocity slug flow with a given solids mass flow rate. Line B depicts the 

maximum air mass flow rate for conveying granular materials in the form of low-

velocity slug-flow. Line C represents the maximum air mass flow rate for conveying 

granular materials in the form of unstable flow with violent pressure fluctuations. Line 



Chapter 2: Reviews Research to Determine Operating Boundaries for Pneumatic Conveying 18 

D delineates the points at which particles begin to deposit from a strand or suspension 

along the bottom of the pipeline. 

2.3 Review of Existing Minimum Conveying Velocity Correlations 

Numerous theoretical and empirical correlations have been developed for the 

prediction of saltation or minimum conveying velocity for dilute-phase pneumatic 

conveying. In this section, eleven well-known cortelations are presented with their 

minimum velocity defmition and experimental conditions, such as test materials and 

pipelines. 

Zenz [116] conducted experiments with pipelines of 31.75 mm and 63.5 mm inner 

diameter. The test materials used were rice krispies, glass beads, sand, salt, cracking 

catalyst, soybeans and tenite with different ranges in size. The effect of particle size 

distribution was the main focus of his work and a special constant, SA was used to 

characterise the influence of particle size and size distribution. The air velocity 

required to carty solids at a certain loading without allowing them to settle in any 

horizontal pipe runs is defmed as the minimum conveying velocity corresponding to 

the line D in Figure 1.3.1. Zenz proposed the following correlation to calculate the 

minimum conveying velocity. 

- ^ = 0.2135.'-^ •(C/.-l7.o)/f/.o (2.3.1) 
pp 

Where S^ and Uso are determined graphically [116]. 

Rose and Duckworth [89, 90, 91] investigated the minimum conveying velocity with a 

pipeline of 32 mm diameter. The test materials were mustard seed, glass bead, steel 

bead and lead bead. The minimum conveying velocity was defmed as the air velocity 
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at which particles setUed out of suspension and the flow became unstable. The 

cortelation developed for minimum conveying velocity was: 

U -^^.l-imT-i-
Ut ^ ^ [dp 

0.6 

AJ 
\^' frj .2\ U min 

0.25 

[g'D j 
(2.3.2) 

Duckworth [19] conducted further experiments looking at the influence of particle and 

fluid properties and inclination of pipe on the minimum conveying velocity with 

pipelines of 12.7 mm and 25.4 mm diameter. The test materials were glass, mustard 

seed and polystyrene. The minimum conveying condition corresponding to line C in 

Figure 1.3.1 was determined by visual observation and noting the onset of violent 

oscillations of static pressure. The developed correlation for the minimum conveying 

velocity was: 

Ur 

U. 
• = f l 

fd, nmur (2.3.3) 

Where fi 
fdp_ 

~D 
and f 2(8] are determined graphically [19]. 

Rizk [86, 87, 88] carried out experiments on minimum conveying velocity using 

pipelines of 50 mm, 100 mm, 200 mm and 400 mm diameter. Styropor and polystyrol 

were used as the test materials. The minimum pressure drop curve corresponding to 

line PMC in Figure 1.3.1 was considered as the boundary between "safe" steady flow 

and a region of stationary particles. The cortelation of the minimum conveying 

velocity was: 
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m = 
10' 

•Frr (2.3.4) 

Where 5 = 1.44 dp + 1.96, x = 1.1 dp -h 2.5 and dp in mm. 

Matsumoto [61, 62] investigated the minimum conveying velocity with pipelines of 26 

mm and 49 mm diameter, using glass bead, copper bead and polystyrene as the test 

materials. The velocity at which the pressure drop reached a minimum value was 

defined as the saltation velocity corresponding to line PMC in Figure 1.3.1 [61], while 

the minimum conveying velocity was defined as the velocity at which material began 

to settle out on the bottom of pipeline and a stationary bed was formed corresponding 

to line D in Figure 1.3.1 [62]: 

Saltation velocity [60]: 

( n \°-= ( 
m = 0.448-

Ut 
-1.75 

Pij (lo^'F^j (^OJTD ^ 
.(-

.3.0 

Ui 
(2.3.5) 

Minimum conveying velocity [61]: 

r n V °* ( 

m = 0.373- Pi 
lAJ 

-3.70 s3.61 

U, 

loVT^J [loVT^^ 
u (2.3.6) 

In the later paper [62], the influence of particle size on minimum conveying velocity 

was also investigated and separate expressions for fme and coarse bulk solid materials 

were achieved: 

(n.X"''' 
For dp>l.39D-

pP 

iPf ) 
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m '=0 .373 . HP U, 
y3 ,70 X 

^P/j (loVg^J [loV^^ 
Us \ 3,61 

(2.3.7) 

For dp<1.39D 

-0.74 

m* = 556 iiTi Ui V 

iioVT^J 
(2.3.8) 

Wirth [104, 105, 106] defined the minimum conveying velocity as that prevailing at 

the appearance of the fu-st plug (slug) corresponding to line C in Figure 1.3.1. The 

pipelines used in his experiments were 10 mm and 40 mm in diameter. The test 

materials were silica sand, glass bead and polystyrene. The correlation for calculating 

the minimum conveying velocity was: 

A 
P P ( 1 . 0 - £ ) 

m*=0.018Fn' (2.3.9) 

Where Fn = 
Uf 

'A_^l_£)D.g.f. 
lA 

Schade [92] investigated minimum conveying velocity in a wide range of pipe 

diameters (D = 50, 60, 80, 100, 120 and 150 mm) and the test materials used in the 

experiments were granule, sand, styropor, rubber and polystyrol. Capacitive plates 

built into the wall of the pipes were used to measure the deposition of material at the 

bottom of the pipeline. The definition of the minimum conveying velocity in Schade's 

work was the air velocity at which the particle velocity became zero and should be 

located between line B and D in Figure 1.3.1. Hence, the value of Schade's critical 
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velocity is lower than a practical minimum conveying velocity (i.e. if particle 

deposition is to be avoided). Schade's cortelation was: 

f / i 

Vr^ 
= {mT' A 

lAj 
(2.3.10) 

Weber's correlation for minimum conveying velocity [102] was presented without 

verification and without reference to pipe and material details: 

-1 
For Uj < 3 m s 

Fr min — (7.|.).(.T{fr (2.3.11) 

For Ut • 3 m s 

trveiiei = 15lm ) - — 
vO.l 

(2.3.12) 

Geldart [26] conducted experiments on minimum conveying velocity with high gas 

pressures (up to 82.5 bar) and the pipelines were 9.19 mm and 12.52 mm in diameter. 

The test material was fine coal with average particle sizes of 8, 18 and 26 pm. The 

minimum conveying velocity was obtained by setting a pressure differential between 

the feeder and receiver and measuring the solids flow rate at different gas velocities. 

The minimum conveying velocity defined by Geldart cortesponds to line PMC in 

Figure 2.2.1. The expressions were: 

For — >4700 
D 



Chapter 2: Reviews Research to Determine Operating Boundaries for Pneumatic Conveying 23 

L/^n = 1.5Gs°''' • D-°-°' ri°''^ pr°-'' (2.3.13) 

For — < 4700 
D 

Um,n = 8.7Gs°'°^ • D°''' ri°'' • pr°-'' (2.3.14) 

Ochi [72, 73] conducted experiments on minimum conveying velocity with pipelines 

of 40 mm, 50 mm and 60 mm diameter. The test materials used in the experiments 

were wheat, rape seed and polyethylene pellets. The minimum conveying velocity was 

defmed as the limiting fluid velocity at which conveying is possible in a state in which 

particles are not stagnant on the bottom of wall of the pipe, corresponding to the line D 

in Figure 1.3.1 The expression of minimum conveying velocity was: 

Umin = 1.41K-Utcos9r-Vsin9r+B (2.3.15) 

where K and B are model constants and 9r is the angle of repose obtained from the 

gradient angle method using a cylinder. 

Cabrejos and Klinzing [9] investigated minimum conveying velocity for a wide range 

of parameters using a pipeline of 50 mm diameter. The test materials used in the 

experiments were alumina, glass beads and polyester polymers. The definition for 

minimum conveying velocity was the air velocity at which the particles start to drop 

out of suspension and settie on the bottom of the pipe. The expression for the 

minimum conveying velocity was: 

^ = ̂ H ^ + 0.00224fP^]" 
7g • dp Vg • dp I P' , 

-(m*r (2.3.16) 
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where U^ is single particle saltation velocity and was found experimentally to be 2.5 

m s for alumina, 2.8 m s for glass bead and 3.2 m s for polyester polymers. 

2.4 Correlation Trends and Comparisons 

The values and trends of minimum conveying velocity, which are calculated by the 

correlations mentioned above based on the "common" particle density of 1000kg/m^ 

air temperature of 20 °C and air pressure of 101 KPa abs except it is stated, are 

discussed and compared graphically in this sub-chapter. 

2.4.1 Effect of Particle Diameter 

The effect of particle diameter on the minimum conveying velocity of dilute-phase 

pneumatic conveying is shown in Figure 2.4.1. For a small pipe diam.eter, low solid 

mass flow rate and large particle diameter (e.g., dp > 0.5 mm), as shown in the left side 

of Figure 2.4.1, the minimum conveying velocities for all correlations show almost the 

same trend of decreasing for decreasing particle size. For finer particles (dp < 0.5 mm), 

the influence of particle diameter on the minimum conveying velocity is complicated, 

and three different trends can be seen (ie minimum conveying velocity decreasing, 

increasing or almost constant). With the differences in properties, different fine 

particles may display different trends experimentally and hence, existing correlations 

are not considered reliable enough for the prediction of trends for fine particles. The 

right side of Figure 2.4.1 shows the trends of different correlations of minimum 

conveying velocity for the conditions of large pipe bore and high solids mass flow rate 

per unit area. The deviations in minimum conveying velocity shown on the right side 

in Figure 2.4.1 are greater than those on left side and the three trend "categories" are 

far more pronounced. 
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Particle diameter ( mm) Particle diameter ( mm) 

Fig. 2.4.1 Minimum conveying velocity with respect to particle diameter 
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Fig. 2.4.2 Minimum conveying velocity with respect to particle density 

2.4.2 Effect of Particle Density 

The predicted results of the minimum conveying velocities of the eleven correlations 

with respect to the variation in particle density are shown in Figure 2.4.2. The 

predicted minimum conveying velocities generally display the trend of increasing with 

increasing particle density. It is found that the scatter on the left side of Figure 2.4.2 is 
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minimal at around a density of 1000 kg m"3 and this can be attributed to the fact that 

most particles tested had a density of about 1000 kg m'^ (such as plastic pellets). For a 

large pipe diameter and high solid mass flux, the predictions of minimum conveying 

velocity from the eleven cortelations are rather more scattered as the results of less 

experimental data support. However the trends of the predictions from the eleven 

correlations are similar under the influence of particle density (i.e. velocity increasing 

with density). 

2.4.3 Effect of Pipe Diameter 

The minimum conveying velocities predicted by the eleven correlations mentioned 

above always increase as the pipe diameter increases as shown in Figure 2.4.3. 
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Fig. 2.4.3 Minimum conveying velocity with respect to pipe diameter 

Because most of these correlations were based on test results obtained on pipe bores 

from 25 mm to 100 mm, the predictions of minimum conveying velocity agree fairiy 

well in this region. The predictions of minimum conveying velocity for finer particles 

and higher solid mass flux are more complicated and scattered as shown on the right 

side of Figure 2.4.3. 
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Fig. 2.4.4 Minimum conveying velocity with respect to soHd mass flow rate 

2.4.4 Effect of Solid Mass Flux 

The influence of solid mass flow rate per unit area on the minimum conveying velocity 

of dilute-phase pneumatic conveying is quite easy to confirm by experiment. This 

results in the predictions of the eleven correlations that display the same trend, even 

though wide scatter still exists in the value of velocity as shown in Figiire 2.4.4. The 

deviations can be attiibuted to: the different definitions of the minimum conveying 

velocity used by the different correlations, subjectivity of the researchers and the 

structure of the experimental rigs. For finer particles and larger pipe bore, the 

predictions of minimum conveying velocity show similar trends but with much greater 

scatter as shown on the right side in Figure 2.4.4. Chapter Four describes later that for 

the conveying of granular materials, there are different flow modes for high solids 

mass flow rate and low solids mass flow rate, and that the flow in the unstable zone 

involves two different mechanisms. For powder materials with high solids mass flow 

rate, normally there is no obvious and sharp change in conveying pressure gradient as 
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the pneumatic conveying transfers from dilute-phase to dense-phase. Since 

investigations conducted previously have never addressed the mechanism involved in 

the formation of the unstable zone in the state diagram, correlations for minimum 

conveying velocity for dilute-phase pneumatic conveying so far have not included any 

suggestion of it [109, 110]. 
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Fig. 2.4.5 Minimum conveying velocity with respect to fluid density 

2.4.5 Effect of Fluid Density 

The gas used in most pneumatic conveying systems is air. As sometimes other gases 

with different fluid densities and viscosities are used for pneumatic conveying, it is 

necessary to consider the influence of fluid properties on predictions of the minimum 

conveying velocity. Also, gas pressure and density can vary considerably from high 

positive values for pneumatic conveying of solid materials over a long distance to 

exti-emely low vacuums for some very special pneumatic conveying situations. The 

trends of predicted minimum conveying velocities generally show a decrease in 

velocity with increasing gas density, as shown in Figure 2.4.5. The deviations of the 

predictions from the eleven correlations become less when the gas density is similar to 
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that of atmospheric conditions (for D=50 mm) and much greater when the gas density 

is reduced to a vacuum condition. As the results of most of the correlations lack the 

support from experiment data in vacuum conditions, predictions of existing 

cortelations are not reliable for conveying systems design for the pneumatic conveying 

conducted in vacuum conditions, especially for fine powders and large pipe bores. 
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Fig. 2.4.6 Minimum conveying velocity with respect to fluid viscosity 

2.4.6 Effect of Fluid Viscosity 

In most of the eleven correlations for minimum conveying velocity of dilute-phase 

pneumatic conveying, fluid viscosity is not formally considered as one of the key 

parameters. The relationship between fluid viscosity and minimum conveying velocity 

mainly exists in the equations for single particle terminal velocity. This is a very 

popular and important parameter in the correlations for dilute-phase pneumatic 

conveying minimum conveying velocity predictions. The contradictions in the trends 

of minimum conveying velocity with respect to fluid viscosity are shown cleariy in 

Figure 2.4.6. While the fluid viscosity is increased from lO'^ to lO'^ Pas, there are 

three basic trends: velocity increasing, decreasing or changing very little. Since the 
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viscosity of the fluid (usually air) does not vary with pressure (and is considered as a 

constant), it has seldom been taken into account directiy when correlations have been 

established. From fluid dynamics theory, the drag force acting on the particles 

increases as the fluid viscosity increases. As a result, the minimum conveying velocity 

for dilute-phase pneumatic conveying should decrease as the fluid viscosity increases. 
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Fig. 2.4.7 Minimum conveying velocity with respect to fluid temperature 

2.4.7 Effect of Gas Temperature 

In many cases, solid materials conveyed through the pipeline system are at 

temperatures different from the external environment but will fmally be equal to 

temperatures in the environment as the result of heat transfer between them, especially 

if the conveying pipelines are long enough. Some processes such as cooling, heating 

and drying may be coupled with the pneumatic conveying process, so that the 

temperature may change as the result of heat transfer. Hence the effect of gas 

temperature on the minimum conveying velocity for dilute-phase pneumatic conveying 

must be considered. Temperature affects fluid properties such as density and viscosity 

and they directly influence the flow behaviour of gas and solid particles in the pipe. 
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Considering an increase in gas temperature, the density decreases and viscosity 

increases for constant pressure. In Figure 2.4.7, it can be seen that as the gas 

temperature is increased from -50 °C to + 220 °C, abnost all the minimum conveying 

velocities predicted by the eleven cortelations increase except that of Rose, but the 

extent of increase is very limited. 

2.5 Summary 

Despite minimum conveying velocity research being undertaken for several decades, 

the wide scatter and contradictions in the predictions trends demonstrated in this 

chapter show that more effort still is in this area. The mechanisms involved in the 

formation of unstable flow for different solid materials with different particle 

properties (and different operating conditions) in the transition between dilute-phase 

and dense-phase have not been well explored. Hence, different definitions of minimum 

conveying velocity have been used by the researchers and all the correlations have not 

been related to the various mechanisms displaced by different powder and granular 

materials for the formation of unstable flow. The approach of modifying single particle 

flow behaviour to simulate the pneumatic conveying of solid materials though a 

pipeline so far has not produced reasonable predictions of the minimum conveying 

velocity. Direct application of some concepts for a particle flow in the vertical 

direction to air-solid flow in horizontal direction resulted in confusion during research 

on minimum conveying velocity. Also the testing rigs and procedures used by all 

researchers are different and can have an influence on the results. 

Notwithstanding the corresponding doubts associated with these models, some clear 

trends can be seen (namely, minimum conveying velocity increasing with Ĝ , and D). 

However, significant research still is needed before any model predictions can be used 
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directly in the design or optimisation of pneumatic conveying systems. Test work 

should be carried out in a pilot plant to verify design and operating parameters. 
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CHAPTER 3: PNEUMATIC CONVEYING TESTING 
FACILITY AND PROCEDURE 
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3.1 Introduction 

Even though pneumatic conveying tests have been conducted and repeated through 

different conveying pipelines for a wide variety of particle properties, pipeline 

configurations and operating conditions and numerous PCC are available from the 

literature, agreement among individual researchers still can not be achieved. It is 

believed that the conveying test facility is one of the important aspects attributing to 

such a situation of investigation and understanding for the pneumatic conveying of 

solid materials. Many considerations have been taken into account in the design of the 

conveying system to ensure the experimental approach works properly and avoid 

problems such as the air mass flow rate not being maintained constant during the 

conveying test when the pressure drop across the conveying pipeline is fluctuating, the 

feeding rate not being kept steady during the conveying tests, the influence of the air 

(e.g. air temperature, humidity of the air, oil contained in the air). 

3.2 General Arrangement of the Pneumatic Conveying Test Rig 

The pneumatic conveying testing system was designed and established for the purpose 

of testing air-solid flow activities covering both dense-phase and dilute-phase 

pneumatic conveying regions in the state diagram. It was designed to provide visual 

observation and all necessary operating information, such as pressure gradient along 

the conveying pipeline, solids mass flow rate, air mass flow rate, particles retained in 

the pipeline, and primarily consisted of five components: feeding system, conveying 

pipeline, receiving system, air supply and a data acquisition system. A schematic 

layout of the testing system is shown in Figure 3.2.1. 
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3.2.1 Feeding system 

The feeding system performed the function of feeding the solid materials from 

atmospheric pressure into high pressure accurately and steadily during the tests. 

Related measurements included the feeding rate of solids and air leakage from the 

rotary valve. The system consisted of a feeding bin, a filter / orifice plate, load cells 

and a rotary valve feeder. 
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Figure 3.2.1 Schematic layout of testing rig 

* Feeding bin. The feeding bin comprised a conical mass-flow hopper. It's holding 

capacity was approximately 0.665 m^ The bin was mounted with four shear-beam 

load cells used to monitor the mass of material entering the conveying pipeline. 

Filter / orifice plate, hiitially a filter was located on top of the feeding bin, however 

due to the white plastic pellets producing very little dust there was no need for it. 
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Also a modification was required to allow recording of rotary valve air leakage and 

this was carried out by removing the filter and placing a Ud on the top of the feed 

bin with an orifice plate mounted on it. Air lost through the rotary valve discharged 

to the atmosphere via this orifice plate and the differential pressure across it was 

recorded for the measurement of rotary valve leakage. 

• Feeding rotary valve - the valve was a Waeschle ZGR 250 rotary valve, with a 

swept volume of 8 litres per rev and ten separate pockets. Two of the main rotary 

valve functions were to minimise the loss of pressured air to atmosphere and 

control the feeding rate by varying the rotor speed. 

It was very important to feed the test materials into the pipeline continuously and 

evenly. To control the feeding rate, it was found that continuous and even feeding of 

the test material into the pipeline could not be achieved at low feeding rates due to the 

occurrence of product pulses and pressure fluctuations along the test pipehne. 

Also a Waeschle ZGR 320 drop-through rotary valve was used to determine the 

difference in maximum feed rate achievable and investigate the amount of air leakage 

this rotary valve produced in order to identify the influence of the structure of the 

rotary valve on the air-solid flow behaviour through the pipeline. 

3.2.3 Testing Pipeline System 

The objectives for the design of the pipeline system were to provide an experimental 

approach to address the influence of the pipe internal diameter and the pipe inner wall 

surface properties on the unstable zone boundaries and obtain visual observation of the 

air-solid flow behaviour through the horizontal pipeline. This was particularly 

important for exploring the mechanisms involved in the formation of the unstable 
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zone. The test pipelines used were horizontal, connecting the feeding shoe of the 

Waeschle rotary valve to the receiving bin. The total length of the horizontal pipeline 

was 21 m, (the distance from the first pipehne pressure tapping to the receiving bin). 

Several pipe diameters and wall materials were used for this testing. Table 3.2.1 and 

3.2.2 show the details. 

Table 3.2.1 Pipeline Specifications for Saltation 

Pipeline Material 

Mild Steel 

Glass 

Glass 

Internal Diameter, mm 

105.3 

105 

155 

Wall Thickness, mm 

4.5 

5.0 

7.5 

Table 3.2.2 Pipeline Specifications for Dense-phase 

Pipeline Material 

Stainless Steel 304 

Stainless Steel 304 

Aluminium 

Internal Diameter, mm 

60.3 

98.4 

55.8 

Wall Thickness, mm 

1.6 

1.6 

3.2 

Two short sight glasses were also present in each horizontal pipeline, at approximately 

6 and 18 m, so that observations of the flow of product from two different locations 
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could be recorded and compared. The sight glasses were of a short length to minimise 

the frictional difference between the glass and the pipeline wall materials. A number of 

pressure tappings were present along the pipeline to monitor the pressure drop along 

the conveying pipeline. 

3.2.4 Air Supply System 

The air supply system was designed to provide sufficient cooled, dried and oil-free 

pressurised air with an adjustable and stable air mass flow rate for all conveying 

experiments covering both dilute-phase and dense-phase through pipelines with 

different internal diameter. 

Air with a maximum pressure of 800 kPag was supplied from the following 

combination of rotary screw compressors: 

• Atlas Copco electrical-powered Model GA-308, 3.1m^ min"' free air delivery. 

• Ingersoll Rand diesel-powered Model P374-WP, 10.6 m^ min' free air delivery. 

• Ingersoll Rand diesel-powered Model P840-WGM, 24.1 m^ min' free air delivery. 

A wide range of air mass flow rates was provided by a combination of three rotary 

screw compressors. The pressurised air from the compressors passed through an after-

cooler, two refrigerated air dryers and two air receivers (1.74 and 6.0 m volumetric 

capacity) before entering the conveying pipeline to ensure a dry and oil-free air supply. 

The measurement of air mass flow rate during the conveying tests was obtained by 

annubars. Because of the fluctuations in air supply and downstream conveying pipeline 

pressure, a pressure regulator and sonic nozzles were used to control air mass flow 

rate. The pressure regulator ensured a stable downstream air pressure with a range 
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between 500 kPag and 300 kPag. Each sonic nozzle was manufactured to have an 

accurate internal diameter so that the air mass flow rate through a nozzle would be 

constant regardless of downstream air pressure in the conveying pipeline up to 83% of 

absolute upstream pressure. With a combination of nozzles and a certain downstream 

air pressure after the pressure regulator, a desired stable air mass flow rate for 

conveying tests was achieved. 

3.2.5 Receiving System 

The receiving system performed the functions of collecting the solid materials from the 

conveying pipeline during the conveying tests, measuring the solid receiving rate, 

separating the solid materials from the air and sending the solid materials back to the 

feeding bin. It consisted of a receiving bin, a filter, returning rotary valve and returning 

pipeline: 

• Receiving bin. Tlie receiving bin also used a conical mass-flow hopper. The total 

volum.e of the bin was approximately 0.437 m^ and it was mounted on four shear-

beam load cells to monitor the mass of material entering the receiving bin. 

• Return rotary valve. A 200 mm diameter BMH drop-through rotary valve attached 

to the base of the receiving bin was used to feed the bulk solid material from the 

receiving bin into the return line, which sent the product back to the feeding bin. 

The return pipeline was not monitored so the rotary valve speed and air mass flow 

rate were set to a condition which achieved good low-velocity slug-flow conveying 

so as to minimise product damage. 

• Return pipeline. The return pipeline was constructed with 81 mm ID mild steel. It 

consisted of one vertical rise and three bends. 
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3.2.6 Data Acquisition System 

A data acquisition system, DataTaker, combined with a PC with real-time display was 

used to record all the necessary conveying parameters such as sohds mass flow rate, 

conveying air mass flow rate and pressures along the test pipeline. These raw data 

were then analysed to produce the relevant test results. 

3.3 Conveying Test Procedures 

3.3.1 Checks 

To ensure the experiment results were accurate, a check of the test rig such as leakage 

along the pipeline as well as the working condition of the instruments was conducted 

before the commencement of the conveying. The air leakage check was carried out 

using the procedure below: 

• Block the end of the conveying pipeline with a block flange. 

• Pressurise the conveying pipeline and keep a pressure constant. 

« Drop soapy water on each tapping point and connection and observe whether 

bubbles appear. 

• If no bubbles appear, there is no leakage along the pipeline; if the bubbles do 

appear, de-pressurise the system, fix the leakage and repeat the last step. 

3.3.2 Calibration 

The load cells sensing the weight of the bin containing solid materials and the pressure 

transducers sensing the air pressure at testing points generate electrical output that a 

data acquisition system could process. The electrical output of a good sensor should 

provide a stable linear relationship between the electrical output and the actual 
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measuring quantity. However, variations in some environmental factors such as 

temperature, pressure, electric field and humidity may affect the characteristics of a 

sensor. Hence, it was necessary to calibrate the sensors periodically to ensure the 

measurements were accurate and correct. Standardised calibration procedures had been 

developed by the Centre for Bulk Solids and Particulate Technologies for load cells 

and pressure transducers. 

3.3.3.1 Load Cell Calibration 

Load cells installed under the supporters of the feeding bin or the receiving bin 

monitoring the variation in the weight of the feeding bin or receiving bin representing 

the discharging or receiving rate of solid mass of the bins. Calibration of load cells was 

carried out by feeding a given amount of solid materials into the bin and measuring the 

electrical output. The detailed procedures are as follows: 

(i) Clean the feeding bin, receiving bin and conveying pipeline and then record 

the voltage output of all load ceils. 

(ii) Load a given mass of a product (say 40 kg) into the feeding bin and then 

record the voltage output of the load cells of the feeding bin. 

(iii) Send the product from the feeding bin to receiving bin through the 

conveying pipeline and then record the voltage output of the load cells of 

the receiving bin. 

(iv) Send all products from the receiving bin to the feeding bin, add another 

given mass of the product into the feeding bin and then record the voltage 

output of the load cells of the feeding bin. 
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(v) Repeat steps (iii) and (iv) until the mass of product in the feeding bin is 

more than that for a batch test. Then a linear relationship between the 

electrical output of the load cells and the actual measuring mass of product 

is achieved. 

3.3.3.2 Pressure Transducer Calibration 

To ensure the accurate measurement of the pressures along the conveying pipeline, the 

pressure transducers used in the conveying test program were calibrated by 

maintaining a given constant pressure in the conveying pipeline and recording 

simultaneously the voltage output from the transducers. The detailed calibration 

procedures applied in the Centre for Bulk Solids and Particulate Technologies are 

summarised as follows: 

(i) Connect pressure transducers and a high accuracy pressure gauge to the 

conveying pipeline via pressure tapping. 

(ii) Clean the conveying pipeline with a high flow rate of air and block the 

two ends of conveying pipeline with blind plate. 

(iii) Open the air supply valve, blow air into the conveying pipeline until the 

pressure reaches a designated value (e.g. 40 kPag), then close the air 

supply valve. 

(iv) Record the pressure value and the voltage response of all the pressure 

transducers and the output of the pressure gauge when the air pressure 

in the conveying pipeline becomes stable. 
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(v) Repeat (iii) and (iv) until the pressure higher than that expected in the 

conveying tests is obtained. Remove the blind plates from the 

conveying pipeline. 

Hence, the calibration lines of the pressure transducers can be achieved and used for 

processing the electrical signals by a data acquisition system. 

3.4 Conveying Test Procedures 

The objective of conducting pneumatic conveying of solid particles tests is to obtain 

the pressure drop along the conveying pipeline for different air and solids mass flow 

rates and observations of the flow behaviours for different operating conditions along 

the conveying pipehne. With the databases of pressure gradient as well as observations 

of flow behaviours, the mechanisms involved in the formation of unstable zone in the 

state diagram and influence of pipeline properties, particle properties and operating 

conditions on the boundaries of the unstable zone will be explored. Normally the 

conveying tests are conducted with a constant solids mass flow rate and gradually 

decreasing air mass flow rate until the solids mass flow can not be maintained because 

air mass flow rate is too low to move so much sohd materials into the conveying 

pipeline. Hence, a curve in PCC with a constant solids mass flow rate is obtained. 

Then one should conduct the tests with a change in solids mass flow rate to have 

another a constant solids mass flow rate curve in PCC. The main procedure for the 

conveying tests is designed as follows: 

(i) Adjust the feeding rotary valve to a certain speed to have a designated 

solids mass flow rate. Conduct the conveying tests with a maximum air 

mass flow rate that is higher than at saltation condition. 
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(ii) With the same solids mass flow rate, conduct more conveying tests with 

decreasing value of air mass flow rates. The conveying tests should 

cover both dilute-phase and dense-phase until the rotary stops because 

solid materials building up inside the feeding shoe and the conveying 

pipeline blocks. 

(iii) Change the rotor speed of the feeding rotary valve, repeat steps (i) and 

(ii). 

The procedure mentioned above is for the group tests and each single conveying test 

conducted should follow the procedure below: 

(i) Load a certain amount of product, sufficient for a batch test, into the 

feeding bin. 

(ii) Adjust the speed of the feeding rotary valve to have a designated sohds 

mass flow rate. 

(iii) Select the combination of sonic nozzles and the pressure output from 

the pressure regulator to achieve a designated air mass flow rate. 

(iv) Prepare the data acquisition system to scan the required channels at a 

suitable sampling rate. 

(v) Start the data acquisition system. 

(vi) Ten seconds later, open the conveying air valve to introduce the air into 

the conveying pipeline. 
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(vii) Start the feeding rotary valve and feed the solid materials into the 

conveying pipeline. 

(vhi) After enough data has been obtained, stop the feeding rotary valve, stop 

the data acquisition system, increase the air mass flow rate to clean the 

conveying pipeline and maintain the air flow rate until the pipeline is 

clean. 

(ix) Send the solid materials from the receiving bin to the feeding bin and 

prepare for the next conveying test. 
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4.1 Introduction 

As mentioned before, saltation velocity was investigated initially and the investigation 

on saltation velocity was focused on the effect of feeding device, pipe properties and 

particle properties on the PCC. Then the emphasis of experimental work was placed 

on exploration of the transition mechanism of pneumatic conveying of granular 

materials for three reasons. Firstly, while many previous experimental tests have 

covered both dilute-phase and dense-phase pneumatic conveying, little has previously 

been published on experimental tests focused on the determination of the boundaries 

for the whole unstable zone. Secondly, in what has been published, there is a lack of 

full assessment and understanding of the accurate performance of pneumatic 

conveying of particle materials in the unstable zone or between the dense-phase and 

dilute-phase. Thirdly, saltation velocity can not solely explain the mechanism involved 

in minimum conveying velocity for dilute-phase pneumatic conveying even though it 

has been an interesting research topic for several decades. Without careful 

observations and data measurement on the conveying tests conducted in the unstable 

zone and well exploration of the mechanism for the formation of unstable flow, 

theoretical approaches are impossible to be applied to predict the boundaries of the 

unstable zone as well as the saltation velocity. 

4.2 Experimental Investigation on Saltation Velocity 

The experimental work on saltation velocity in this thesis was to install a full-scale test 

rig with different straight pipelines and feeding devices to investigate the mechanism 

of saltation and set up a good database of saltation for analysis, comparison and 

establishment of model. The physical properties of two solid materials for testing 

saltation velocity are listed in the Table 4.2.1 bellow: 
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Table 4.2.1 Physical Properties of test materials 

Material 

White Plastic Pellets 

Corvic Vinyl 

PP (kg/m-3) 

897 

1487 

pb (kg/m-^) 

507 

512 

dp (|im) 

3800" 

116" 

^Equivalent volume diameter, " Median diameter (laser particle sizer) 

4.2.1 Pneumatic Conveying Characteristic Curves 

At the stage of research on saltation velocity, conveying tests were conducted on three 

pipeline (one mild steel pipeline, ID=105 mm and two glass pipelines, II>=105 mm 

and 155 mm) and two test materials (white plastic pellets and corvic vinyl). From the 

data obtained, and ignoring rotary valve air leakage that is expected relatively low due 

to the low pressures involved, pneumatic conveying characteristic (PCC) curves were 

produced and shown as follows: 
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Figure 4.2.1 PCC for white plastic pellets, mild steel pipeline, unmodified feeding 

shoe, L=l7.2m, lD=l05mm 
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Figure 4.2.6 PCC for Corvic Vinyl powder, glass pipeline, unmodified feeding shoe, 

L=17.2m, ID=105mm 

4.2.2 Comparison of Different PCCs Obtained 

The following graphs directly compare various combinations of PCCs from different 

test pipelines and solid materials to show similarities and difference present. Direct 

comparisons can not be made between the 105 mm ID mild steel pipelines and the 105 

mm ID glass pipelines due to the total pipeline pressure being measured at a different 

point. For the mild steel pipelines the total pipeline pressure was measured at 17.2 m 

from outlet and for the glass pipelines the total pipeline pressure was measured at 

19.48 m from outlet. 

Figure 4.2.7 shows the comparison of PCCs for pneumatic conveying of white plastic 

pellets through mild steel pipelines with different feeding shoes. It can be seen that by 

varying only the feeding shoe, the 2 sets of data show a distinct difference in the 
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behaviour of conveying. For high air mass flow rates, conveying with a constant solids 

mass flow rate for both the unmodified and modified feeding shoes produces similar 

pressure drops. The pressure minimum curve for the tests using the unmodified 

feeding shoe is situated at lower mf values. The curves for the modified feeding shoe 

are quite flat around the PMC zone compared with a visible curve for the unmodified 

feeding shoe. For low air mass flow rates, both sets of data indicate a steady increase 

in pressure. 
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Figure 4.2.7 Comparison of white plastic pellets in 105mm ID mild steel pipeline 

L= 17.2m with unmodified feeding shoe and white plastic pellets in 105mm ID mild 

steel pipeline L= 17.2m with modified feeding shoe 

Figure 4.2.8 shows the comparison of PCCs for pneumatic conveying of white plastic 

pellets through glass pipelines with different feeding shoes. Again there is a visible 

difference between the two sets of data. In general, the conveying with a constant 

solids mass flow rate through the pipeline with the modified feeding shoe has higher 

pressure drops than that for pipeline with the unmodified feeding shoe. The PMC for 

the test rig with the modified feeding shoe occurs at higher air mass flow rates than 

that for the test rig with the unmodified feeding shoe. 
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Figure 4.2.9 Comparison of white plastic pellets in 105mm ID glass pipeline 

L= 19.48m with unmodified feeding shoe and corvic vinyl in 105mm ED glass pipeline 

L= 19.48m with unmodified feeding shoe 
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Figure 4.2.9 shows the comparison of conveying characteristics for white plastic 

pellets and corvic vinyl in the same pneumatic conveying system. It can clearly be seen 

that to obtain the same solids mass flow rate for the corvic vinyl, there is a significant 

increase in the pressure required and also a significantiy larger air mass flow rate. 
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Figure 4.2.10 Comparison of white plastic pellets in 105mm ID glass pipeline 

L= 19.48m with modified feeding shoe and white plastic pellets in 155mm ID glass 

pipeline L= 19.48m with modified feeding shoe 

Figure 4.2.10 shows the comparison of PCCs for white plastic pellets through a 105 

mm ID glass pipeline and a 155 mm ED glass pipeline. It is clearly visible that there is 

a large difference in pressure drops and air mass flow rate required to convey the 

product in a 155 mm ED pipeline. There was an unexpected "hump" in the curves for 

the 155 mm ID glass pipeline as shown in Figure 4.2.5 and Figure 4.2.10. Initially it 

was thought that there was an error with the data logger but on further investigation the 

"hump" was still present. The hump in pressure drop may be attributed to the 

formation of a stationary layer along the conveying pipeline after feeding shoe. As the 
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stationary bed became deeper, the effective conveying area of the pipeline reduced, 

affecting the pressure drop across the pipeline. For both the 105 mm ID glass pipeline 

and the 155 mm ID glass pipeline, the pressure tapping point was located after the first 

1.5 m glass tube. The stationary bed forming in the 105 mm pipeline was not as 

distinct, due to the feeding shoe being modified, but the stationary bed in the 155 mm 

pipeline was unavoidable even with the modified feeding shoe. The results 

demonstrate a potential problem with large-diameter pipeline conveying systems fed 

by rotary valves. 

4.2.3 Conclusions for Experimental Investigation on Saltation Velocity 

With analysis and comparison of the PCCs obtained from the conveying tests, the 

following conclusion can be achieved: 

(i) Pipeline waU properties have an effect on the location of the minimum pressure 

curve and saltation velocity in the state diagram due to the difference in wall 

friction. 

(ii) Products conveyed showed a marked difference in the location of the minimum 

pressure curve and saltation velocity in the state diagram also. For plastic pellets, 

air mass flow rate at the minimum pressure curve is higher than that of saltation 

while for corvic vinyl the situation is contrary. 

(iii) Pipe diameter effects the location of the minimum pressure curve and saltation 

velocity in the state diagram. 

(iv) Feeding structure effects the location of the minimum pressure curve and saltation 

velocity in the state diagram. 
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The experimental results of minimum conveying velocity or saltation velocity were 

compared with the predictions of eleven correlations established by different 

researchers [111] and shown in Figure 4.2.11. From Figure 4.2.11, it can be seen that 

the trends of the predictions of the different correlations are the same as that of the 

experiment, that is minimum conveying velocity increasing with solids mass flow rate. 

The differences in the prediction values can be attributed to the different definitions of 

minimum conveying velocity and the different experiment methods. 
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Figure 4.2.11. Comparison of experimental results of minimum conveying velocity for 

dilute-phase and correlation predictions 

4.3 Visual Observations of Air-Solid Flow and Unstable Flow Mechanism 

Descriptions of air-solid two-phase flow behaviours through horizontal pipeline have 

been made by many researchers in different locations around the world. But what 

largely overiooked is visual observation highlighting the flow phenomena within the 

unstable zone in the state diagram for pneumatic transportation of granular materials. 

The influence of solid mass flow rate on the flow behaviours in the unstable zone did 
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not raise enough attention from researchers. Hence it is worthwhile to carry out visual 

observation on the pneumatic transportation of plastic pellets with particle density of 

897 kg/m^, bulk density of 546 k g W and particle diameter of 4.7 mm through a 98.4 

mm internal diameter, 21m long horizontal stainless steel pipeline. For the 

convenience of making a comparison, a low and a high solids mass flow rate were 

selected and kept constant with a wide range of variation in air mass flow rate. 

4.3.1 Visual Observations of Air-Solid Two-Phase Flow through a Horizontal 
Pipeline with Low Solids Mass Flow rate 

For a conveying with a sohds mass flow rate of about 0.37 kg/s, as the air mass flow 

rate decreasing, the following flow phenomena were observed through the sight-glass 

6.0 m from the feeding point of conveying pipehne and some conveying parameters 

were also measured. Note: air leakage of die rotary valve for feeding has been allowed 

for. 

• Test 1, mf=0.189 kg/s or V=19.9 m/s; average pressure drop across the conveying 

pipehne was 1.31 kPa. Very lean flow, visible segregation of the two phases with a 

slightiy higher concentration of particles (strand flow) near the bottom of the pipe 

could be observed. 

• Test 2, mf=0.l689 kg/s or V=17.8 m/s; average pressure drop across the conveying 

pipeline was 1.21 kPa. Observations are as above and the concentration of particles 

near the bottom of the conveying pipeline increased slightiy. 

• Test 3, mf=0.156 kg/s or V=16.5 m/s; average pressure drop across the conveying 

pipeline was 1.14 kPa. Observations were as above and the concentration of 

particles near the bottom of the conveying pipeline increased slightly. 
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• Test 4, mf=0.139 kg/s or V=14.7 m/s; average pressure drop across the conveying 

pipeline was 1.07 kPa. Observations were as above and the concentration of 

particles near the bottom of the conveying pipeline increased slightly. 

• Test 5, mf=0.133 kg/s or v=14.0 m/s; average pressure drop across the conveying 

pipeline was 1.03 kPa. Observations were as above and the concentration of 

particles near the bottom of the conveying pipehne increased slightiy. 

• Test 6, mf=0.122 kg/s or V=12.8 m/s; average pressure drop across the conveying 

pipeline was 1.02 kPa. Very faint balling at very fast speed was seen. 

• Test 7, mf=0.114 kg/s or V=12.0 m/s; average pressure drop across the conveying 

pipeline was 1.11 kPa. The strand became thicker with balling more pronounced. 

• Test 8, mf=0.109 kg./s or V-11.4 m/s; average pressure drop across the conveying 

pipeline was 1.24 kJPa. More ballmg was observed and the strand started to 

thicken. 

• Test 9, mf=0.0966 kg/s or V=10.2 m/s; average pressure drop across the conveying 

pipeline was 1.87 kPa. More balling was observed and the strand became thicker. 

• Test 10, mf=0.0913 kg/s or V=9.6 m/s; average pressure drop across the conveying 

pipeline was 2.76 kPa. Deposited dunes formed about 40 to 50 mm in height, and 

then the dune moved again. 
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• Test 11, mf=0.0844 kg/s or V=8.9 m/s; average pressure drop across the conveying 

pipeline was 3.38 kPa. A stationary layer formed about 20 mm in height. There 

was a strand flow over the stationary layer. 

• Test 12, mf=0.0783 kg/s or V=8.2 m/s; average pressure drop across the conveying 

pipeline was 4.67 kPa. The stationary layer was observed, it was not as thick as 

previously. 

• Test 13, mf=0.0672 kg/s or V=7.0 m/s; average pressure drop across the conveying 

pipeline was 6.95 kPa. A strand flow over a stationary layer about 30-35 mm high 

observed. 

• Test 14, mf=0.0586 kg/s or V=6.2 m/s; average pressure drop across the conveying 

pipeline was 7.70 kPa. A strand flow over a stationary layer about 40 mm high 

observed. 

• Test 15, mf=0.0491 kg/s or V=5.2 m/s; an unstable flow alternated between a strand 

flow over a stationary layer and a long and violent slug with a pressure drop peak 

of 61 kPa and a pressure drop trough of 0.5 kPa. 

• Test 16, mf=0.0418 kg/s or V=4.4 m/s; an unstable flow alternated between a strand 

flow over a stationary layer and a long slug with a pressure drop peak of 34 kPa 

and a pressure drop trough of 0.8 kPa. The time period became shorter than in Test 

15. 

• Test 17, mf=0.0385 kg/s or V=4.0 m/s; an unstable flow alternated between a strand 

flow over a stationary layer and a long slug with a pressure drop peak of 20 kPa 



Chapter 4: Experimental Investigation on Saltation Velocity and Transition Mechanism 60 

and a pressure drop trough of 1.0 kPa. The time period became shorter than in Test 

16. 

• Test 18, mF=0.0322 kg/s or V=3.4 m/s; still an unstable flow alternated between a 

strand flow over a stationary layer and a long slug with a pressure drop peak of 16 

kPa and a pressure drop trough of 1.0 kPa. The time period became shorter than in 

Test 17. 

• Test 19, mf=0.0234 kg/s or V=2.5 m/s; average pressure drop across the conveying 

pipeline was 9.46 kPa. Gentle slug flow with about 25mm thickness stationary 

layer on the bottom of conveying pipeline was observed. 

• Test 20, mf=0.0204 kg/s or V=2.1 m/s; average pressure drop across the conveying 

pipeline is 11.4 kPa. Gentle slug flow with about 35 mm thickness stationary layer 

on the bottom of the conveying pipehne was obsen'ed. 

• Test 21, mf=0.0156 kg/s or V=I .6 m/s; average pressuie drop across the conveying 

pipeline was 13.6 kPa. Gentie slug flow with about 50 mm thickness stationary 

layer on the bottom of the conveying pipeline was observed. 

• Test 22, mf=0.0107 kg/s or V=l. 1 m/s; average pressure drop across the conveying 

pipeline was 19.8 kPa. Gentie slug flow with about 55 mm thickness stationary 

layer on the bottom of the conveying pipeline was observed. The feeding rate was 

kept 0.38 kg/s while the receiving rate dropped to 0.35 kg/s. 

• Test 23, mf=0.0085 kg/s or V=0.87 m/s; the solids mass flow rate could not be 

maintained because of the lower air mass flow rate. 
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4.3.2 Visual Observations of Air-Solid Flow through the Horizontal Pipeline with 
High Solids Mass Flow rate 

For conveying with a solids mass flow rate of about 1.8 kg/s, as the air mass flow rate 

decreasing, the following flow phenomena were observed through the sight-glass 6.0 

m from the feeding point of the conveying pipeline and also the conveying parameters 

were measured: 

• Test 1, mf=0.185 kg/s or V=19.5 m/s; average pressure drop across the conveying 

pipeline was 5.1 kPa. Very lean fully suspension flow could be observed. 

• Test 2, mf=0.1649 kg/s or V=17.4 m/s; average pressure drop across the conveying 

pipeline was 5.0 kPa. Observations were as above. 

• Test 3, mf=0.152 kg/s or V=16.0 m/s; average pressure drop across the conveying 

pipeline was 4.9 kPa. Visible segregation of the two phases widi a shghtiy higher 

concentration of particle (strand flow) near the oottom of the pipe was observed. 

• Test 4, mf=0.135 kg/s or V=14.2 m/s; average pressure drop across the conveying 

pipeline was 5.6 kPa. Observations were as above with the strand flow on the 

bottom of the pipe observed. 

• Test 5, mf=0.129 kg/s or V=13.5 m/s; average pressure drop across the conveying 

pipehne was 6.4 kPa. Observations were as above with the shghtiy thick strand 

flow on the bottom of the pipe and very faint balling observed. 

• Test 6, mf=0.117 kg/s or V=12.3 m/s; average pressure drop across the conveying 

pipeline was 7.1 kPa. A thicker strand flow on the bottom of the pipe and minor 

balling observed. 
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• Test 7, mf=0.109 kg/s or V=l 1.5 m/s; average pressure drop across the conveying 

pipeline was 9.1 kPa. A thicker strand flow on the bottom of the pipe and more 

balling was observed. 

• Test 8, mf=0.104 kg/s or V=10.9 m/s; average pressure drop across the conveying 

pipeline was 9.7 kPa. A strand flow over a slowly moving bed with a thickness of 

10-15 mm was observed. 

• Test 9, mf=0.092 kg/s or V=9.6 m/s; average pressure drop across the conveying 

pipehne was 13.7 kPa. A strand flow over a slowly moving bed with a thickness of 

20-25 mm was observed. 

• Test 10, mf=0.086 kg/s or V=9.1 m/s; average pressure drop across the conveying 

pipeline was 14.7 kPa. A strand flow over a slowly moving bed with a thickness 

about 25 mm was observed. 

• Test 11, mf=0.079 kg/s or V=8.3 m/s; average pressure drop across the conveying 

pipeline was 16.3 kPa. A strand flow over a slowly moving bed with a thickness 

about 35 mm was observed. 

• Test 12, mf=0.074 kg/s or V=7.8 m/s; average pressure drop across the conveying 

pipelme was 17.3 kPa. A strand flow over a slowly movmg bed with a thickness of 

35-40 mm was observed. 

• Test 13, mt=0.0655 kg/s or V=6.9 m/s; an unstable flow alternated between a strand 

flow over a moving bed and a long and violent slug with a pressure drop peak of 

96 kPa and a pressure drop trough of about 2.0 kPa. 
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• Test 14, mf=0.0632 kg/s or V=6.6 m/s; an unstable flow alternated between a strand 

flow over a moving bed and a long and violent slug with a pressure drop peak of 

75 kPa and a pressure drop trough of about 4.0 kPa. The tune period for building a 

slowly moving layer and sweeping it into receiving bin became shorter than Test 

13 

• Test 15, mf=0.0595 kg/s or V=6.3 m/s; an unstable flow alternated between strand 

flow over a moving bed and a long slug with a pressure drop peak of 65 kPa and a 

pressure drop trough of about 6.0 kPa. Very close to the unstable/dense-phase 

boundary. mf=0.0542 kg/s or V=5.7 m/s and slug flow with average pressure drop 

across the conveying pipeline was 27.8 kPa was also observed. 

• Test 16, mf=0.041 kg/s or V=4.3 m/s; average pressure drop across the conveying 

pipehne was 32.9 kPa. Gentle slug flow witii stationary layer about 15 mm thick 

left on the bottom of conveying pipeline was observed. 

• Test 17, mf=0.033 kg/s or V=3.5 m/s; average pressure drop across the conveying 

pipeline was 36.1 kPa. Gentle slug flow with stationary layer about 20 mm thick 

left on the bottom of conveying pipeline was observed. 

• Test 18, mf=0.027 kg/s or V=2.8 m/s; average pressure drop across the conveying 

pipeline is 41.2 kPa. Gentie slug flow with stationary layer about 30 mm thick left 

on the bottom of conveying pipeline was observed. Solids mass flow rate could not 

be maintained for lower air mass flow rates. 
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4.4 Solids Contained in Conveying Pipeline and Pressure Drop during Conveying 

To highlight the flow phenomena especially within the unstable zone for pneumatic 

transportation of granular materials, with the load cells installed on the feeding bin and 

receiving bin of the test rig, the mass of solid materials entering the feeding rotary 

valve and receiving bin could be monitored and hence the mass of solid materials 

contained in the conveying pipeline could be obtained. The sohd materials contained in 

the conveying pipeline could flow in suspension, strand or slowly moving bed, 

deposited near the inlet or along the conveying pipeline or feeding shoe. 

Corresponding to sohd materials contained in the conveying pipeline, the pressure 

drop across the conveying pipehne showed a very similar variation as the air mass 

flow rate changed. For the convenience of making a comparison, a low solids mass 

flow rate (0.37 kg/s) and a high sohds mass tlow rate (1.8 kg/s) were selected and kept 

constant with a wide range variations in air mass flow rate for the display of conveymg 

tests. Analysis of the pressure drop across the conveying pipeline and the sohd 

materials contained in the conveying pipehne provided some important information for 

flow phenomena identification and flow mechanism exploration. 

4.4.1 Solids Contained in Pipeline and Pressure Drop for Low Solids Mass Flow 
Rate: 

With a solids mass flow rate of 0.37 kg/s and decreasing air mass flow rate from 0.189 

kg/s to 0.109 kg/s where the stationary layer could not be observed through sight-glass, 

the measurement of the solid materials contained in the conveying pipeline for the air 

mass flow rates of 0.189, 0.122, 0.109 kg/s is shown in Figure 4.4.1 for comparison. It 

was very clear that as the air mass flow rate decreased from 0.189 kg/s to 0.122 kg/s, 

there was almost no variation in amount of solid materials contained in the conveying 

pipeline. When the air mass flow rate was further decreased to 0.109 kg/s, a significant 
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increase in the amount of mass of solid materials contained in the conveying pipeline 

implied that the flow structure in the conveying pipeline began to change. Even though 

the formation of a stationary layer had not been observed through sight-glass that was 

located 6.0 m from the inlet of the conveying pipeline, a stationary layer with a length 

less than 6.0 m could have formed at the inlet of the conveying pipeline where the 

particle velocity was lower and extended forwards. Also solid materials became more 

concentrated in the strand on the bottom of the conveying pipelme and the strand 

velocity being lower induced the increase m mass of solid materials contained in the 

conveying pipeline. 
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Figure 4.4.1 Material contained in conveying pipeline with respect to air mass flow 
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Corresponding to the mass of solid materials contained in the conveying pipeline with 

low solids mass flow rate and variation in air mass flow from 0.189 kg/s to 0.109 kg/s, 

the curves of pressure drop across the conveying pipeline in Figure 4.4.2 showed the 

same trend that indicates the clear relationship between the pressure drop across the 

conveying pipeline and the mass for solid materials contained in it. As the air mass 
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flow rate decreased from 0.189 kg/s to 0.122 kg/s, there was almost no variation in 

pressure across the conveying pipeline. When the ak mass flow rate was further 

decreased to 0.109 kg/s, the significant increase in the pressure across the conveying 

pipeline occurred as shown in Figure 4.4.2. The fluctuation in the amount of the mass 

of solid materials contained in the conveying pipehne may be caused by unsteady flow 

of materials from the feeding hopper and/or the pulsing nature of the rotary valve. 

Since the amount of solid material contained in the conveying pipeline was small, the 

fluctuation seemed to be very pronounced and as the mass of solid materials contained 

in the conveying pipeline reached a certain value, the fluctuation looked to be 

neghgible as shown in Figure 4.4.3. 
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Figure 4.4.2 Pressure drop across conveying pipeline with respect to air mass flow 

rate 

Figure 4.4.3 shows the mass of solid materials contained in the conveying pipehne 

when air-solid two-phase in the form observed as strand flow over stationary layer 

with solid mass flow rate of 0.37 kg/s and a variation in air mass flow from 0.096 kg/s 

to 0.076 kg/s. Three curves in the Figure 4.4.3 represent mass of solids contained in 
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the conveying pipehne when the air mass flow rates are 0.096, 0.083, 0.076 kg/s 

respectively. As the air mass flow rate decreased, the amount of solids contained in 

the conveying pipeline increased significantly as a result of the increase in the 

thickness and extension in length of the stationary layer. Corresponding to the trend of 

the amount of the mass of solid materials contained in the conveying pipeline, the 

pressure drop across the conveying pipeline also increased considerably as the air mass 

flow rate was decreasing as shown in Figure 4.4.4. 
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Figure 4.4.3 Materials contained in conveying pipeline with respect to ah* mass flow 

rate 

The increase in the pressure drop across the conveying pipelme may be attributed to 

the increase in friction force between the moving strand and the stationary layer that 

was much higher than the friction force between the moving strand and the pipe wall, 

and to the increase in the amount of solid materials in the strand. Even though the 

pneumatic conveying of solid materials can be stable in the form of a strand flow over 

a stationary layer if the air mass flow rate is well controlled, the quick increase in 

pressure drop across the conveying pipeline caused by the increase of the friction 
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between the stationary layer and the strand as well as the possibihty of unstable flow 

proves that such a mode of conveying is not suitable for industry. 
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Figure 4.4.4 Pressure drop across conveying pipeline with respect to air mass flow rate 

Figure 4.4.5 and Figure 4.4.6 show the mass of solid materials contained in the pipe 

and the pressure drop across the conveying pipeline when the conveying tests were 

conducted in the unstable zone. In Figure 4.4.5, the sloping segments of curve-1 

clearly shows the building up and extension of a stationary layer along the conveying 

pipeline and the vertical segments show that the solid materials deposited on the 

bottom of the conveying pipeline had been swept into receiving bin as the result of the 

transition from the strand flow over stationary layer to long slug flow. When the 

transition happened, the first slug was formed at the inlet of the conveying pipehne 

where the velocity of the strand was lowest, then the slug picked up very thick 

stationary layer in front of it and deposited very thin layer behind and became longer 

and longer until it entered the receiving bin. Such unstable flow behaviours were also 

reflected by the fluctuation of the pressure drop across the conveying pipeline shown 

in Figure 4.4.6. When the stationary layer building up and extending from inlet of the 
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conveying pipelme, the increase in pressure drop across the conveying pipehne is 

represented by a slope straight line hke curve-1 in Figure 4.4.6. When tfie transition of 

flow mode occurred, a slug formed at die inlet of the conveying line, moved forward 

and became longer, pressure drop across the conveymg pipeline suddenly increased at 

a very high rate corresponding to the increase in the length of slug. This is represented 

by the vertical parts of curve-1 in Figure 4.4.6. The curve-2 in both Figures 4.4.5 and 

4.4.6 is quite different from the curve-1 as the effect of transition of flow mode was 

not so pronounced as that of curve-1. Since the air mass flow rate was quite low for the 

conveying condition represented by curve-2, once the long slug form, it will move at 

relatively low velocity and deposit more thicker layer of solid materials behmd and 

hence cause less pressure drop fluctuation across the conveying pipeline compared 

with that in high air mass flow rate. 
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Figure 4.4.6 Pressure drop across conveying pipeline with respect to air mass flow 

rate 

The curves in Figures 4.4.7 and 4.4.8 represent the mass of sohd materials contained in 

the conveying pipelme and the pressure drop across it for the pneumatic conveying in 

the form of low-velocity slug-flow. As the air mass flow rate decreased firom 0.02 kg/s 

to 0.011 kg/s, the mass of sohd materials contamed m the conveying pipeline 

significantly increased as the result of the decrease in slug velocity, an increase in the 

thickness of die stationary layer deposited by die slug and the number of slug 

contained in the conveying pipeline when the solids mass flow rate kept constant. 

Cortespondmg to the increase in the mass of sohd materials contamed in the 

conveying pipeline, the pressure drop across the conveying pipeline was no so 

significant. Curve-3 m both Figures 4.4.7 and 4.4.8 represents that the steady state 

low-velocity slug flow could not be maintained for more sohd materials entering the 

conveying pipeline and less solid materials could be moved out into the receiving bin. 

Solid materials retained in the conveying pipeline increased and hence the whole 

conveying pipeline would block as the conveying continued. 
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Figure 4.4.8 Pressure drop across conveying pipeline with respect to air mass flow 

rate 

4.4.2 Solids Contained in Pipeline and Pressure Drop for High Solids Mass Flow 
Rate: 

In order to explore in detail the air-solid two-phase flow structure and the mechanisms 

for the formation of the unstable zone in the state diagram, the pressure drop across the 
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conveying pipeline and the mass of the sohd materials contained in it with high and 

low solids mass flow rates were addressed separately for pneumatic conveying of 

granular materials. The following paragraphs are devoted to discussion of the pressure 

drop across the conveying pipeline and the mass of solid materials contained in it with 

a solids mass flow rate of about 1.8 kg/s for pneumatic conveying of granular 

materials. 

Figure 4.4.9 shows the measurement of the mass of solid materials contained in the 

conveying pipeline for the au- mass flow rates of 0.185, 0.129, 0.109 kg/s respectively. 

It was clear that as the air mass flow rate decreased from 0.185 kg/s to 0.129 kg/s, 

there was a very slightly increase in amount of mass of solid materials contained in the 

conveying pipeline. When the air mass flow rate was further decreased to 0.109 kg/s, 

the mass of solid materials contained in the conveying pipehne began to increase 

significantly implying that the flow structure in the conveying pipeline had began to 

change. The formation of the stationary layer still had not been observed at sight-glass 

that was located 6.0 m from the inlet of the conveying pipeline. A slowly moving bed 

on the bottom of conveying pipeline with a length less than 6.0 m could have began to 

form at the inlet of the conveying pipeline where the particle velocity was lower and 

extended forwards. Also solid materials became more concentrated in the strand over 

the bottom of the conveying pipeline and the strand velocity was lowered to increase 

the mass of solid materials contained in the conveying pipeline. 

Corresponding to mass of solid materials contained in the conveying pipeline with 

solids mass flow rate of 1.8 kg/s and variation in air mass flow from 0.185 kg/s to 

0.109 kg/s, the curves of pressure drop across the conveying pipeline in Figure 4.4.10 

show the same trend that indicates the definite relationship between the pressure drop 
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across the conveying pipehne and mass of solid materials contained in it. As the air 

mass flow rate decreased from 0.185 kg/s to 0.129 kg/s, there was a slight variation in 

pressure across the conveying pipeline. When the air mass flow rate was fiirther 

decreased to 0.109 kg/s, there was a greater pressure drop across the conveying 

pipeline as shown in Figure 4.4.10. 
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As was the situation with the low solids mass flow rate, so the fluctuation in the mass 

of solid materials contained in the conveying pipeline might have been caused by the 

unsteady flow of mass solids in the feeding bin or pulsmg flow of solid materials 

entering the receiving bm. As the mass of the solid materials contained in the 

conveying pipeline was small, the fluctuation of mass of the solid materials contained 

in the conveying pipeline seemed to be very pronounced and when the mass of solid 

materials contained reached a certain value, the fluctuation looked to be negligible. 
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Figures 4.4.11 and 4.4.12 show the testing results of pneumatic conveying of sohd 

materials in the form observed as strand flow over a slowly moving bed. When the air 

flow rate decreased from 0.104 to 0.074 kg/s, the mass of solid materials contained in 

the conveying pipeline increase significantly as a result of the slowly moving bed 

building up and extending. Corresponding to the trend of the amount of solids 

contained in the conveying pipeline as shown in Figure 4.4.11, the pressure drop 

across the conveying pipeline shown in Figure 4.4.12 also increased considerably as 
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the ak mass flow rate was decreasing. The increase m the pressure drop across die 

conveying pipeline could also be attributed to the increase in friction force between the 

strand and the slowly moving bed compared with the friction force between the strand 

and the pipe wall, and the increase in the amount of solid materials in the strand. Since 

the air mass flow rate is not easy to control accurately and the high pressure drop 

caused by the stationary layer and the pulsating flow resuUs in shattering or erosion of 

the slowly movmg bed at its end, such a mode of pneumatic conveying is not accepted 

by industry. 

40 

mF= 

I: 0.104 kg/s; 2: 0.086 kg/s; 3: 0.074 kg/s 

ms=1.8 kg/s 

Length of pipe=21 m 

Pipe diameter=98 mm 

Particle dens ity=897 kg/m^ 

Bulk density=546 kg/m 

Particle diameter=4.7 mm 

Figure 4.4.12 Pressure drop across conveying pipeline with respect to air mass flow 

rate 

Figure 4.4.13 and Figure 4.4.14 show the results of the mass of solids contained in the 

conveying pipehne and the pressure drop across it when the conveying tests were 

conducted in the unstable zone in state diagram. In Figure 4.4.13, the segments of 

curves with a positive slope represent the building up and extending of a slowly 

moving bed along the conveying pipeline and the segments of curve with negative 

slope show the transition from the strand flow over a slowly moving bed to a long and 
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violent slug flow and long slugs entering the receiving bin. When the transition 

occurted, the slug first formed near the inlet of the conveying pipeline, then swept the 

slowly moving bed on the bottom of the conveying pipeline and became longer and 

longer until entered the receiving bin. 
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Such unstable flow behaviours were also reflected by the fluctuation of the pressure 

drop across the conveying pipeline shown in Figure 4.4.14. When the slowly moving 

bed was building up and extending, the pressure drop across the conveymg pipeline 

increased gradually. When the transition of flow mode happened, a long slug formed 

and moved forward, a sudden huge peak in pressure drop appeared. 

The curves in Figures 4.4.15 and 4.4.16 represent pneumatic conveying in the form of 

low-velocity slug-flow with a solids mass flow rate of about 1.8 kg/s. As air mass flow 

rate decreased, the slug velocity decreased. The particles in the layer deposited by the 

slugs increased and the number of slugs contained in the conveying pipeline increased, 

as the solids mass flow rate kept constant. As a result, the mass of the solid materials 

contained in the conveying pipeline and pressure drop across the pipehne increased. 
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Curve-1 in both Figures 4.4.15 and 4.4.16 represents the operation of the pneumatic 

conveying on the boundary between the dense phase low-velocity slug flow zone and 



Chapter 4: Experimental Investigation on Saltation Velocity and Transition Mechanism 78 

the unstable zone in the state diagram. The characteristics of unstable flow can still be 

seen through the curve-1 in Figure 4.4.16. 
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Figure 4.4.16 Pressure drop across conveying pipeline with respect to au- mass flow 

rate 

4.5 Pneumatic Conveying Characteristics of Plastic Pellets through 98.4 mm and 
60.3 mm ED 21m Long Stainless Steel Pipelines 

The pneumatic conveying characteristics of plastic pellets tiirough the test rig with a 

98.4 mm and 60.3 mm ID 21m long stainless steel pipelines are shown in Figures 4.5.1 

and 4.5.2. While the operations conducted with a very low air mass flow rate in the 

dense-phase pneumatic conveying zone, the air mass flow rates reached the point 

where the solids mass flow rate could not be maintained constantiy at a low air mass 

flow rate. Because die operations in the unstable zone were subjected to violent 

fluctuations in the pressure, the operating points representing the unstable flow 

alternating between long violent slug flow and a strand over a stationary layer or a 

slowly moving bed could not be located in the PCC diagrams. 
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4.6 Discussion on Visual Observations of Air-Solid Two-Phase Flow through 98.4 
mm 21m Long Stainless Steel Horizontal Pipeline 
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Based on tests of pneumatic conveymg of plastic pellets with particle diameter of 4.7 

mm, particle density of 897 kg/m^ through the stainless steel conveying pipeline with a 

98 mm inner diameter and 21 m in length, the following conclusions can be achieved 

after careful observation and the analysis of the flow behaviours, the pressure drop 

across the conveymg pipeline and the mass of solid materials contained in the pipeline 

for conveying conditions covering dilute-phase, unstable zone and low-velocity slug 

flow dense phase in the state diagram: 

(i) Pneumatic conveying of granular plastic pellets exhibits different flow modes: 

low-velocity slug-flow, dilute-phase flow with suspended particles and/or 

strands, strand flow over a layer (stationary or moving). 

(ii) Sohds mass flow rate has an important influence on the air-solid two-phase 

flow behaviours when the operation is in or close to the unstable zone in state 

diagram. The layers under the strand flow were in two different conditions on 

the bottom of conveying pipeline according to the sohds mass flow rate. A 

stationary layer over which the strand flow was going on for low solid mass 

flow rates and a slowly moving bed over which strand flow was going on for 

high solid mass flow rates indicate the main difference. 

(iii) If the conveying pipehne is long enough, there may be two flow modes existing 

in it: a strand flow over the stationary layer or slowly moving bed near the inlet, 

and dilute-phase flow with suspended particles and/or strands afterwards. For 

such conveying conditions, pulsating strand flow such as moving dune or balling 

will appear as the shattering or erosion of the front end of stationary layer or 

slowly moving bed occurs. 
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(vi) The pressure fluctuations within the unstable zone result from the flow mode 

transition from strand flow over a stationary layer (or slowly moving bed) to 

slug flow starting near the inlet due to the decrease in air velocity (increase in 

pressure drop and air density). As the first slug moves quickly at a relatively 

high velocity and picks up a relatively thick stationary layer in front of it, it 

only deposits a small amount of the material behind it. The great increase in 

slug length and pressure drop causes severe pressure fluctuations and pipeline 

vibrations. 

(v) In the unstable zone, the tune period for building up the stationary layer or 

slowly moving bed and then forming a long slug quickly moving into the 

receiving bin will be reduced as the air mass flow rate approaches to the 

boundary between the unstable and low-velocity slug-flow operating zones. If 

the second slug already forms before the first slug enters the receiving bin, then 

the pressure fluctuations across the conveying pipeline will be alleviated. In the 

other words, the difference between the peak and the trough of pressure drop 

across the conveying pipelme, which is used to distinguish the unstable flow 

from low-velocity slug flow in the tests, will be smaller. 

(vi) During operations in the unstable zone with high solids mass flow rate, a strand 

flow over the slowly moving bed appears in the cross-section of the conveymg 

pipeline near the inlet of it. As the conveying continues, the slowly moving bed 

stops just before the slug forms at the inlet of the conveying pipeline. With a 

low solids mass flow rate, a strand flow over the stationary layer appears in the 

cross-section of the conveying pipeline as the conveying begins. As the 

conveying continues, the thickness of the stationary layer on the bottom of 
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conveying pipeline gradually increases until the first slug forms at the inlet of 

conveying pipelme. 
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CHAPTER 5: MODEL FOR PREDICTION OF 
TRANSITION ZONE 
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5.1 Introduction 

The air-solid two-phase flow of granular plastic pellets through the horizontal 

conveying pipeline in the operating regime of unstable zone of state diagram has been 

well explored in Chapter Four. It has been shown that there is a three-layer flow 

structure (suspension flow, strand flow and stationary layer or slowly moving bed) 

across the cross-section of the conveying pipeline for pneumatic conveying of granular 

plastic pellets through the horizontal pipeline operated m the unstable zone of state 

diagram. Further observations on the flow behaviors in the unstable zone indicate that 

with high solids mass flow rate, suspension flow and strand flow over the slowly 

moving bed appear in the cross-section of the conveying pipeline as the conveying 

begins and continues, the slowly moving bed stops just before the slug forms at the 

inlet of the conveying pipeline. For conveying of granular plastic pellets in the 

unstable zone of state diagram with low solids mass flow rate, suspension flow and 

strand flow over the stationary layer appear in the cross-section of the conveying 

pipeline as the conveying begins. As the conve>ing continues the thickness of the 

stationary layer on the bottom of the conveying pipehne gradually increases until the 

first slug forms at the mlet of conveymg pipehne. 

Following observations of the air-solid two-phase flow of granular plastic pellets 

through the horizontal conveying pipeline in the operating regime of unstable zone of 

state diagram, a three-layer flow structure in the unstable zone of the state diagram is 

assumed for the flow structure of the model. Based on this three-layer flow structure, a 

theoretical model for illustrating the force balance, mass balance and momentum 

balance between two adjacent layers is established. By analysing the relationships 

between the three layers, the mechanisms for the formation of the boundaries of 

unstable zone in the state diagram are explored. The approach for the predictions of the 
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boundaries of the unstable zone in the state diagram for pneumatic conveying of 

granular materials through the horizontal pipeline is developed. 

5.2 Theoretical Model 

There are three basic assumptions for the estabUshment of the model: all the particles 

moving in suspension above the strand are at the superlEicial velocity of the air; all the 

particles moving in the strand are at the superficial velocity of air in the strand; and the 

velocity of the slowly moving bed is neghgible. There is a steady state particle 

exchange between the suspension flow and the strand. The suspended particles 

impinging the strand will slow down to the strand velocity and be expelled firom the 

suspension. Other particles will be displaced firom the strand and accelerated by the air 

to the same velocity as the air in the suspension. The force balance, mass balance and 

momentum balance are set up. The pressure drop is subdivided into additional pressure 

drop and single-phase (airflow) pressure drop that is neghgible compared with sohds 

pressure drop (Note: derivation based on Wirth [104, 105, 106] but extended to three-

layer flow structure as shown in Fig. 5.2.1) 
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5.2.1 Force Balance 

In the layer of suspension, the force balance between the shear force S and the solid 

pressure drop can be represented by the equation below: 

APp{l-a)-(l)^A=S (5.2.2) 

In the middle layer of the strand, the friction force R between the strand and stationary 

layer or slowly moving bed is equal to the pressure drop and shear force S : 

APp{l-a)^(l-(l))-A + S=R (5.2.3) 

The friction between the strand and die stationary layer or slowly moving bed is equal 

to the weight of the strand less the buoyancy multiphed by the coefficient of the 

particle internal friction: 

R=fp{pp-pf){l-est)-{t-(j)){l-a)-A^AL-g (5.2.4) 

From the above three equations, the following equation can be obtained: 

APP 

fp^ pp^il-P^pMl -£sty g • AL 
{t-(f)) (5.2.5) 

The left side of the equation 5.2.5 is defined as the non-dimensional pressure drop [67, 

104, 105, 106]. 

5.2.2 Mass Balance 

Mass balance of air and solids exists in the tiuree layers across the cross-section of 

conveying pipeline. It is assumed that the air mass flow through the stationary layer or 

slowly moving bed region of the cross-section of the conveying pipeline is negligible 
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and hence the mass flow of air through the whole conveying pipeline is equal to the air 

mass flow through the suspension region plus air mass flow through the strand region 

of the cross-section of the conveying pipeline and can be presented by the equation: 

m/ = /[> • v™ • 0 • (l - a ) • A -F p - • (l - 0 ) • £r • v« • (l - a ) • A (5.2.6) 

For the solid materials, it is assumed that the solids mass flow through the stationary 

layer or slowly moving bed region of the cross-section of the conveying pipeline is 

negligible and hence the mass flow of solids through the whole conveying pipeline is 

equal to the sohds mass flow through the suspension region plus solids mass flow 

through the strand region of tiie cross-section of die conveying pipeline and can be 

presented by the equation: 

ms = pp(i-0)-(i-a)-v«-(i-a)A+pp-0(i-Su)-v™(i-a)A (5.2.7) 

There are three mass-flow ratios of solids to air for the strand and suspension regions 

of the cross-section and the whole cross-section of conveying pipeline then can be 

defined as: 

l^si=\pp^{l-(l)){l-£s,)-Vst{l-a)A\/[pfvil-a)A] (5.2.8) 

jj,su = \pp(l){i-auyvsu{i-a)A\/lpfv{i-a)A] (5.2.9) 

fl = Ms/Mf (5.2.10) 

An overwhelming majority of particles is moving in the form of strand through the 

strand region of cross-section of conveying pipeline hence it is reasonable to consider 
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jU = JJ-st. A combination of the mass of air and sohds balance Equations 5.2.6 and 

5.2.7 leads to the following equation: 

Vst . 0 
Vsu 1-

Pp'{l-£st) ' 
Ost (5.2.11) 

5.2.3 Momentum Balance 

The shear stress acting on the interface between the strand and suspension regions is 

caused by the exchange of the moving particles with different velocities. It was 

assumed previously that the particles moving in suspension are at the velocity of the 

air in the suspension and the particles in the strand are at die velocity of the air in 

strand. 

For a single particle, the mom.entum change between the strand and suspension zone is 

given as follows: 

Aj=m^{vsu-Vst) (5.2.12) 

The shear stress at the interface of the sttand and suspension results from the number 

of particle exchanges and can be expressed as follows: 

T = n^AJ (5.2.13) 

n is the number flow rate of particles per unit area. It is considered that the exchanging 

number of particles per unit interface area is proportional to the solids mass flow rate 

in the suspended flow region divided by the mass of a single particle and the cross-

section area of the suspended flow channel. 
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noc -^!tfl (5.2.14) 

m-0( l - a )A 

Combining the Equations 5.2.12, 5.2.13 and 5.2.14 results in: 

^^K-ms.s.^{vsu-Vs,) (5.2.15) 

0(1-a)-A 

The relationship between the strand width, the relative cross-sectional area of strand 

region and relative area of stationary layer or slowly moving bed region is provided by 

[67]: 

L = [4(l) • {1 -a)-(l -(I) • {1 -a)f • D (5.2.16) 

Using the above equations, shear stress S can be written as: 

S = TALIw = 

K-}lsup,v •D^AL — ^7 ^̂ ^ 
pi Est jil 

~ pp{i-esT) 

(5.2.17) 

It is assumed that the ah can carry a certain amount of particles in suspension and the 

mass flow ratio |isu in suspension is constant. So K- |isu is constant and can be replaced 

by Xh [67]. Combining the equations of mass balance and force balance, the 

momentum balance gives: 

v' 
fp(pp/pf)(l-pi/pp){l-£s,yDg 
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^ 4 ^_ pf II Est ^_ys^ [4.(y-a)-0-(y-(7-a)-0)f. 
pp{l-£st) Vsu 

Where A<h=0.0826 [67]. Equations 5.2.5, 5.2.11 and 5.2.18 make up the model of the 

three-layer structure flow for pneumatic conveying of granular materials and are used 

the prediction of unstable zone boundaries. The left side of the Equation 5.2.18 is 

defined as a non-dimension friction number [67, 104, 105, 106]: 

Fri^ = , ^ ^- ^ (5.2.19) 
fp-[pplPfy(l-pi/ pp){l-est\D^g 

5. 3 Stability Analysis for State Diagram of Strand Flow 

From the Equations 5.2.5, 5.2.11 and 5.2.18, the diagram that depicts the non-

dimensional pressure gradient versus the non-dimension friction number with the 

volum-etric flow ratio (pf ^i)/(pp- (l-Est)) and velocity ratio Va/vsu as parameters is 

shown in Figure 5.3.1 for the convenience of stability analysis. 

For conveying with constant solids and ah mass flow rates through a horizontal 

conveying pipeline, a disturbance during stable strand flow through an empty pipe or 

over a stationary layer or slowly moving bed may result in a reduction of the strand 

velocity and hence the velocity ratio vjv,^. The decrease in strand velocity results in 

an increase in the amount of solid materials contained in the pipeline, if the disturbance 

results in an increase of solid mass flow rate and hence volumetiic flow ratio 

(pf ^)/(pp- (l-Es,)), then the extra solid materials contained in the conveying pipeline 

can be removed and conveying can be stable and mamtained. On the other hand, if the 

disturbance results in an decrease of solid mass flow rate and hence volumetric flow 

ratio (pf |i)/(pp- (1 -Est)), then the extra solid materials contained in the conveying 
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pipeline can be accumulated on it and the blockage of the conveymg pipeline or the 

formation of slug will be induced. According to Figure 5.3.1 three different types of 

operating pomts are discerned with respect to stability analysis. 
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Figure 5.3.1 State diagram based on Equations 5.2.5, 5.2.11 and 5.2.18 

5.3.1 Type A 

Type A operatmg points are those at which the curves of (pr- |i)/(pp- (l-est))=constant 

and Vst/Vsu=constant have a positive slope and the slope of curve (pf p)/(pp- (1-

£s,))=constant is higher than that of curve of Vst/vsu=constant at operating points in the 

diagram. In pneumatic conveying of granular materials through the horizontal pipeline, 

type A operating pomts represent the mode of ah-solid two-phase flow in the form of a 

sh-and flow over a stationary layer with low solids mass flow rate. A schematic 

representation of type A operating points is shown in Figure 5.3.2. 

Assuming that a disturbance causes a decrease in the velocity ratio Vst/Vsu and shifts the 

operating point A to point Al with a lower volumetric flow ratio (pf ^)/(pp- (l-Est)). 
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then an increase in the amount of extra solid materials accumulated in the pipeline will 

take place. An increase amount of solid materials in the pipeline results in an increase 

of the thickness of the stationary layer and the decrease of the intersectional channel 

area of the flow. With constant air mass flow rate and almost constant air pressure, the 

air velocity through the flow channel will increase and hence the Fn. As a result, Fn 

keeps increasing until the operating point Al is shifted to A2 where the volumetric 

flow ratio can be retamed and hence the sohd mass flow rate. For type A operating 

points, stable strand flow over a stationary layer for pneumatic conveying of granular 

materials is feasible with an increase m the thickness of the stationary layer. 

Figure 5.3.2 Schematic representation of type A operating pomts 

The thickness of the stationary layer for type A operating points can not increase 

forever without limitation. When the air velocity and the solids mass flow rate per unit 

area through the flow channel increase to certain value as the result of reduction of 

flow channel area, type A operating points will ti-ansfer into type C operating points. In 

such a situation, a disturbance causing a decrease in the velocity ratio Vst/Vsu can not 
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result in increase in the thickness of the stationary layer and finally induce the 

formation of the slug that will be further discussed later. 

5.3.2 Type B 

Type B operating points are those at which the curves (pf |i)/(pp- (l-est))=constant 

have a negative slope while the curves Vst/vsu=constant have a positive slope. Type B 

operating points represent the mode of air-solid two-phase flow through a horizontal 

pipeline in the form of the strand flow without the stationary layer or slowly moving 

bed on the bottom of conveying pipelme. Figure 5.2.3 provides a schematic 

representation of this type of operatmg points in the diagram. 
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Figure 5.3.3 Schematic representation of type B operating pomts 

A disturbance causing a decrease in the velocity ratio Vs,/Vsu and shifts point B onto 

point Bl. At point Bl, a higher volumetric flow ratio (pf p)/(pp- (l-e^O) is attained. 

This means that the system is able to remove the extra solid materials contained in the 

conveying pipeline and go back to point B. Type B operating points represent the 
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steady-State strand flow of pneumatic conveying of granular materials through a 

horizontal pipeline 

5.3.3 Type C 

Type C operating points are those at which the curves (pf |j.)/(pp- (l-est))=constant and 

Vst/vsu= constant have negative slopes. In the pneumatic conveying of granular 

materials through a horizontal pipeline, type C operating points represent the mode of 

air-solid two-phase flow in the form of the strand flow over a slowly moving bed with 

high sohds mass flow rate. A schematic representation of type C operating points is 

shown in Figure 5.3.4. 
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Figure 5.3.4 Schematic representation of type C operating points 

Assuming that a disturbance causes a decrease in the velocity ratio Vjt/vsu and shifts the 

operating point C to point CI with a lower volumetric flow ratio (pf p)/(Pp- (l-Est)), 

then an increase in the amount of extra solid materials accumulated in the pipeline will 

take place, further occupy the whole pipeline intersection and finally induce the 
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formation of slug flow. Stable strand flow over a layer is not feasible for type C 

operating points unless the friction force between the strand and the layer is high 

enough to push the layer to move and reduce its thickness, and then the conveying area 

becomes larger and the Fn becomes lower. As shown in Figure 5.3.4, keeping the same 

Vst/Vsu and reducing the Fn, the volumetric flow ratio (pf p)/(Pp- (l-Est)) can be retained 

and the result is a stable strand flow type of pneumatic conveying over a slowly 

movmg bed. If the friction force between the strand and the layer is not high enough to 

keep the layer moving because the layer is too thick, then the formation of a slug will 

occur and the flow mode of a strand flow over a slowly moving bed can not be 

maintained. 

5.3.4 The Limiting Curves E and F 

To separate the points havmg a positive slope of the curves Vst/Vsu=constant from that 

havmg a negative slope, the limitmg curve F m Figure 5.3.1 is defined by a vertical 

slope of the respective curves Vst/vsu=constant, as follows: 

APP 

frPp(l-pf/ppy{l-£st)gAL 
ldFn\ =oo (5.3.1) 

:f^const 
Vsu 

Note fr is equal to fw for an empty pipe and equal to fp for strand flow over a stationary 

bed. Also to separate the pomts having a negative slope of curves (pf p.)/(pp- (1-

est))=constant from those having a positive slope, the limitmg curve E is defined by a 

vertical slope of the respective curves (pf |i)/(pp- (l-est))=constant as follows: 

APP 

frpp[l-p,/ppy{l-£stygAL\ \_pnL_=const 
Ps(l-£st) 

dFrii = < ^ (5.3.2) 
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As the results, curve F separates the type C operating pomts from type B operating 

points and curve E separates type A operating points from type B operating points. In 

Figure 5.3.1, the region on the right side of curve E and below the curve F in the 

diagram are type B operating points which represent the pneumatic conveying of 

granular materials through a horizontal pipelme in the mode of steady-state strand flow 

without stationary layer or slowly moving bed on the bottom of the conveying 

pipeline. The region on the left side of curve E in the diagram is type A operating 

point, which represent the pneumatic conveying of granular materials through a 

horizontal pipelme in the mode of hmited stable strand flow over a stationary layer. 

The upper region of curve F in the diagram is type C operatmg points which represent 

the pneumatic conveying of granular materials through a horizontal pipelme in the 

mode of hmited stable strand flow over a slowly movmg bed. The stability of the 

strand flow over a slowly moving bed is determined by the friction force between die 

strand and the slowly moving bed or the thickness of the layer over which the strand 

flow is going. It is worth pointmg out diat in the moving stationary bed, tiiere is no 

velocity difference and movement between particles, while in the moving strand 

velocity difference and movement between particles exist. 

5.3.5 Unreal Stable Operating Points in the State Diagram 

hi the state diagram based on the Equations 5.2.5, 5.2.11 and 5.2.18 shown in Figure 

5.3.1, mathematical stability analysis confirms that the stable operating region without 

limitations is outiined by curve E separating type A operating points from type B 

operating points and F separating the type C operating points from type B operating 

points. Further mathematical exploration of the state diagram shown in Figure 5.3.5, 

reveals that in a special region in the diagram there are two different operating points 



Chapter 5: Model for Prediction of Transition Zone 97 

in the state diagram with the same air mass flow rate or Fn and the volumetric flow 

ratio (pf p)/(pp- (l-Es,)). 
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Figure 5.3.5 State diagram based on Equations 5.2.5, 5.2.11 and 5.2.18 

In Figure 5.3.5, for instance, with the volumetric flow ratio (pf p.)/(Pp- (l-est))=0.02 at 

Fri=l.ll2, there are two stable operating points located within the stable operating 

region outiined by curve E and F with different dimensionless pressure drop of 0.038 

, and 0.20 respectively. The velocity ratio v /̂vsu for two operating points are 0.51 and 

0.092 separately. The two stable operating pomts are the two solutions from the 

Equations 5.2.5, 5.2.11 and 5.2.18 with (pf !i)/(pp- (l-est))=0.02 and only one can exist 

in the real pneumatic conveying of granular materials. In mathematics, they represent 

two different conveying situations. One has a close velocity in strand and suspension, 

so that the strand moves at a velocity close to that in suspension occupying less area in 

cross-section of the pipeline so causing less pressure drop. The other has about ten 

times velocity difference in the strand and suspension, and strand moves in the velocity 
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much lower than that in suspension occupying more area in the cross-section of the 

pipeline and causes much more pressure drop. According to the law of nature, the 

second conveying condition is not easy to maintain and can not exist in real pneumatic 

conveying. All the operating points considered as the second solution of the equations 

and will not exist in real conveying are in the triangle region in the state diagram 

outiined by hnes E, F and G shown in Figure 5.3.5. The true stable operating points 

without conditions for pneumatic conveying of granular materials through a horizontal 

pipeline are on the left of lines E and G, below the hne F in the state diagram. The line 

G can be considered as part of the line of (pf p)/(Pp- (l-est))=C m the diagram 

established by the Equations 5.2.5, 5.2.11 and 5.2.18 and the constant C is decided by 

such mathematical condition that C is the largest value for (pf p.)/(pp- (l-Est)) to make 

the Equation 5.3.3 have only one solution. 

APp 
fr • pp^{l-pf/ ppy{l-£stygAL 

'dFri = oo (5.3.3) 
P'J^ -C 

pf>{i-£st) 

5.4 Explanation of the Model Results 

5.4.1 Explanation of the Different Boundaries in the State Diagram 

For the model established in this chapter, the state diagram for pneumatic conveying of 

plastic pellets through a horizontal stainless steel pipeline 21 m in length and 98 mm in 

diameter is presented in Figure 5.4.1. In the state diagram, the ordinate is the solids 

mass flow rate and the abscissa is the air mass flow rate. The curves in the state 

diagram presented in Figure 5.4.1 are the mathematical results from Equations 5.2.5, 

5.2.11 and 5.2.18 for different conditions. The pressure drop across the conveying 

pipeline, which is the result of conveying operation and can be calculated by different 
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models for different flow modes, is not presented in this diagram that is specially 

design for description of operating conditions 
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Figure 5.4.1 Predicted state diagram for pneumatic conveymg of plastic pellets through 

98.4 mm ID pipe 

5.4.2 Boundary A 

Boundary A, which is not the focus in this study, is derived from the Ergun Equation, 

powder mechanics, force balance with consideration for air passing through the 

voidage of solid materials and accelerating the solid materials to a certam velocity that 

is determined by sohds mass flow rate within the feeding shoe. It is determined by 

particle properties, pipe wall properties, fluid properties (e.g. air density), structure of 

feeding design and the length of the pipeline. Boundaries A and B should cross 

because there is a hmitation of solids mass flow rate for a certain air mass flow rate. 

Normally pneumatic conveying would not be conducted close to Boundary A in the 

state diagram for reasons of economics and safety. For the design of a dense-phase 

pneumatic conveying system, it must be ensured that at the feeding point or the 

location the pipeline diameter is stepped-up where the air velocity may be the lowest 
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locations along the conveying pipeline, and the air mass flow rate must be in the right 

side of Boundary A m state diagram. 

5.4.3 Boundary B: 

Boundary B is a broken line and consists of two parts, the upper part is from the 

limiting curve F in Figure 5.3.5 for stand flow over a slowly moving layer with critical 

thickness OCcri. The critical thickness of the slowly moving layer is defined as the 

maxunum thickness of layer that can be driven by the friction between the strand and 

the layer: 

/ , - p . ( l - a ) ( l - 0 ) ( l - a . ) g A = ^̂ ^̂ ^ 

/.•[pp(i-a)-(i-(^)(i-(Xw)g-A]-H/.pp-(i-£)-(XngA 

For the conveying of granular materials with relatively high sohds mass flow rate, if 

the thickness of the layer is greater than acri> then the layer can not be moved by 

friction force from the strand flow over it. Hence, the thickness of the layer will 

increase and the formation of a slug will be induced. Accordmg to the stabihty 

analysis, the operating point should be located on the left side of Boundary B and flow 

in the mode of slow-velocity slug-flow. For the conveying with a thickness of layer 

less than ttcri, then the layer will be moved by friction force from the strand flow over 

it and the operating point should be located on the right side of Boundary B and flow 

in the mode of strand flow over a slowly moving bed. It may alternate between long 

violent slug flow and strand flow over a slowly moving bed if the conveying pipeline 

is long enough to generate a high pressure drop along the conveying pipeline and make 

the air velocity at the inlet of the conveying pipeline pass Boundary B and enter low-

velocity slug-flow zone in the state diagram. 
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Figure 5.4.2 Predicted state diagram for pneumatic conveying of plastic pellets through 

98 mm ID pipe 

The lower part of the hne of Boundary B is derived from the intersection points of 

curves F and E for different thicknesses of stationary layers. For a conveying with 

relatively lov/ solids mass flow rate m the unstable zone (e.g. ms=0.5 kg/s m Figure 

5.4.2), the ah-solid two-phase flow will be in the form of a strand over a stationary 

layer mitiating at the inlet and then extending forward. Keepmg the solids mass flow 

rate constant and decreasmg the ah mass flow rate, the thickness of the stationary layer 

along the conveymg pipehne will mcrease (e.g. a=0.4, 0.5, 0.6, 0.7 as air mass rate 

decreasing in the du-ection of arrow shown in Figure5.4.2) and the flow channel of the 

cross-section area will decrease, and the ah velocity can actually increase. FinaUy, 

with an mcreasmg stationary layer along the conveying pipeline, the ah-solid two-

phase flow will eventually reach Boundary B in the state diagram where type A 

operating points turn into type C operating points and the friction between the strand 

and the layer is not high enough to move the layer. As a result, a slug will form at the 
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inlet of conveying pipehne, sweeping the layer on the bottom of the conveying 

pipeline as it moves forwards and then enters the receiving bin. 
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Figure 5.4.3 Predicted state diagram for pneumatic conveying of plastic pellets tiirough 

98 mm ID pipe 

5.4.4 Turning Point on Line B 

Along Boundary B there is a turning point with a very special meaning based on the 

theoretical model developed in this chapter. It has never been explored by the 

researchers m the state diagram before as it is not easy to be observed by the 

conveying experunent. hi the state diagram, the tummg pomt on line B represents a 

conveying condition that it may turn into three different conveying states or flow 

modes, namely low-velocity slug-flow, strand flow over a stationary layer and strand 

flow over a slowly moving bed along three directions as shown in Figure 5.4.3. If the 

air mass flow rate and solid mass flow rate vary upwards and to the right, the 

conveying may in form of strand flow over a moving bed layer. If the air mass flow 

rate and solid mass flow rate solid vary to the left and downwards, it may show the 

strand flow over a stationary layer. If the air mass flow rate and the solid mass flow 
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rate vary upwards and to the left, the conveying may be in the form of low-velocity 

slug-flow. 

5.4.5 Boundary D 

Wirth [67] defined the critical velocity for dilute-phase pneumatic conveying as that 

prevaihng at the appearance of the first plug or the velocity for transition from 

conveying with constant pressure drop to strong fluctuation in pressure drop. It should 

be Line C m the state diagram shown m Figure 1.3.1. ActuaUy the Lines E and F in 

Figure 5.3.5 or Boundary D in Figure 5.4.3 were used as the critical velocity. While 

Boundary D in Figure 5.4.3 is also the saltation velocity defined by some other 

researchers. On the right side of Boundary D in the state diagram, the air-solid two-

phase flow wiU be in the form of suspended particles and/or strands without any 

particles deposited on the bottom of the conveymg pipelme. On the left side of 

Boundary D in the state diagram, the air-solid two-phase flow will be m the form of a 

strand flow over a slowly moving bed for high solids mass flow rate and a strand flow 

over a stationary layer for low solids mass flow rate. 

5.4.6 Boundary C: 

This boundary is located between lines B and D and separates the stable strand flow 

over a stationary layer or slowly moving bed from the unstable strand flow that 

alternates between a strand flow over a stationary layer or slowly moving bed and 

violent long slug flow. Boundary C can also be considered to be the line separating 

operating points presenting pneumatic conveying of granular materials with a stable 

pressure drop across the conveying pipeline from those with unstable pressure drops 

across the conveying pipeline in the state diagram. The location of Boundary C in state 

diagram also depends on the length of the conveying pipeline. For a short conveying 



Chapter 5: Model for Prediction of Transition Zone 104 

pipeline, the location of Boundary C will be close to Boundary B while, for a long 

conveying pipeline, it will be close to Boundary D. 

5.4.7 Fix Bed Zone: 

This zone is located to the left of boundary A m the state diagram m Figures 5.4.1, 

5.4.2 and 5.4.3. Pneumatic conveymg of granular materials m the fix bed zone is 

usually in a state of blockage of the conveying pipeline. 

5.4.8 Dense Phase Zone: 

This zone is located between Boundaries A and B. Every point in the dense phase zone 

in the state diagram in Figures 5.4.1, 5.4.2 and 5.4.3 represents the flow mode of the 

low-velocity slug flow through the conveying pipeline. 

5.4.9 Dilute Phase Zone 

This zone is located to the right of Boundary D in tiie state diagram in Figures 5.4.1, 

5.4.2 and 5.4.3 and conveying in this zone is in the form of dilute phase pneumatic 

transportation. The points far away from boundary D may be more in a state of full 

suspension. The pomts close to Boundary D may be m a mode of strand flow along the 

lower part of the pipeline and suspension flow m the upper part of the pipeline. The 

points closer to Boundary D may m a mode of a strand flow over a stationary layer for 

low solids mass flow rate, and a strand flow over a slowly moving bed for high solids 

mass flow rate. 

5.4.10 Unstable Zone 

This zone is located between Boundaries B and C and actually consists of upper and 

lower parts which represent different flow states. The points in the lower part of 

unstable zone represent air-solid two-phase flow alternates between violent long slug 



Chapter 5: Model for Prediction of Transition Zone 105 

flow and the flow of a strand over a stationary layer. The points in the upper part of the 

unstable zone represent air-solid two-phase flow alternating between the violent long 

slug flow and the flow of a strand over a slowly moving bed. For pneumatic conveying 

in the Unstable Zone, the pressure drop across the conveying pipeline is not stable. 

5.5 Further Discussion on the Unstable Zone in the State Diagram of Pneumatic 
Conveying of Granular Materials 

Boundary B of the Transition Zone predicted by the model that has been established m 

this chapter is actually the boundary for the first slug to form according to the force 

balance and stability analysis. NormaUy when the ah velocity is reduced and just 

enters the zone representing the flow mode of low-velocity slug flow in the state 

diagram as the resuk of pressure drop across the conveying pipeline increases and ah 

density increases, a long stationary layer or a slowly movmg bed has already built 

along the conveymg pipelme from the mlet. The length of stationary layer or slowly 

movmg bed along the conveymg pipelme depends on the difference in ah velocity 

between the operating point and the Boundary B in the state diagram. Great quantities 

of solid particles contauied m the conveymg pipelme provide the materials to form a 

long slug or a group of slugs when the first slug is formed at the location along the 

pipeline where the ah velocity is lowest. For some operations m the unstable zone with 

a very high solids mass flow rate and a long conveymg pipeline, the second long slug 

or group of slugs has been formed before the first long slug or group of slugs enter the 

receiving bin. For such an operating situation, pressure fluctuation stiU exists which 

may induce the vibration of pipeline system but the level of the violence is much 

lower. Usually the bigger the difference in air velocity between the operating point and 

Boundary B in the state diagram, the longer the length of stationary layer or slowly 

moving bed along the conveying pipeline. Also the higher the solids mass flow rate 
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and the longer the length of conveying pipeline, the smaller the difference in ah 

velocity between the operating point and Boundary B in the state diagram and then tiie 

more the possibility to have more than one long slug or group of slugs in die 

conveying pipeline. As a results, it is better to select a smaller pipe bore and have a 

relatively high solids mass flow rate for a certain amount of solid materials 

transportation for the industry using low-velocity slug-flow. When the air mass flow 

rate is kept constant and within the Boundary B in the state diagram, at the beginnmg 

of conveying when the solids particle is inti-oduced into the conveymg pipehne, even if 

the operating system is weU designed, it is also very easy to cause unstable flow or 

pressure fluctuation as the ah pressure at the beginnmg may be lower and the ah 

velocity may be higher so that a long stationary layer or slowly moving bed may be 

bulk up along the conveying pipelme from the mlet. Hence a gradual increase m ah 

mass flow rate according corresponding to the mcrease of the pressure drop across the 

conveying pipeline is recommended for beginning of operation of the conveying 

system if the flow is in the mode of low-velocity slug-flow. 

5.6 Comparison between Experimental and Predicted Boundaries 

Comparisons of the boundaries for pneumatic conveymg of plastic pellets through the 

test rig with 98mm and 60.3 mm ID, 21 m in length stainless steel pipelmes are shown 

in Figures 5.6.1 and 5.6.2. Note air leakage has been taken into account in detenninmg 

the ah mass flow rate values shown in those figures. There is a good agreement 

between the experimental results and the model predictions. It is necessary to mention 

that the air pressure or air density has been taken into account for the prediction of 

Boundaries B and D both in Figures 5.6.1 and 5.6.2 and the pressure drops across the 

conveying pipeline are provided by the model for pressure drop prediction developed 

in Chapter Twelve. 
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5.7 Original Nature of the Model Compared with Wirth's Model 

It is undeniable that Wirth's model [67, 104, 105, 106] provided important theoretical 

support in establishing the model. The force balance, mass balance and momentum 

balances were first applied in his model estabhshed for the determmation of mmimum 

conveying velocity or saltation velocity of dilute phase pneumatic conveying. Some 

non-dimensional groups used in Wirth's model were transplanted to this model 

building. Since so many similarities exist between the two models, it is necessary to 

mention the original qualities of this model and the difference between the two models. 

The main differences may be listed as follows: 

• Difference in objectives: Wirth's model considers the boundary of dilute-phase 

pneumatic conveymg while this model considers the boundaries of the unstable 

zone between dilute-phase and dense-phase pneumatic conveying. 

• Whth's model has a two-layer flow structure while this model has a three-layer 

flow strucmre involvmg the mechanisms for the formation of the unstable zone. 

• hi stabihty analysis, being limited by two-layer structure, Whth's model 

considers only type B operating points are only stable operating pomts. This 

model provides the conditions for stable flow of type A and C operatmg points. 

• Whth's model mentions the stationary layer on the bottom of the conveymg 

pipeline, the slowly moving bed was treated as a strand. 

• Wirth's model also puts forwards the limitations of plugging (plug flow or strand 

flow over stationary layer) based on its stability analysis while this model 

provides the boundary for slug formation based on force balance. 
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Whth's model can not provide the predictions that this model can, while the 

predictions from this model can cover all the results Whth's model can provide. 
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CHAPTER 6: INFLUENCE OF DESIGN PARAMETERS 
ON BOUNDARIES OF TRANSITION ZONE FOR 

PNEUMATIC CONVEYING OF GRANULAR PELLETS 
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6.1 Introduction 

Low-velocity slug flow pneumatic conveying of free-flowing granular bulk solids is 

one of the most common and popular modes of dense-phase pneumatic conveying used 

in industry. It has the advantages of lower power consumption, product damage and 

pipe wall wear. The state diagram or conveying characteristics for typical low-velocity 

slug flow conveying consists of four Boundaries A, B, C and D. The unstable zone is 

in between lines B and C and operation of pneumatic conveying in the unstable zone 

win result in severe pipeline vibrations and fluctuations in pressure. To avoid any 

abnormal pneumatic conveying operation, it is necessary to appreciate the influence of 

design parameters on the boundaries of transition zone and predict the boundaries 

reliably allowing for changes in design parameters. 

The main purpose of this chapter is to discuss the factors that influence the boundaries 

of the transition zone based on the model developed in Chapter Five. It is generally 

accepted that the factors that should be decisive for the formation and change of the 

boundaries of the transition zone for pneumatic conveying of granular materials 

through horizontal pipelines are pipeline properties, particle properties and fluid 

properties. According to the model, the main pipeline properties are internal pipe 

diameter, wall friction factor; the particle properties are particle density, particle 

voidage and the factor of friction between particles; the ah density will be considered 

regarding to the conveying with high pressure and negative ah pressure. 

The discussion which follows will focus mainly on the prediction of operating 

boundaries for industrial design purposes, especially for the design of long distance 

dense phase pneumatic conveying with step-up pipeline diameter. Some guideline will 

be provided for the scaling up design parameters from the pilot scale test unit to 
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mdustrial scale. Line A is to describe the initiation of the movement of the slug of 

granular solids through a conveying pipeline and is decided not only by feamres of 

particle and pipelme diameter and pipe wall surface but also by the length of the 

pipelme and operatmg condition. Also the operation of the low-velocity slug flow 

pneumatic conveymg systems should be far away from the boundary A for economic 

reasons. Hence, the discussion concerning the transition zone in this chapter will not 

cover Line A. In order to have a comparison with the experhnental results that wUl be 

provided in the later chapters, all the factors or parameters will be kept constant and 

equal to those of the experimental condition if applicable. The particle density is 

897kg/m3, bulk voidage is 0.391, particle diameter is 4.7 mm, pipeline inner diameters 

are 60.3 mm and 98.4 mm, fw=0.20, fp=0.5. Also the ordinate of the state diagram is 

solids mass flow rate per unit area (kg s'̂ m"'̂ ) and the abscissa is air velocity (ms"'). 

6.2 Influence of Pipeline Diameter on Boundaries of Transition Zone 

For pneumatic conveying of granular solids in mdustrial applications, there is a wide 

variation in pipeline diameter from a few centimetres to forty centimetres, 

cortesponding to the quantity of solid materials to be transported and the distance to be 

covered. In most situations, pipe diameters of the pilot scale test unit are smaller than 

those in industrial applications. To predict the operating boundaries accurately and 

reliably is vital to the success of applications of pneumatic conveying in industry. 

Based on the model estabhshed in Chapter Five, an approach to assess the variance of 

the operating boundaries with respect to the variation in pipeline diameter is provided. 

Figure 6.2.1 and 6.2.2 show comparisons of the boundaries of transition zone in the 

state diagram for pneumatic conveying of granular materials through a horizontal 

pipeline with pipeline diameters of 40, 60 and 98 mm respectively. From these figures. 
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it is clear that the diameter of the conveying pipeline significantiy affect the location of 

the boundaries of the transition zone in the state diagram. As the diameter of the 

conveying pipeline is mcreased. Boundary D considered as the mmhnum conveying 

(saltation) velocity for dilute-phase pneumatic conveying of granular solids move 

forwards and so does the upper part of Boundary B that is the maxunum conveying 

velocity for low-velocity slug-flow with high solids mass flow rate. The lower part of 

Boundary B that is the maximum conveying velocity for low-velocity slug-flow with 

low solids mass flow rate is kept at the same location in the state diagram and extend 

forwards as the pipe diameter is increased. Also the area of the transition zone m the 

state diagram is enlarged as the pipe diameter increases. 
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Figure 6.2.1 Predicted state diagram with respect to pipeline diameter 

As a result, the traditional concept of the operating region for low-velocity slug-flow, 

which was deflned only by air velocity (from 1 m/s to 4.0 m/s) and accepted by many 

pneumatic conveying system designers without consideration on the pipeline diameter 

and solids mass fiow rate, is not applicable. In the design of the conveying velocity for 
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dense-phase pneumatic conveying of granular materials, to ensure the operation is 

within the low-velocity slug-flow zone in the state diagram, the diameter of the 

conveying pipeline must be determmed first. According to the pipelme diameter as 

well as solids mass flow rate, a optimal conveying velocity can then be selected. Any 

design of conveying velocity without full evaluation on which conveymg modes the 

conveying wiU be in or which operating zones in the state diagram the conveying wiU 

be in with respect to different pipeline diameters and solid mass flow rates wiU induce 

serious results in the operations. 
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Figure 6.2.2 Predicted state diagram with respect to pipeline diameter 

In the selection of a diameter of conveying pipeline during the design of conveying 

system for a certain conveying task, it should be borne in mind that a smaller pipelme 

diameter is more optimal for the pipeline system design if the conveying load is less 

than the maximum slugging rate or the capacity of the pipeline for slugging flow for a 

given pipeline diameter and product. According to the state diagram, for a given 

conveying load (kg/s) with the same air velocity, the operation may be in the dense-
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phase zone for a suitable pipe bore and in the unstable zone for a large pipe bore. Also 

if the pneumatic conveying of granular materials through the pipeline is with large 

bore, both boundaries D and B moves forward. Hence the minimum conveying 

velocity for dilute-phase and maximum conveying velocity for dense-phase increase 

and the pipelme wear and particle degradation will mcrease especially for the 

conveying of fragile granular solids. Large pipe bore also means a wider unstable zone. 

When operations in conveying of granular materials over a long distance in unstable 

condition, the length of the stationary layer over which the strand flow goes will be 

longer for a wider unstable zone in the state diagram. Once a long slug is formed and 

the transition of the flow takes place, the fluctuation in pressure will be much greater. 

6.3 Influence of Pipeline Wall Sliding Friction Factor on Boundaries of 
Transition Zone 

The roughness of the pipe waU mner surface has been taken into account in the 

establishment of many models for prediction of pressure drop of dense-phase 

pneumatic conveymg. Some researchers also have considered it in the models for 

predictmg the minimum conveymg velocity of dilute-phase pneumatic conveying. So 

far the influence of the roughness of pipe wall surface on the mode of air-solid two-

phase flow has been ignored by the researchers in this area, so exploration or 

appreciation of this topic may begin with this thesis. Since Boundary B has not been 

addressed so far, the relationship between pipe wall roughness and the maximum 

conveying velocity for low-velocity slug-flow pneumatic conveying of granular 

materials is still unknown. With the model established in Chapter Five and assuming 

its applicability can extend to all pipe wall surface, an effort will be made here to 

explore the relationship between the roughness of pipe wall surface and the mode of 

air-solid two-phase flow and appreciate the significance of pipe wall roughness to a 
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determination of the boundaries of the transition zone m the state diagram for 

pneumatic conveying of granular materials through a horizontal pipelme. 
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cî  

400 , 

350 -

300 . 

250 . 

200 -

150 ^ 

100 1 

50 . 

0 

f,..r^n->n 
B 

fw-0.18 

B 

D e n s e P h a s e ' 

J 

^ 

0 2 4 

1 

Transi t ion Z o n e 

6 8 

Air Velocity (m/s) 

D 

•' / 

10 

/D 

/ Dilute P h a s e 

' D=0.098 m 

fp=0.5 

e s .=0391 

e =0.391 

Pp=897kg /m ' 

pf= 1.26 kg/m' 

12 14 

Figure 6.3.1 Predicted state diagram with respect to pipe wall roughness 

-~ 
= 

F
lu

x 
(k

g/
 

S
ol

id
 M

as
s 

350 . 

300 . 

250 . 

200 -

150 -

100 . 

50 . 

n _ 

D=0.098 m 

fp=0.5 

es.=0.391 

e =0.391 

P p = 8 9 7 k g / m ' 

pf=1.26 kg/m 

D e n s e P h a s e 

g / fv . -a30 . 

^ ^ Trans i t ion Z Dne 

B 7 

D / 

jl 

J 

D 

Dilute Phase 

4 6 8 10 12 14 

Air Velocity (m/s) 

Figure 6.3.2 Predicted state diagram with respect to pipe wall roughness 



Chapter 6: Influence of Design Parameters on Boundaries of Transition Zone for Granular Particles 117 

The comparison in Figures 6.3.1 and 6.3.2 for the conveymg of certain granular solids 

though a horizontal pipeline with the same inner diameter of the conveying pipeline 

shows that transition zone in the state diagram will change its location and area 

according to the variation in pipe wall roughness or the pipe wall shding friction 

factor. As the pipe wall roughness or wall sliding friction factor mcreases, both 

maximum conveymg velocity for low-velocity slug flow and minimum conveying 

velocity for dilute-phase flow increase. The upper area of the transition zone 

presenting the mode of air-solid two-phase flow in the form of a strand over a slowly 

moving bed (if a slug does not form) in the state diagram contracts while the lower part 

of transition zone presenting the mode of air-solid two-phase flow in the form of a 

strand over a stationary layer (if a slug does not form) in the state diagram becomes 

enlarged. As the pipe waU roughness or waU sliding friction factor decreases, both 

maximum conveying velocity for dense-phase flow and mmimum conveymg velocity 

for dilute-phase fiow decrease; the upper area of transition zone presenting the mode of 

ah-solid two-phase flow m the form of a strand over a slowly moving bed (if a slug 

does not form) in the state diagram expands while the lower part of transition zone 

presenting the mode of air-solid two-phase flow in the form of a strand over a 

stationary layer (if a slug did not form) in the state diagram becomes smaller. 

In the design of a conveying pipeline system, the concept that the pipe wall roughness 

can change the flow mode of air-solid two-phase flow provides an approach to avoid 

unstable flow for the conveying of granular solids over a long pipeline for industrial 

applications. Pipe with a smooth wall surface can be selected to lower the resistance to 

the moving slug and lessen the pressure gradient if the conveying velocity is within the 

low-velocity slug-flow zone in the state diagram. As the air velocity increases, pipe 
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with a rough inner wall surface can be selected to keep the conveying of granular 

materials in the flow mode of low-velocity slug-flow. 

In the model established in Chapter Five, one of extreme situations of the wall 

roughness of conveying pipeline to be explored is what will happen m the state 

diagram when the shding friction factor keeps decreasing. 
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Figure 6.3.3 Predicted state diagram with respect to pipe waU roughness 

Figure 6.3.3 shows the state diagram for pneumatic conveymg of plastic pellets 

through a horizontal pipeline with a decreasmg sliding friction factor of the pipe wall. 

For Boundary D, as fw is decreased from 0.20 to 0.17, a shght change takes place for 

the minimum conveying velocity for dilute-phase pneumatic conveying shown as 

curves D in the state diagram. For Boundary B, as f* is decreased from 0.20 to 0.17, 

the area presenting flow mode of a strand over a slowly moving bed is enlarged and 

gradually occupies most of the area in the transition zone in the state diagram. The area 

presenting the flow mode of strand over a stationary layer contracts and gradually 

occupies a very small area of the transition zone in the state diagram. The area 
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representing flow mode of low-velocity slug-flow becomes smaller as the fw is 

decreases from 0.2 to 0.17. Further decrease m slidmg friction factor of the pipe waU 

(e.g. reducing to 0.15) will finally induce the disappearance of the mode of low-

velocity slug-flow for pneumatic conveying of granular materials in the state diagram. 

According to the stability analysis in Chapter Five, a strand flow over a slowly movmg 

bed can be kept stable if the friction between the strand and the layer is high enough to 

move the layer. As the ah velocity decreases, the thickness of the layer on the bottom 

of the pipeline increases and finally the thickness of the layer will reach such value that 

friction between the strand and the layer can not move the layer, so the first slug forms. 

If the sliding friction factor of the pipe wall is at a very low value compared with the 

friction factor between particles, then the layer under the strand can be kept moving 

and formation of slug can be prevented in the conveying pipeline if solids mass flow 

rate is higher than certain value. 

For industrial applications of pneumatic conveying of granular materials over a long 

distance, a new approach to avoid unstable operation is provided by a selecting the 

conveying pipeline with a very smooth wall surface. For the research of air-solid two-

phase flow through a horizontal pipeline, the concept that mode of low-velocity slug 

flow for pneumatic conveying of granular materials may not exist in the pipeline with 

a very smooth wall surface is established and has very important theoretical 

significance for the research on ah-solid two-phase flow through a horizontal pipeline 

and should be examined by experimental approaches. 

Another extreme situation of wall roughness to be explored is what will happen in the 

state diagram for pneumatic conveying of granular materials through a horizontal 
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pipeline when the shding friction factor or roughness of pipe wall continues to 

increase. 
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Figure 6.3.4 Predicted state diagram with respect to pipe wall roughness 

Figure 6.3.4 shows the state diagram for pneumatic conveying of plastic pellets 

through a horizontal pipeline with an increasing sliding friction factor of the pipe wall. 

As fw is increased from 0.20 to 0.40, Boundary D or the minimum conveying velocity 

for dilute-phase pneumatic conveying increases; Boundary B or the maximum 

conveying velocity for low-velocity slug-flow also mcreases; the area and the location 

of the Transition Zone in the state diagram change. The area presentmg flow mode of a 

strand over a slowly moving bed in the state diagram moves forward and gradually 

occupies less area in the Transition Zone in the state diagram; the area presentmg flow 

mode of a strand over a stationary layer in the state diagram enlarges and graduaUy 

occupies most of the Transition Zone in the state diagram. The area representing flow 

mode of low-velocity slug-flow becomes larger as the fw increases from 0.20 to 0.40. 

Further increase in the sliding friction factor of the pipe wall (e.g., increase to 0.425) 
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will finally induce the disappearance of the mode of a strand over a slowly moving bed 

for pneumatic conveying of granular materials in the state diagram. Accordmg to the 

stability analysis in Chapter Five, flow mode of a strand flow over a slowly moving 

bed can be kept stable if the friction between the strand and the layer is high enough to 

move layer. As the shding friction factor increases, finally friction between the strand 

and the layer can not move the layer any more, hence flow mode of a strand flow over 

a slowly moving bed can not be mamtamed and the Transition Zone with high solids 

mass flow rate can not exist in the state diagram any longer. 

For industrial applications of pneumatic conveymg of granular materials over a long 

distance, a new approach to avoid unstable operation, which induces pressure 

fluctuation and even blockage of pipelme, is provided by selecting a conveying 

pipelme with a very rough wall surface and a relatively small pipe bore, but the overaU 

pressure drop is much higher as the result of high waU friction. For the research of ah-

solid two-phase flow through a horizontal pipehne, the concept that flow mode of a 

strand flow over a slowly movmg bed for pneumatic conveying of granular materials 

may not exist in the pipeline with a very rough wall surface and relatively small pipe 

bore is established even though it lacks of experhnental demonstration so far. 

6.4 Influence of Particle Density on Boundaries of Transition Zone 

As one of the key parameters of particle properties, particle density is employed in 

many correlations for the prediction of the minimum conveying velocity of dilute-

phase pneumatic conveying and in the classification of solid materials for the purpose 

of flow mode determination. The influence of particle density on the flow mode as 

well as the location and boundaries of the transition zone in the state diagram for 

pneumatic conveying of granular materials through a horizontal pipeline has never 



Chapter 6: Influence of Design Parameters on Boundaries of Transition Zone for Granular Particles 122 

been explored well. Hence it is necessary to conduct such a discussion based on the 

model established in Chapter Five. 
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Figure 6.4.1 Predicted state diagram with respect to particle density 

Figure 6.4.1 shows the comparison of the Transition Zones in the state diagram for 

pneumatic conve>ing of granular materials as the particle density increases. Both 

Boundary B as the maximum conveying velocity of low-velocity slug-flow and 

Boundary D as the minimum conveying velocity for dilute-phase pneumatic conveying 

move forward and the area of the Transition Zone is enlarged with increase in particle 

density. Within the Transition Zone, the area representing the flow mode of strand 

flow over a stationary layer extends into the area normally representing the flow mode 

of strand flow over a slowly moving bed as the particle density increases. 

For the design of industrial application, it is necessary not only to be aware that the 

maximum conveying velocity of low-velocity slug-flow and the minimum conveying 

velocity for dilute-phase pneumatic conveying are increased as particle density 

increases, but also understand that when the dense-phase pneumatic conveying of high 
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particle density granular solids through a horizontal pipelme, lowering the sohd mass 

flow rate usually makes the operation of conveying m the unstable condition more 

easier than that with low particle density materials. The gap between maximum 

conveying velocity of low-velocity slug-flow and mhihnum conveying velocity for 

dilute-phase pneumatic conveying in the state diagram is larger and greater pressure 

fluctuation may develop if unstable flow takes place. 
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Figure 6.4.2 Predicted state diagram with respect to particle density 

Figure 6.4.2 shows that as the particle density decreases. Boundaries B and D move 

backward, the Transition Zone m the state diagram shrinks and the flow behaviours 

become complicated. The complexities of the flow behaviours for conveying very light 

granular materials are that the area m the state diagram representmg the flow mode of a 

strand flow over a stationary layer becomes smaller and only exists for very low solids 

mass flow rate, the area in the state diagram representing the flow mode of a strand 

flow over a slowly moving bed becomes larger and extends to the area where normally 

the air-solid two-phase flow is in the mode of low-velocity slug-flow for a very high 
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solids mass flow rate (e.g., for Pp=300 kg m"\ Gs is high than 100 kg.s'm", low-

velocity slug-flow will not display). 

For industrial application, pneumatic conveymg of light granular materials is easy to 

handle accordmg to the state diagram. With respect to research, the concept tiiat the 

flow mode of low-velocity slug-flow for pneumatic conveymg of light granular 

materials will not display in the conveying operation with high sohds mass flow rate 

stiU needs some experimental demonstrations. 

6.5 Influence of Voidage of Bulk Granular Solids on Boundaries of Transition 
Zone 

To characterise and classify the sohd materials for pneumatic conveymg, the density 

difference between fluid and particle, particle diameter and distribution, permeabihty 

and air retention ability have been dhectly taken into account as the key parameters in 

the determmation of the flow mode in previous research. The voidage of bulk solid 

materials has not been directiy considered as a key parameter m conveymg behaviours 

through tiie pipeline system but was used mdhectly in the Pan's [80] classification of 

three modes of pneumatic conveying and has achieved some success in applications. 

The significance of the voidage of bulk granular solid materials to die determmation of 

the mode of pneumatic conveying or flow behaviours will be addressed according to 

the model established hi Chapter Five. 

Figure 6.5.1 shows the comparison in the state diagram for pneumatic conveying of 

granular materials through a horizontal pipeline with bulk voidage of 0.391, 0.6, 0.7 

and 0.8 respectively. As the voidage increases, the transition zone in the state diagram 

becomes smaller, the minimum conveying velocity for dilute-phase pneumatic 

delineated by Boundary D became less and so does the maximum conveying velocity 



Chapter 6: Influence of Design Parameters on Boundaries of Transition Zone for Granular Particles 125 

for low-velocity slug flow delmeated by Boundary B. The shrinkage in die lower part 

of the transition zone representing the flow mode of a strand over a stationary layer 

projects more than that of the upper part representmg the flow mode of a strand over a 

slowly moving bed. This means that the higher the voidage of bulk granular materials, 

the less the solids mass flow rate per unit area to keep the flow in the mode of a strand 

over a slowly moving bed in the transition zone. For pneumatic conveying of granular 

materials with high voidage, the area m the state diagram representing the flow mode 

of a strand flow over a slowly moving bed will extend to an area where normally the 

ah-solid two-phase flow is m the mode of low-velocity slug-flow for relatively high 

solids mass flow rate (e.g. for e=0.6, Gs>272 kg.s'm'^ £=0.7, Gs>169 kg.s'm" 

;̂ £=0.8, Gs>87 kg.s''m"^) and low-velocity slug-flow will not display during the 

conveying operation. Line H in the state diagram m Figure 6.5.1 delmeates the area 

where low-velocity slug-flow is replaced by the flow mode of a strand over a slowly 

movmg bed or strand flow only for granular materials with variation in bulk voidages. 

The comparisons suggest to tiie designers of pneumatic conveymg systems that 

granular products are easier to transport pneumatically through a horizontal pipeline 

with high voidage. The voidage of granular solids should be taken mto account for the 

determination of operating condition in order to ensure that the operation points are 

within the appropriate area m the state diagram for pneumatic conveying. For some 

granular materials whose voidage is effected by compression, some kmd of feeding 

device that will cause compression for solid materials such as screw-feeding blow tank 

should be avoided to be used for pneumatic conveying of such kind of solid materials. 
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Figure 6.5.1 Predicted state diagram with respect to bulk voidage 

6.6 Influence of Friction between Particles on Boundaries of Transition Zone 

The friction between particles that is considered equal to the mtemal friction of 

particles is a key factor in bulk solid mechanism for silo design and has never been 

taken into account in any determmation of the transition zone m the state diagram for 

pneumatic conveying of granular materials through a horizontal pipelme. The 

predictions of the model estabhshed m Chapter Five show that the factor of friction 

between particles is one of the most hnportant parameters for determming the 

maximum conveying velocity for pneumatic conveying of granular materials in the 

mode of low-velocity slug flow. 

Figure 6.6.1 shows the comparisons of flow regimes in the state diagram with the 

variation of decreasing particle friction factor. It is clear that the friction between 

particles mainly defines the gap between Boundaries B and D of the upper part of the 

transition zone representing the flow mode of a strand over a slowly moving bed in the 

state diagram. The gap will disappear as the friction between particles further 
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approaches to the friction between particle and pipe wall. The decrease m fiction 

between particles has no effect on the location of boundary D dehneating the minhnum 

conveying velocity for dilute-phase pneumatic conveying. Also the location of area 

representmg the flow mode of a strand over a stationary layer in the state diagram is 

not afl'ected. 
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Figure 6.6.1 Predicted state diagram with respect to fiiction between particles 

For the design of industrial applications, a smaller particle fiction factor means a wider 

operating zone of low-velocity slug flow and a nartower transition zone in the state 

diagram for pneumatic conveying of granular materials with a relatively high solids 

mass flow rate. For tiie conveying with a relative low solids mass flow rate, the 

situation is almost the same. In most situation of conveying of granular solids, the 

friction between particles is higher than that between particle and pipe wall and the 

friction between particles can be reflected by a deposed angle. Hence the granular 

solids with a smaller deposed angle wih exhibit higher maximum conveying velocity 

in dense phase pneumatic conveying and possess a narrow gap between Boundaries B 
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and D m the state diagram if other factors that influence air-sohd two-flow are similar 

and the solid mass flow rate is relatively higher. For the design of pneumatic 

conveying of granular solids with a low solid mass flow rate, the friction between 

particles will not matter much in the location of boundaries of the transition zone hi the 

state diagram. 

Figure 6.6.2 shows the comparisons of flow regimes in the state diagram with the 

variation of particle friction factors increasing. The upper part of the transition zone 

representing the flow mode of a strand over a slowly moving bed in the state diagram 

is enlarged and extends to the area where normally the ah-solid two-phase flow is m 

the mode of low-velocity slug-flow for relatively high solids mass flow rate (e.g. for 

fp=0.55, Gs>391 kg.s-'m^ fp=0.6 Gs>213 kg . s 'm ' ; fp=0.625, Gs>138 kg.s 'm' ; 

fp=0.65, Gs>213 kg.s'm"^). Line H m the state diagram m Figure 6.6.2 delmeates the 

area where low-velocity slug-flow is replaced by the flow mode of a strand over a 

slowly moving bed for pneumatic conveying of granular materials witî , variation in 

friction between particles. The increase m friction between particles has no effect on 

the location of Boundary D dehneatmg the minhnum conveying velocity for dilute-

phase pneumatic conveymg. 

The concept that friction between particles influences the maximum conveying 

velocity for pneumatic conveying of granular materials in the mode of low-velocity 

slug-flow and the gap between Boundaries B and D in state diagram provides a 

guideline for the surface design of products in industries. To achieve an easy handling 

ability that is important for safety and stabihty in the process of transportation and 

storage, granule of products can be made with certain shapes and diameters so that 

friction between particles can be lower. 
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Figure 6.6.2 Predicted state diagram with respect to friction between particles 

6.7 Influence of Air Pressure on Boundaries of Transition Zone 

In many mdustrial applications, pneumatic conveying of granular sohds covers long 

distances and hence high-pressure air is employed. The determmation of boundaries 

for pneumatic conveying with high pressure is usually not dhectiy achieved easily by 

conducting pilot-scale tests. Even though the experimental rig is equipped for high 

pressure conveying test, there is still no method for scalmg up the experiment results 

from pilot-scale to industinal scale. As a result, pneumatic conveying of granular 

materials over long distances is more popular in the form of dilute-phase pneumatic 

conveying ratiier than in dense-phase which has the advantages of lower power 

consumption, product damage and pipe wall wear. With the model established in 

Chapter Five, an approach for the assessment of the influence of ah-pressure or ah 

density on the boundaries of the Transition Zone in the state diagram for pneumatic 

conveying of granular materials through a long horizontal pipeline is provided. 
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Figure 6.7.1 shows the comparison m the state diagram of three conveying conditions 

with absolute ah pressure of 1.0, 2.0 and 4.0 kgf/cm' respectively. For the convenience 

of discussion and comparison, in Figure 6.7.1, the ordinate of the state diagram is kept 

the same as that used in previous sub-chapters while the abscissa is the air mass flow 

rate with units in kg/s. In Figure 6.7.1, as the air density increases, the transition zone 

in the state diagram becomes larger and moves forwards, the area representing the flow 

mode of a strand over a slowly moving bed becomes larger and the area representmg 

the flow mode of a strand over a stationary layer becomes constricted and limited to a 

lower solids mass flow rate per unit area. 
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Figure 6.7.1 Predicted state diagram with respect to air density 

In Figure 6.7.2, with ah velocity as the abscissa and as the ah density mcreases, the 

transition zone in the state diagram becomes smaller and moves backwards. The area 

representing the flow mode of a strand over a slowly moving bed occupies more of the 

transition zone and the area representing the flow mode of a strand over a stationary 

layer becomes constricted and limited to a lower solids mass flux. 
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Figure 6.7.2 Predicted state diagram with respect to air density 

For pneumatic conveymg of granular sohds over a long distance in the form of low-

velocity slug-flow, high air pressure is employed at the inlet of the conveymg pipelme, 

and the ah pressure will decrease along the pipelme and reach atmospheric pressure at 

the exit. With a constant ah mass flow rate along the conveymg pipehne, a step-up 

pipe bore is necessary to keep the air velocity m the pipelme within the dense-phase 

zone in the state diagram m order to ensure the conveying operation is stable and the 

low-velocity slug-flow can be mamtamed through the whole pipelme system. For a 

well-designed dense-phase pneumatic conveying long pipeline system, low-velocity 

slug-flow may be mamtamed through the whole pipeline during steady state 

operations. At the beghining of the conveying when the granular materials start to 

enter the conveying pipelme, the operation with constant air mass flow rate may be in 

the unstable zone in the state diagram since the pressure at the inlet may not have 

reached the required value. Hence pressure fluctuation takes place and then becomes 

normal as the pressure at the inlet of the conveying pipeline reaches the required value 
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and such prediction has been demonsti-ated m many mdustrial applications for long­

distance dense-phase pneumatic conveying of granular materials. For tiie same reason, 

pressure flucttiations also take place during the end of the operation of dense-phase 

pneumatic conveying systems. 

Pneumatic conveying of granular materials in the form of low-velocity slug flow at 

negative pressure is seldom selected for industrial applications. This is because the 

distance of dense-phase pneumatic conveying under negative pressure is very hmited 

for the restricted pressure drop available and the vacuum system is not very convenient 

to handle compared with pressured system. The transition boundjuies for low-velocity 

slug flow in the state diagram under negative pressure are still worth considering. 
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Figure 6.7.3 Predicted state diagram with respect to air density 

Figure 6.7.3 shows a comparison in the state diagram for conveying conditions with 

absolute ah pressure of 1.0 and 0.5 kgf/cm" respectively. For the convenience of 

discussion and comparison, the ordinate of the state diagram has been kept the same as 

that used in previous sub-chapters while the abscissa is the ah mass flow rate with 
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units m kg/s. As tiie ah- density decreases, the transition zone in die state diagram 

becomes smaller and moves backwards and the area representing die flow mode of a 

strand over a stationary layer becomes larger. The area representmg tiie pneumatic 

conveying of granular materials m the form of low-velocity slug-flow m tiie state 

diagram becomes smaller. 
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Figure 6.7.4 Predicted state diagram with respect to air density 

In Figure 6.7.4, with air velocity as the abscissa, as the air density decreases, the 

transition zone in the state diagram becomes larger and moves forwards. The area 

representing conveying in the flow mode of a strand over a stationary layer becomes 

larger and so does the gap between boundaries B and D. 
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CHAPTER 7: CLASSIFICATION OF GRANULAR 
SOLIDS AND POWDERS 
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7.1 Introduction 

Pneumatic conveying of bulk solid materials has been used successfuUy for many 

decades in industry. Numerous materials with dramatically different particle properties 

are ti-ansported through pipehne systems with different configuration and pipe wall 

properties. In general, for powders and granules, two general forms of conveymg 

characteristic have been observed, as described below. 

7.1.1Smooth Transition from Dilute-Phase to Dense-Phase 

Typical pneumatic conveymg characteristics for materials that can be conveyed 

smoothly from dilute-phase to dense-phase are shown in Figure 7.1.1. 
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Figure 7.1.1 General form of pneumatic conveying characteristics for materials that 

displays a smooth transition from dilute-phase to dense-phase 

This flow mode is achieved usually for powders (e.g. fly ash, cement and pulverised 

coal) [80] with low loose-poured bulk density, high bulk voidage and small particle 

diameter. When the air mass flow rate decrea.ses from high to low and for a constant 



Chapter 7: Classification of Granular Particles and Powders 136 

solid mass flow rate, the pressure drop across the conveying pipeline also decreases 

and reaches a minimum point. Conveymg at an air mass flow rate higher than this 

point usually is referted to as dilute-phase pneumatic conveying. Conveying at an ah 

mass flow rate lower than the point, the pressure drop along the pipelme will increase 

as the air mass flow rate decreases, and the ah-solid flow is commonly referred to as 

dense-phase pneumatic conveying or fluidised dense-phase. For conveying at a low 

solids mass flow rate, during the transition from the dilute-phase to dense-phase, 

moving particles will be in form of suspension and/or strand flow over the stationary 

layer. 
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Figure 7.1.2 General form of pneumatic conveying characteristics for the transition 

from dilute-phase to dense-phase with unstable zone 

7.1.2 Transition from Dilute-Phase to Dense-Phase with Unstable Zone or 
Blockage 

This flow mode is usually for granular materials (e.g. plastic pellets, wheat and sand). 

Figure 7.1.2 shows a typical set of pneumatic conveying characteristics for this flow 

mode. For conveying of such solid materials in dilute-phase pneumatic, particles move 

in the form of suspension and/or strand. When conveying at a constant solids mass 
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flow rate, as the air mass flow rate decreases, the pressure drop across the pipelme will 

reach a mmimum point. This pressure drop minhnum point means only tiiat die 

pneumatic conveying operated at the point can achieve tiie least pressure drop. It never 

means the pneumatic conveymg is stable or unstable, and is not appropriate for use as 

the criterion of the minimum conveying velocity of dilute-phase pneumatic conveying 

even though it is called saltation velocity by some researchers [86, 87, 88]. As the air 

mass flow rate continues to decrease, a stationary layer or a slowly movmg bed will 

begin to form on the bottom of the pipehne and the ah velocity is usuaUy referred as 

the minimum conveying velocity for the dilute-phase of pneumatic conveying 

dehneated by line D in Figure 7.1.2. As the air mass flow rate further decreases to a 

certain value dehneated by line C in Figure 7.1.2, the ah-solid two-phase flow will 

alternate between a long violent slug flow and a strand over a stationary layer for low 

solids mass flow rate or slowly moving bed for high sohds mass flow rate. Hence the 

operation enters the unstable zone m the state diagram. As the ah mass flow rate 

increases from the Boundary A shown in Figure 7.1.2, solid materials are movmg m 

the form of low-velocity slug-flow and the pressure drop across the pipelme decreases 

as ah velocity increases. As the ah mass flow rate mcreases further, the point will be 

reached where low-velocity slug flow can not be maintained and the flow will be in the 

mode of alternation between a long violent slug flow and a strand over a stationary 

layer for low solids mass flow rate or slowly moving bed for high solids mass flow 

rate. This ah velocity is considered as the maximum dense-phase conveying velocity 

for the mode of low-velocity slug-flow and the points mentioned form Boundary B in 

Figure 7.1.2. Unstable flow with severe pipeline vibrations and pressure fluctuations or 

blockage may take place when the operation is between Boundaries B and C. Whether 

pneumatic conveying conducted in the unstable zone will induce blockage of the 
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pipelme depends on the solid material properties, pipehne properties and the ah 

supply. For some light granular products (e.g. plastic pellet, wheat, and rice) and ah 

supply with steep characteristics or controlled by laval nozzle, conveying m unstable 

zone will cause pressure fluctuations without blockmg tiie pipeline. While some heavy 

solid materials, the blockage may happen if the conveying carried out at unstable zone 

without any further measurement such as bypass pipe to destroy the blockage. 

7.2 Review of Classification of Solid Materials for Pneumatic Conveying 

It has been demonstrated that solid materials conveyed through the pipeline exhibit 

different flow modes. An appropriate pi-ocedure for assessing the flow mode of solid 

materials for pneumatic conveying is necessary for the design of industrial 

applications. 

According to the mean surface-volume particle size and density difference, Geldart 

[27] first classified solid materials mto four groups with different fluidisation 

characteristics. Group A materials generally expand after minimum fluidisation and 

prior to the commencement of bubblmg and retam aeration well. Group B materials 

usually bubble at minimum fluidisation without expansion and can not retain aeration. 

Group C materials are very fine and difficult to fluidise. Group D materials are of large 

size and/or density and spout readily. Geldart's classification was proposed as a 

method to mdicate the potential of materials to be pneumaticaUy conveyed in dense 

phase but failed to give a reliable prediction of flow mode for pneumatic conveying 

[57]. 

Based on Geldart's fluidisation classifications, Dixon [17] developed the slugging 

diagram for assessing the suitability of solid materials for pneumatic conveying in 

dense-phase by adjusting the boundaries between four groups of solid materials in the 
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diagram. Group A powders being pneumatically conveyable at high solid/ah loading 

and not being natural 'sluggers' are the best candidates for dense-phase conveying. 

Group B powders are not natural 'sluggers' and can not be conveyed at high sohd/ah 

loadmg. They are not likely to be conveyed m dense-phase m a conventional system. 

Group C has being arguably the worst candidates for dense-phase pneumatic 

conveying powders. They are cohesive, fine powders that can be difficult to be 

fluidised. Some materials in group C can be conveyed but many can not be conveyed. 

Group D particles are large granular pellets that are possible candidates for slug flow. 

To date Dbcon's sluggmg diagram has been used most commonly for assessing die 

suitability of materials for dense-phase pneumatic conveying. However, Dixon's work 

is still hnprecise, as his classification has not involved the mechanisms of the air-solid 

flow through a horizontal pipehne. 

Jones and Mills [41] put forward a diagram of powders classification for identifymg 

the suitabihty for pneumatic conveymg m dense-phase according to ah retention 

capability and permeability. The diagram was divided into tiiree groups and the 

boundaries between tiie groups are based on experience. Group 1 solid materials have 

good ah retention capacity and particularly low value of vibrated de-aeration constant 

and permeability. Powders in this group are the best candidates for pneumatic 

conveying in dense-phase with low velocity and high phase densities through 

conventional systems. Group 2 solid materials have mid range values of vibrated de-

aeration constant, permeability and ah retention capacity. Powders in this group are 

normally not conveyed in dense-phase through conventional systems and can be 

conveyed in dense-phase through some of the innovative systems available (e.g. 

bypassing pipe). Group 3 solid materials have good air permeability and poor air 

retention. Some solid materials in this group can be conveyed in dense-phase. Jones 
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and Mills' classification of solid materials has still not involved the mechanisms of tiie 

ah-solid two-phase flow through a horizontal pipelme and the mechanisms for tiie 

formation of blockage, so it is still hnprecise. 

Pan [80] also proposed a diagram of powders classification for identifying the flow 

modes for pneumatic conveying according to the median particle diameter and loose-

poured bulk density of tiie solid materials. Solid materials were divided mto tiiree 

groups in his diagram. Group PCI solid materials (e.g. fly ash, cement, pulverised 

coal) can be transported smoothly and gentiy from dilute- to fluidised dense-phase. 

Group PC2 solid materials (e.g. plastic pellets, wheat, barley) can be transported in 

flow modes of dhute-phase, unstable zone or slug-flow. Group PC3 solid materials 

(e.g. zhcon, coarse sand) can be conveyed in dilute-phase only. Pan's diagram to a 

certain degree can be considered as the combination of the diagrams of Geldart with 

Jones and Mills because the loose-poured bulk density of the solid materials used in 

his diagram is significantly influenced by de-aeration, permeability and air retention 

capacity of solid materials. Pan's classification has not involved m the mechanisms of 

ah-solid flow through a horizontal pipehne and the mechanisms for the formation of 

blockage and so it is still hnprecise. 

7.3 Mechanism for Solids Transported in Different Flow Modes 

Two of the most important tasks for pneumatic conveying system design are to 

determine the system operating boundaries and the total pressure drop across the 

pipeline. For conveying some powder materials such as fly ash, cement and pulverised 

coal, the operating boundaries are not taken into account as seriously as that of 

granular solids because the unstable zone does not exist in the state diagram for 

conveying many powder materials. It is widely accepted that particle properties such as 
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particle diameter and its distribution, density, voidage, particle shape, air retention, 

permeability contribute to the difference between powder and granular solids m tiie 

state diagram. The real mechanism involved in air-solid two-phase flow behaviours 

between dense-phase and dilute-phase pneumatic conveymg has not been explored so 

far. The theoretical model established in Chapter Five provides an approach for 

determining the mechanism. 

As it is discussed in Chapter Six, the Transition Zone in the state diagram for 

pneumatic conveying of granular materials through a horizontal pipeline consists of 

upper and lower parts and different flow mechanisms are involved in the ah-solid two-

phase flow at upper and lower parts of the transition zone in the state diagram. The 

operating points m the lower part of the transition zone, usually with relatively low 

solid mass flow rate per unit area, represent air-solid two-phase flow m the mode of a 

strand flow over a stationary layer. The condition for keeping the flow steady is that 

the thickness of the stationary layer may grow to mcrease the ah velocity that will also 

result in an mcrease of sohd mass flow rate per unit area. Since any disturbance in the 

ah-solid two-phase flow may induce the increase of granular sohds contained m tiie 

conveying pipelme and increase the thickness of the stationary layer, the air velocity 

naturally increases as the flow channel area across the intersection of tiie pipelme 

decreases. Air-solid two-phase flow in such a mode can be kept stable until the air 

velocity withm the flow channel reaches the value that is represented by Type C 

operating points in state diagram. As discussed in Chapter Six, the area of lower part 

of the transition zone in the state diagram for the pneumatic conveying of granular 

solid materials through a horizontal pipeline may vary with particle properties and 

pipeline properties and air properties, but it never disappears as a result of variation in 

particle and pipeline properties. 
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The operating points m the upper part of the transition zone, usually with relatively 

high sohd mass flow rate per unit area, represent ah-solid two-phase flow m the mode 

of a strand flow over a slowly movmg bed. To maintam stabihty in such a flow mode, 

the finction between the moving strand and the slowly moving bed should be high 

enough to overcome the friction between the slowly moving bed and pipe wall and 

push the slowly movmg bed to extend forward or lower the thickness of slowly 

moving bed. The mathematical expression of the force is as follows: 

fp- pp-{i-£s,yi^-(l)\{\-acri)^A> 
(7.3.1) 

/.•[p,(i-a)(i-(/>)(i-a.)A]+/.-pp(i-e)anA 

Assummg Est equal to £ when the- operation point is very close to the Boundary B, 

Equation 7.3.1 can be shnphfied as follows: 

fp^ 
^•^^""(LO-^XLI G-an) 

. / . (7.3.2) 

Comparing the state diagrams for pneumatic conveymg of powder materials and 

granular materials, it is found that tiie dhference between two state diagrams is that the 

upper part of tiie transition zone does not exist or is too nartow to cause any unstable 

flow behaviours for pneumatic conveying of powder materials. Equation 7.3.2 shows 

the mechanism that dominates the formation of the upper part of the transition zone in 

the state diagram for pneumatic conveying through a horizontal pipelme. When the 

friction between particle and pipehne wall is close to that between particles, the upper 

part of the transition zone in the state diagram will disappear and there will be no 

unstable zone between dense-phase and dilute-phase pneumatic conveying in the state 
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diagram for relatively high solids mass flow rates. Equation 7.3.2 provides tiie 

criterion to distmguish between the granular solids and powder. The difference 

between granular solids and powder seems to be m particle diameter and its 

distribution, permeability, ah- retention, compressibility, particle density. Actually 

what makes powder and granular solids exhibit different flow modes m pneumatic 

conveying is that for granular solids, fw is much lower than fp while for powder, f* is 

very close or equal to fp based on the Equation 7.3.2. 
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Figure 7.3.1 Variation of transition zone in state diagram with respect to the friction 

between particle and pipe wall 

Figure 7.3.1 shows a variation of the transition zone in the state diagram for pneumatic 

conveying of granular materials through a horizontal pipeline as the sliding friction 

between pipe wall and particle approaches the friction between the particles. As f* is 

increased from 0.2 to 0.325, the velocity gap between Boundaries B and D at the upper 

of the transition zone in the state diagram is decreased from about 6.0 m/s to 1.6 m/s. 

As the fw is further increased from 0.2 to 0.425, the velocity gap between Boundaries 
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B and D at the upper of transition zone in state diagram is decreased from about 6.0 

m/s to 0.3 m/s. When the upper gap between Boundaries B and D m the state diagram 

becomes very nartow, it means that the unstable zone tends to decrease in term of ah 

velocity. In most situations with a narrow upper gap between Boundaries B and D in 

the state diagram, dhect transition of the flow mode from dense-phase to dilute-phase 

pneumatic conveying will take place. Even if a short unstable zone exists, it is not 

enough to cause pressure fluctuation along the conveying pipeline for high solids mass 

flow rate 
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Figure 7.3.2 Variation of ti-anshion zone m state diagram witii respect to friction 

between particles approaching friction between particle and pipe wall 

Figure 7.3.2 shows variation of transition zone in the state diagram for pneumatic 

conveying of granular materials through a horizontal pipeline as the friction between 

particles approaches the slidmg friction between pipe wall and particle. As the fp is 

decreased from 0.5 to 0.4, the velocity gap between Boundaries B and D in the upper 

of trimsition zone in the state diagram is decreased from about 6.3 m/s to 3.4 m/s. As 
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the fp is further decreased from 0.4 to 0.3, the velocity gap between Boundaries B and 

D in the upper of transition zone in the state diagram decreases from about 3.4 m/s to 

1.3 m/s. As the fp is further decreased from 0.3 to 0.225, the velocity gap between 

Boundaries B and D in the upper of transition zone in the state diagram decreases from 

about 1.3 m/s to 0.2 m/s. The upper part of the transition zone m the state diagram for 

pneumatic conveying of particles through a horizontal pipeline almost disappears. 

Dhect transfer from dilute phase to dense-phase pneumatic conveying for high solid 

mass flow rate as fp is close to f* is clearly demonstrated in Figure 7.3.2. 
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CHAPTER 8: EXPLANATION AND DISCUSSION OF 
THE STATE DIAGRAM FOR POWDER MATERIALS 
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8.1 Introduction 

In general, powder and granular sohds exhibit two basic flow modes in the state 

diagram for pneumatic conveying. The boundaries of transition zone in state diagram 

for pneumatic conveying of granular solid materials have been addressed in Chapter 

Six based on the model established m Chapter Five. So far very little attention has 

been paid to the boundaries of the transition zone in the state diagram for pneumatic 

conveying of powder materials. The mam reason is that smooth transition from dense-

phase to dilute-phase for the conveying powders can be achieved without causing 

instabihty of the conveying system (if the sohd mass flow rate is not too low). But for 

conveying powder materials with high particle density, lower voidage and strong 

friction between particles, a full assessment of tiie boundaries of the transition zone in 

the state diagram and cortect design of conveymg velocity and sohd mass flow rate 

must be obtained. Serious consequences such as the blockage of the pipeline system 

may be mduced if this is not done. 

For the dilute-phase pneumatic conveying of powder materials in the form of strand 

flow through a horizontal conveymg pipe, the friction between tiie moving strand and 

pipe wall surface differs from that of granular sohds. Actually the strand of powder 

ahnost does not dhectiy contact with the surface of the pipe waU, so the friction 

between the moving strand and the pipe wall should be considered as the friction 

between the particles m strand and particles on the pipe wall. The change of wall 

friction can be further explained as follows: first, the fine powders tend to adhere to the 

pipe wall surface because of the static electricity and/or the adhesion of the fine 

powder and the force of the adhesion between fine particles and the pipe wall surface 

usually strongly resists the movement; second, fine powders adapt themselves to the 

rough surface of the pipe wall and take advantage of their position to resist the drag 



Chapter 8: Explanation and Discussion of State Diagram for Powder Materials 148 

force of the strand. As a result, the dhect friction between the particles in tiie strand 

and the wall surface will be higher than that between the powders m strand and 

powders on the wall surface. To make the model established at Chapter Five applicable 

for discussion of pneumatic conveying of powder materials in the state diagram, it is 

assumed that the friction between particle and the pipe wall is equal to that between 

particles. Also the internal friction factor substitutes for friction between particles for 

powder materials in the discussion here. In order to have a comparison with the 

experimental results of conveying PVC powder, all the factors or parameters have been 

kept constant and are equal to those of PVC powder at experimental condition. The 

particle density is 1500 kg/m^, pipeline inner diameters were 105 mm, the voidage of 

the powder was 0.65 and fw=0.7, fp=0.7. 

8.2 State Diagram for Pneumatic Conveying of Powder Materials through a 
Horizontal Pipeline 

Based on the model estabhshed m Chapter Five, the state diagram of pneumatic 

conveying of powder materials through a horizontal pipelme is shown in Figure 8.2.1. 

The state diagram is separated into dense-phase, dilute-phase and transition zones by 

Lines B and D. Lhie D in the state diagram is calculated from the model to separate the 

operating points representmg the conveymg of powder materials without a stationary 

layer deposit on the bottom of the conveying pipeline from those representmg the flow 

over a stationary layer or dense-phase flow m the state diagram. Line B, which is the 

intersection points of curves F and E for different thickness of stationary layers 

discussed in Chapter Five, separates the operating points depicting the flow mode of 

dense-phase pneumatic conveying of powder materials from those depicting the flow 

mode of a strand over a stationary layer. Line A separating the operating points 

representing the flow in dense-phase from those representing the flow in fixed-bed 
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mode m the state diagram and determmed by particle properties, pipe wall properties, 

fluid properties (e.g. air density), structure of feedmg design and the lengtii of the 

pipehne will not be discussed m this chapter. 

10 15 

Air Velocity (m/s) 

20 25 

Figure 8.2.1 State diagram for pneumatic conveying of powder materials through 

horizontal pipelme 

Unlike the transition zone m the state diagram for pneumatic conveying of granular 

materials, the operation m the transition zone m the state diagram for powder materials 

has only one mode of flow, namely a sti-and flow over a stationary layer. Any point m 

the transition zone m the state diagram represents an operation of the pneumatic 

conveying of power materials with certain ah velocity, solids mass flow rate and the 

thickness of the stationary layer and the area of transition zone may be very large or 

very small according to the particle properties that will be further discussed later. 

Operation in the dense-phase zone in the state diagram may in the mode of plug flow 

or fluidised dense-phase flow but never low-velocity slug flow according to the 

particle properties. Since the friction between particles for powder materials is higher. 
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a relatively higher air velocity is demanded for dilute-phase pneumatic conveying of 

powder materials without a stationary layer on the bottom of conveymg pipeline. The 

point of the mtersection of Lines D and B m the state diagram also has particular 

meaning m that it may transfer into any of three different flow modes if a littie 

variation m the operatmg condition takes place. With mcrease or decrease in sohd 

mass flow rate, the flow mode may alternate between dense-phase and dhute phase; 

with increase or decrease in air mass flow rate, the flow mode may alternate between a 

strand flow over a stationary layer and a flow over the pipe wall. 

For pneumatic conveymg of powder m a pipehne free of stationary layer on the 

bottom, high conveying ah velocity is necessary and this causes high pressure drop, 

high energy consumption and pipe wall wear especially at the bends. Smce there is a 

very wide ah velocity range between the two boundaries of the transition zone for 

conveying with a certain sohd mass flow rate, h is still possible for the operation in tiie 

transition zone to be steady over a long distance of pipeline without a plug forming 

near the entrance of the pipeline and extend forward along the pipehne. If this plug 

forms at the mlet of conveymg pipehne, it becomes long and results in a sudden 

pressure drop increase and pipeline blockage. Nevertheless, many mdustrial 

applications of conveying of powder materials such as pulverised coal have operated 

successfully in the transition zone in the state diagram with a stationary layer on the 

bottom of conveying pipelme [82]. 

8.3 Influence of Pipeline Diameter on Boundaries of Transition Zone in State 
Diagram for Powder 

To convey powder with high particle density, lower voidage, strong friction between 

particles and low solid mass flow rate and avoid high pressure fluctuation and the 

blockage of the pipeline system, it is important to fully assess the operating boundaries 
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of the transition zone in the state diagram and cortectiy design the conveying ah 

velocity and solid mass flow rate. There is a wide variation in pipeline diameter as the 

amount of solid materials to be conveyed and the conveymg distances vary. In most 

conditions, pipe diameters of the pilot scale test unit are smaller than those of 

industrial applications. Hence, it is necessary to predict the operating boundaries of the 

transition zone m the state diagram accurately and reliably in order to ensure that the 

conveying systems are operated steadily and stably. 
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Figure 8.3.1 Predicted state diagram for pneumatic conveymg of powder materials 

with respect to pipeline diameter 

Figure 8.3.1 shows a comparison of transition zones in the state diagram for pneumatic 

conveying of powder materials through horizontal pipehnes with diameters of 75, 100 

and 125 mm. From Figure 8.3.1 it is clear that as the pipeline diameter increases. 

Boundary D (representing the minimum conveying velocity defined as the lowest air 

velocity for conveying without a stationary layer on the bottom of the pipeline) and 

line B move forward and the transition zone area in the state diagram enlarges. This 



Chapter 8: Explanation and Discussion of State Diagram for Powder Materials 152 

means that there is a wider ah- velocity range in the transition zone for a given solids 

mass flow rate and higher sohd mass flow rate per unit area for a dhect transformation 

of conveymg from dilute-phase to dense-phase for the larger pipe bore. 

8.4 Influence of Friction between Particles on Boundaries of Transition Zone in 
State Diagram for Powder Materials 

It is assumed that the friction between particle and pipe wall is equal to that between 

particles and accordmg to the established model, the influence of the factor of friction 

between particles on the boundaries of transition zone in the state diagram should be 

discussed. 
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Figure 8.4.1 Predicted state diagram for pneumatic conveying of powder materials 

with respect to friction between particles 

Figure 8.4.1 shows a comparison of the boundaries of the transition zones in the state 

diagram for pneumatic conveying of three powders with different particle-particle 

friction factors through a horizontal pipeline. As the particle-particle friction factor 

increases in value, the boundaries of the transition zone move forward and the area of 
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the transition zone in the state diagram is enlarged. Hence, for pneumatic conveying of 

powder materials with bigger particle-particle friction factor, there is a wider ah 

velocity gap between the two boundaries of tiie transition zone where the flow m the 

mode of a strand flow over the stationary layer is demonstrated. A higher solid mass 

flow rate for the dhect transition between dilute-phase and dense-phase pneumatic 

conveying wiU be observed as the air mass flow rate is decreasing. 

8.5 Influence of Bulk Voidage on Boundaries of Transition Zone in State Diagram 
for Powders 

The voidage of the powder is one of the key factors in determinmg the transition zone 

m the state diagram accordmg to the model established in Chapter Five. The prediction 

of the transition zone m the state diagram for pneumatic conveymg of powder 

materials under the mfluence of powder voidage is shown in Figure 8.5.1. 

Figure 8.5.1 Predicted state diagram for pneumatic conveying of powder materials 

with respect to voidage of powder 
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Figure 8.5.1 shows that as the voidage of powder decreases, the boundaries of the 

ti-ansition zone move forward and the area of the ti-ansition zone in the state diagram 

enlarges dramatically. As well, a wider ah velocity gap exists between the two 

boundaries of the transition zone where the flow is m the mode of a strand flow over a 

stationary layer, and the solid mass flow rate for dhect transition between dilute-phase 

and dense-phase pneumatic conveying as the ah mass flow rate decreases will be 

higher. The flow mode of a strand flow over a stationary layer will be hard to detect as 

the ah mass flow rate decreases if the powder materials with a high voidage. 

8.6 Influence of Particle Density on Boundaries of Transition Zone in State 
Diagram for Powders 

Powder materials with dramatically different particle properties are bemg transported 

through pipelines. Particle density is a very important parameter for die design of 

pneumatic conveying systems 

"s 

A
re

a 
(k

g/
s 

pe
r 

R
at

e 
F

lo
w

 
id

 M
as

s 

o 

600 -

500 -

400 • 

300 . 

200 . 

100 • 

( 

1 fw=0.7 

/ fp=0.7 Dense Phase -- ' 

/ D=0.105m - "B1 . 

J pF=1.259kg/m' ,. ' ' 

/ e =0.65 

/ ' • " . . - r — . . 

/ • • / - ' " ' ^ 

- 'yy\. • • Transition ZoneJ,^ ' 

1 1 —̂  1 

) 5 10 15 

Air Velocity (m/s) 

/ ' . DI 

/ D 2 

/ Dilute Phase 

-' 1 Pp=2500kg/m' 

2 pp= 1500 kg/m' 

3 pp= 1000 kg/m' 

20 25 30 

Figure 8.6.1 Predicted state diagram for pneumatic conveymg of powder materials 

with respect to particle density of powder 
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Figure 8.6.1 shows a comparison in the transition zone in the state diagram of 

pneumatic conveying of tiiree granular materials with particle density 2500 kg/m\ 

1500 kg/m and lOOOkg/m^ respectively. As tiie density of the powder mcreases, the 

boundaries of the transition zone move forward and the area of transition zone m tiie 

state diagram enlarges dramaticaUy. A wider ah velocity gap develops between the 

two boundaries of the transition zone where the flow is in the mode of a strand flow 

over a stationary layer. The solid mass flow rate for dhect transition between dilute-

phase and dense-phase pneumatic conveying as the ah mass flow rate decreases will be 

higher 

It is worthy to note that particle properties such as particle density, bulk density, 

particle diameter can not solely decide the flow mode of pneumatic conveymg. The 

mode of ah-solid two-phase flow through the horizontal pipelme also relates to 

pipeline properties and fluid properties. This concept will be reinforced as this research 

goes on. 

8.7 Influence of Air Pressure on Boundaries of Transition Zone in State Diagram 
for Powder 

In many cases pneumatic conveying of powder materials is over a long distance and 

uses pressured ah as a fluid medium or operates in a state of vacuum. It is necessary to 

understand the variation of the transition zone m the state diagram with different ah 

pressures. 

Figure 8.7.1 shows a comparison of the transition zone in the state diagram for 

pneumatic conveying of powder materials with different ah pressures or different ah 

density. As the air density increases (pressure increases), the boundaries of transition 

zone (in air velocity) move backward and the area of the transition zone shrinks. A 
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nartower air velocity gap then exists between the two boundaries of the transition zone 

where the flow is in the mode of a strand flow over the stationary layer and the solid 

mass flow rate becomes lower for dhectiy transition between dilute-phase and dense-

phase pneumatic conveymg as the ah mass flow rate decreases. 
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9.1 Introduction 

Since it was first invented in the late 1960s and came mto industry m the mid 1970s, 

dense phase pneumatic conveying of bulk solid materials has been successfully used in 

industry. It is now considered as an effective technique for moving solid materials, 

havmg the advantages of high capacity, lower energy consumption, less product 

degradation and less pipeline wear. To locate operatmg boundaries and predict overall 

pressure drop reliably are still the main tasks for engmeers and researchers in this area. 

The pipe wall slidmg friction factor (given as fw), which is related to the ratio of the 

waU shear stress or friction force to wall vertical stress, is tiie key parameter m many 

models for prediction of pressure drop of conveymg pipelme systems and also in 

determining the operatmg boundaries m the state diagram hi this thesis. 

The wall shdmg friction factor is usually determined experimentally and the most 

common rig for h is the Jenike Direct Shearing Tester. A test for measurmg wall-

slidmg fnction witii the Jenike Shearing Rig is carried out by applying a certain 

vertical force and a shearing force on the shearing ring, which is put on the plate made 

of the pipe wall materials. Failure occurs as soon as the shearing force reaches a 

particular value. By repeatmg the shearing test for the sample with different vertical 

forces, a curve in the vertical force and shearing force co-ordinate system presentmg 

the relationship between the vertical force and the shearing force is obtained. The 

angle between the curve and honzontal axis is called the wall friction angle (for 

cohesionless plastic pellets used in this thesis). Sliding friction factors also had been 

tested by shearing the plate with the sample particles evenly gluing on it over plate 

made of pipe material with different weight on the top plate [98]. The curving surface 

properties of the inner pipe wall are usually not exactly the same as those of the flat 

plate even though they are made of the same material. Sometimes it is difficult to have 
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a flat plate made of the same materials as the pipeline, the testing results of two shding 

friction testing approaches are by no means perfect. Testing sliding friction factors for 

different solid particles was done by gluing solid particles on to the cylindrical surface 

of a brass pipe and by checkmg the titimg angle for cessation of motion of that piece of 

brass mside an mclined glass pipe [67]. This method measured the slidmg friction 

between the particle and the glass pipe wall surface. Normally the glass surface is 

much smoother than those made of steel, stamless steel, brass and alummium 

materials. 

To achieve an accurate sliding friction factor for predicting operating boundaries in the 

state diagram and total pressure drop over the conveying system, a novel technique and 

test rig was developed to overcome the disadvantages of the testmg approach 

estabhshed by the other researchers. 

9.2 Objectives and Structure of Design of Sliding Friction Test Rig 

The objective of the design of the sliding friction test rig is to ensure that sliding 

friction force can be measured accurately and the testmg results represent the slidmg 

friction between tiie slidmg particles and the actual hiner wall of the pipeline without 

disturbance from both subjective and testing systems. To realise such an objective, the 

sliding test must be conducted on the inner wall of the pipeline that is used for 

pneumatic conveying of the sohd materials and the friction force is dhectiy measured 

during the movement of sliding. According to the requhement of the shdmg friction 

test, a novel test rig for such purposes had to be developed and the sketch of the test rig 

is shown in Figure 9.1 

The sliding friction test rig consists of four parts. The case is used to contain particle 

materials by which the weight block is supported. The blocks are used for adjusting the 
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vertical force acting on the sliding particles by changing the number of the block and 

the first block is screwed to the testing case after the setting up is completed. During 

the slidhig test, the weight of tiie case is added to the block by the strong screwed 

connection and acts on the upper surface of tiie sample particles. The set-up supporters 

are used during the setting up to support the case and mstall a gap between the case 

and the pipe wall in order to prevent the case from touchhig the pipe waU during 

sliding. The gap or distance between the sliding test case and the pipe wall surface, 

which is initiated by the set-up supporters, is very sensitive to slidmg friction 

experiment as the lower gap may mduce tiie shding test case to meet tiie pipe wall and 

higher gap may resuh in the particles running out of the slidhig test case. A string 

connectmg the case and a force meter tiiat is used to measure the putting force is for 

keeping the case moving steadily. The force meter is dragged by a multi-speed motor 

and moves at the same speed of testhig case. The mfluence of movmg speeds on tiie 

sliding friction force can be measured by adjustmg the speed of the motor. If tiie 

setting-up is not done well, the shding test case wiU usuahy meet tiie waU surface 

while movmg through the pipelme and then the slidmg test fails. Such failure can be 

notified easUy from significant mcrease of the output of the force meter. 

SLIDING FRICTION RIG 

( x K ^ ^ ^ ^ s s k s s s ^ J 

1. case 
2. block 
3. bulk material 
4. set-up supporter 
5. half-pipe 

Figure 9.1 Configuration of the sliding friction rig 
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9.3 Procedure for Sliding Friction Test 

To conduct the sliding fi-iction test with the test rig developed in this thesis, the steps 

can be summarised as follows: 

( i ) Turn on the power of the force meter and warm it up for fifteen minutes before the 

test is carried out. Clean the surface of the section of the pipe for the test as powders or 

grease sticking on the pipe wall surface may affect the test results. Start the multi-

speed motor and select a suitable running speed for the sliding friction test at the 

lowest position of the section of the pipe. 

( ii ) Undertake the setting-up for the sliding friction test on a short section of half-

pipe. 

• Put the testhig case on the supporters and adjust the position of the testhig case. 

Ensure that the axial hne of tiie testmg case is parallel to that of the pipe and the 

pulhng dhection of the motor. 

• Weigh a certam amount of sample particles to fill one-third of the volume of the 

testmg case and put it carefully mto the testmg case standing on the case 

supporters. Make sure the upper surface of the sample particles is even. 

• Put the weight block mto the testmg case carefully and make sure that the block 

sits evenly on the sample particle in the testing case. Screw the weight block to the 

testing case and then take off the case supporters. 

( iii ) Move the testing case with sample and weight block slowly into the testing 

section of the pipe by pulling the string after aligning the half-pipe section with the 

testing pipe section. 
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( iv ) Start the multi-speed motor and begm the shding friction test. Ensure that tiie 

force meter, testmg case and pulling motor are on one Ime and record the output of the 

force meter. 

( V ) Pull the testing case back to the start point with the stiing by hand and change the 

weight block and repeat the slidmg friction test. 

9.4 Sliding Friction Testing Results and Discussion 

The slidmg friction tests were conducted on the same stainless steel pipe for the 

pneumatic conveymg of sohd materials in the laboratory. The inner diameters of pipes 

were 60.1 mm and 98.3 mm. The friction forces were read from the output of the force 

meter and the results are shown in the Table 9.4.1 and Table 9.4.2. 

For the shdmg friction tests conducted on the stainless steel pipe wall, the conclusions 

are as foUows: 

(i) Since the accuracy of the force meter is 1 (g), the precision of every data is 1 (g) 

(h) The length of the sliding friction test pipe is 400 mm and the speed of the test case 

is within 1.0 cm/s to 3.0 cm/s and makes very little difference hi the reading of the 

force meter. 

(iii) The sliding friction factors for two stainless steel pipes are ahnost the same. 

(iv)Since the pipe wall surface properties vary with the location of the pipe wah and 

the whole surface is not even, the results of the measurement on the sliding friction 

force are the average value of the output of the force meter. 

(v) Any slight damage on the surface of the pipe wall wiU influence the value of the 

sliding friction force. 
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Table 9.4.1: The shding friction test results for ID 60.3 mm stainless steel pipe 

The weight of testing case +block -i-sample = 180 (g) 

Reading No. 

Friction force 
(g) 

fw 

1 

34 

0.19 

2 

35 

0.19 

3 

36 

0.20 

4 

37 

0.20 

5 

35 

0.19 

6 

34 

0.19 

7 

36 

0.20 

8 

33 

0.18 

The weight of testhig case -i-block -i-sample = 295 (g) 

Readmg No. 

Friction force 
(g) 

fw 

1 

57 

0.19 

2 

59 

0.20 

3 

58 

0.20 

4 

56 

0.19 

5 

59 

0.20 

6 

58 

0.20 

7 

56 

0.19 

8 

58 

0.20 

Table 9.4.2: The shdmg friction test results for ID 98.4 mm stainless steel pipe 

The weight of testing case +block -i-sample = 181 (g) 

Reading No. 

Friction force 
(g) 

fw 

1 

35 

0.19 

2 

36 

0.20 

3 

34 

0.19 

4 

32 

0.18 

5 

35 

0.19 

6 

36 

0.20 

7 

34 

0.19 

8 

35 

0.19 
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The weight of testing case +block -i-sample = 293 (g) 

Readmg No. 

Friction force 
(g) 

fw 

1 

56 

0.19 

2 

58 

0.20 

3 

53 

0.18 

4 

56 

0.19 

5 

59 

0.20 

6 

55 

0.19 

7 

54 

0.18 

8 

58 

0.20 
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10.1 Introduction 

The advantages of dense phase pneumatic conveying of bulk solid materials mamly lie 

m low power consumption, less product degradation and pipe wear. To predict 

pressure drop across the whole conveying pipeline reliably in the terms of particle 

properties, pipe line properties and operating conditions is still a major consideration 

for researchers and engineers in this area even though some models have been 

developed for this purpose usmg different approaches and taking account of various 

forces actmg on tiie solid materials bemg conveyed. The models developed by usmg 

the methods of powder mechanics have been found to perform best m tiie prediction of 

die slug flow behaviour [48]. A term relatmg the lateral wall stress to axial stress 

called a stress transmission coefficient Kw plays an hnportant role in the analysis of the 

forces acting on the movmg slugs and model development. 

From the relationship between the Mohr's failure envelope and the wall yield locus of 

the particle materials, Kw can be deduced as follows: 

l.O + sin0.-cos(C()-i-^) . . O;^„OH^„ rin I n 
f^^ - r ^ T ' fQj. lYie passive situation. 11 u. i. i; 

1.0-sin (^.-008(6)-I-0«) 

^^^_l.O-sin0.cos(CO-(A^) for the active situation (10.1.2) 

l.O + sin0.-cos(ft)-(/^) 

and CO is given as follow: 

sin (f)s 

Later ^s was modified by Mi [63, 64] and expressed as below: 
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<t>^ = y(h-f{' (10.1.4) 

Here Yb is the bulk specific gravity with respect to water at 4.0 °C. 

From observations of slugs movmg through the pipeline, h is believed tiiere is no 

failure occurring between the particles in the slug. Hence the Equations 10.1.1 and 

10.1.2 do not represent the real relationship between lateral wall stress and axial stress 

and this is further confirmed by the modification of Mi [63, 64]. Mi measured the 

lateral stress on the pipe waU of the slugs of plastic pellet, wheat and barley passing the 

conveying pipelme. The axial stress is not measured experimentally but calculated by 

the equation below: 

Of=apbUs~ (10.1.5) 

Though the Kw provided by Mi's modification is better fitted for the model of pressure 

prediction, this modification is based on the results of the experimental measurement 

of the lateral stress created by the moving slug of four different bulk solid materials 

while its cortespondmg axial stresses are not from the experimental measurement. 

Hence it still needs more experimental support before it is widely applied. Also the 

connection between the modified (j)s and the gravity term indicates that tiie 

"gravitational" location of tests will vary the test resuhs of Kw and this makes no sense 

(as (l)s is a fundamental particle property). 

Actually, Kw as an important parameter in the models for the pressure drop prediction 

has never been directiy and experimentally measured. To obtain Kw easily, reliably and 

accurately has great significance to the applications of dense phase pneumatic 

conveying of granular materials in industry. 
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10.2 Objectives and Structure of Design of Stress Transmission Rig 

The objective of the design of the stress transmission rig is to measure Kw more 

dhectiy and accurately and this measurement represents the real relationship between 

lateral wall stress and axial stress of a slug in the conveying pipeline. To realise this 

objective, a novel test rig was developed and a sketch of the test rig is shown m Figure 

10.2.1. 

1 .steel tube 
2. end cap 
3. spring 
4. porous plates 
5. shaft 
6. end cap 
7. set-up supporters 

STRESS TRANSMISSION RIG 

Figure 10.2.1 Configuration of the stress transmission rig 

The stress transmission rig consists of six parts. A 400 mm long steel tube is cut from 

the conveying pipelme and the sd-ess transmission coefficient test is conducted within 

the tube. The set-up supporters are used to hold the porous plates at the centre of the 

tube without meeting the pipe wall during the settmg up of a short slug unit in the tube. 

The space between the two porous plates contains the sample solid materials for the 

test of Kw and the distance between two plates or the length of the slug unit is 

adjustable. The gap between the porous plates and the inner wall of the tube is very 

sensitive and is critical to success of the test. The sample particles partially filling the 
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gap create an extra friction force beyond the lateral stress and it will be further 

addressed in the discussion of stress transmission test results. The spring is designed 

to apply a certain amount of force on the porous plate and create an adjustable axial 

stress on the sample particles. By tumhig the end cap along tiie shaft with a screw 

thread at both ends, the length of the spring can be adjusted to a certam value and 

generate a desired axial stress on the test sample. The lateral stress is calculated from 

the pulling force for keeping the slug unit moving verticaUy and deducting the weight 

of the moving parts of the rig. 

10.3 Principle of Stress Transmission Rig 

During stress transmission tests, the slug unit containmg the sample particles is pulled 

upward by a multi-speed motor with a force meter in between. The spring normally 

acting at the top of the slug unit creates an axial stress that is measured accordmg the 

length of the spring and other additional weight from the parts of the test unit also 

attributes to the axial stress. The thickness of the slug unit is designed to ensure the 

axial stress can be kept constant along the axis of the slug and also stable during the 

tests. The lateral stress is not dhectiy measured by the wall stress gauge but deducted 

from the dhect measurement of the friction between the movmg slug unit and the 

testing section of the pipeline. In the following force balance analysis, the spring is 

assumed to act on the top and bottom of the slug unh and the corresponding boundary 

conditions are also given. Analysis of the forces actmg on an element of slug unh in 

the stress transmission test rig is shown in Figure 10.3.1. 

From an equilibrium analysis of the element slice in Figure 10.3.1, the following 

differential equation may be derived: 
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J'D'[iP^^ + dP^)-P^]-^'D'Pi,-gd.-K-Dd..P^..K.-f. = 0 (10.3.1) 

Solving Equation 10.3.1 yield: 

Fz = c•exp 4 / . - A : . . Z ^ 

D 
P" g D 

4 ft- K. 
(10.3.2) 

i 
dz 

t ' 

Z = 0, Pz=Nl 

^̂  f-;''';- i i 
—Vt icj rt — 

Pr-l-d 

M 

Z=L,P2 = N2 
Pz; axial stress 
Pr: lateral stress 
F: wall friction force 
G: gravity force 

The force ba lance of slug e lement 

Figure 10.3.1 Analysis offerees on the element of slug 

Inserting the boundary condition that the spring actmg at the position (top) of Z=0, 

then Pz=Ni, therefore 

c = Ni + 
pi^g'P] 

4/w K. 
(10.3.3) 

Insertion of Equation 10.3.3 into Equation 10.3.2 yields: 

Pz = Ni + 
pf' g-D 

4 ft. • Kn-
ext 

'4fiyKiiZ\ ph g-D 

D J 4f.- Kii-
(10.3.4) 
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For the boundary condition that the spring acting at the position (bottom), Pj^ ^^^ = N2, 

msert the boundary condition to Equation 10.3.2 to yield: 

^ = [^^-^T^^^^-
4/wj<:.v.L 

D 
(10.3.5) 

hisertion of Equation 10.3.5 to Equation 10.3.2 yields: 

Pz = N2 + -
pi'g'D] (4ft^K.{Z-L)\ pbg-D 

4 ft- Kw •exp 
D 4ft - Kii 

(10.3.6) 

Equations 10.3.4 and 10.3.6 are for calculating the axial stress within the slug unit at a 

specific slice of slug unit and it is shown that Pz is not constant along the L and it 

varies with Z. The average of the Pz for the height of the slug unit can be obtained by 

mtegrating the Pz along the L and divided by L. Integrathig Equation 10.3.4 yields: 

T- ^ (M P ' S ' D ) ( (4fwKwL\ A Pbg D 
Pz = 

4f.-KwL 
Ni + 

4 ft- K. exp 
D 

- 1 
4jw • Kw 

(10.3.7) 

Integrathig Equation 10.3.6 along L yields: 

?:=. ° 
4 ft- K. • L 

Ni + 
P^'g'D" 

4jw- Kw 

( 
1 - exp 

4fwKwL^ pbg-D 

D I 4fwKw 
(10.3.8) 

Here the exponential function can be represented by progression as follows: 

exp 
( 4fwKwL\ ( 4fw-KwL\ 1 

+ • 
D 

= 1 + + . D 
+ • 

( 4fwKwL^ 

2! + D 
+ • (10.3.9) 
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Since L in the stress transmission test is relatively small, two terms at the beginnmg of 

the progression have been selected. Then Equation 10.3.7 and Equation 10.3.8 can be 

simphfied as follow: 

For Equation 10.3.7 

Pz = 
D ] 2 

For Equation 10.3.8 

Pz = 
I 2/>vJi:.LY^ Lpt,-g (10.3.11) 

D \ ' 2 

The deviation caused by the shnphfication to Equations 10.3.10 and 10.3.11 is 

esthnated to be less than 5 percent for a 4.0cm height slug unit and 1.5 percent for a 

2.0cm_ height slug unh for pipelme hmer diameter of 60 mm, less than 2 percent for a 

4.0cm height slug unk and 0.6 percent for a 2.0cm height slug unit for pipelme inner 

diameter of in 98 mm. The relation between the lateral stress and the axial stress within 

the slug unit is represented as follows: 

¥e = Kw-¥z (10-3-^2) 

The friction force between the slug unh and the wall of tube is given below: 

F=7t-D-L-fw-?e O0-3-^3) 

The friction between the tube wall and slug unit and the weight of the slug unit 

contributing to the output of the force meter during the test are as follows. 

17 p^w, (10.3.14) 
Fnifler - t + Wiliii! ^ 
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Combining Equations 10.3.12, 10.3.13 and 10.3.14 yields: 

-^ Fmeter — Wslug 

^'=1l.D.L.f..K. < ' ° - 3 ' * ' 

hiserting Equation 10.3.14 mto Equation 10.3.10 and Equation 10.3.11 yields: 

[ 4f^-L-Ni j 27t-L'-f.rNi 

for the condition of the spring acting on the top of the slug unit, and: 

Kw — 
2D-Nl-D-Lpt-g\ {Fmeter-Wslug) 

4fwL^N2 y ^ 2 K - L ' f w ' N 2 
-+ z^ .z , , : : = 0 (10.3.16) 

for the condition of the spring acting at the bottom of the slug unit. 

Since the force acting on the top or bottom of the slug by the spring is obtained by 

measuring the length of the spring, Ni and N2 as the boundary conditions can be 

deduced from the following equations; 

yW _ Kspring • [lo — l)+ Wpiate CIO 3 17") 

0.25K^D' 

^__Kspnng^{lo-l)-Wpme ( 1 0 3 18) 

0.25K • D^ 

Here lo is the length of the spring at free condition and 1 is the length of spring with 

force acting on the porous plate. The weight of the porous plate is Wp t̂e and the weight 

of the spring is neglected. Pipe diameter D, wall friction factor fw. Length of the unit 

slug L, weight of slug Wsiug are provided. Fmeter is the output of the force meter. By 

solving the Equations 10.3.15 or 10.3.16, Kwcan be achieved. 
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10.4 Procedure for Stress Transmission Coefficient Test 

To conduct the stress transmission test with the test rig developed m this thesis, the 

steps can be summarised as follows: 

(i) Turn on the power of the force meter and warm it up for fifteen minutes before the 

test is carried out. Clean the surface of the test section of the tube for the stress 

transmission test and be aware that powders or grease sticking on the tube wall surface 

may change the testing results. Start the multi-speed motor and select a suitable 

running speed for the shding friction test. Prepare a certam amount of particles for the 

slug unit and ensure that a proper thickness of the slug unit is obtained for the stress 

transmission test 

(ii) Undertake the settmg-up procedure to prepare a slug unit for the stress transmission 

test on a test mbe. 

• Prepare a section of supportmg pipe about 20 mm less than testing tube in 

diameter and 80 mm less tiian testhig tube in lengtii. Stand the test tube vertically 

on a table and put the supportmg pipe inside the test tube. Put in the porous plate 

supporter of the testhig rig over tiie supportmg pipe inside the test tube. 

• Lay the porous plate with an end cap and shaft on the porous plate supporter inside 

tiie test mbe and then put the sample particles into the test mbe. Even out the upper 

surface of tiie sample particles in the tube and then lay the upper porous plate over 

the sample particle. Cover the upper porous plate with the other porous plate 

supporter 

• Put the spring on the shaft of the test rig and screw on the end cap to make the slug 

unit under a certain stress. 
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• Remove the upper porous plate supporter and then remove the supporting pipe 

standmg mside the testing tube off. Remove the lower porous plate supporter at 

the bottom of the slug unit. 

(iii) Adjust the length of the spring to obtain a certam value of axial stress on the slug 

unit. Adjust the location of the slug unit mside tiie testing tube standing on the table 

ready for test. 

(iv) Start the multi-speed motor, move the slug unit inside the test tube and begm the 

stress transmission test. Ensure that the force meter, slug unit and puUing motor are on 

one line and record the data of the force meter. 

(v) Change the spring length, push the slug unit back to a low part of the test tube and 

conduct the test under another axial stress. Record tiie data offeree meter output 

(vi) Change the amount of sample particles to adjust the height of the slug unh and 

repeat steps (I), (ii), (ih), (iv), (v). 

10.5 Wedging Effect on the Stress Transmission Test 

During the stress ti-ansmission tests, as the axial stress is reduced by adjustmg the 

length of spring, the fiiction between the slug unit and the mbe wall decreases. When 

the force acting on the porous plate caused by the spring reaches zero, the friction 

force from the force meter Fmeter with weight of slug unit and the rig deducted is higher 

than friction caused by the weight of sample particles in the slug unh. This extra force 

during the stress transmission test is called the wedgmg force and the mechanism of 

the forming of the wedging force is shown in Figure 10.5.1. For example, with a 6.0 
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cm long slug unit m the 98mm tube, the wedging force may be 0.85 N compared to 

test unit weight of 3.93 N. 

Figure 10.5.1 Configuration of the wedgmg effect 

The particle properties and the design of the stress transmission rig are mamly 

attributed to the formation of wedgmg effect. As there is a particle diameter 

distribution and dhferent shapes for the testing sample particles, the gap between the 

edge of the porous plate and the wall of the mbe makes it dtfficult to prevent from the 

effect of wedgmg by some particles. To mmhnise the wedgmg effect, h is normally 

requhed to have the diameter of the sample particles equal and decrease the gap 

between the edge of the porous plate and the wall of the tube. The gap is difficult to 

detennine because the edge of porous plate may contact the inner wall of the tube 

during the test if the gap is too small. Since the test is to measure the stress 

transmission coefficient, the friction force that is not caused by the axial stress 

transmission should be deducted during data processing. 
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10.6 Stress Transmission Test Results and Discussion 

The stress transmission coefficient of plastic pellets with 897 kg/m^ particle density, 

4.7 mm m diameter and 566 kg/m^ bulk density was tested with the stress transmission 

rig developed for this study. The heights of the slug unit were selected as 2.0 cm and 

4.0 cm and the test tube hmer diameters were 60.3 mm and 98.4 mm. The test results 

for different slug unit heights and mbe hiner diameters are shown in Figure 10.6.1. 

2.5 

1.5 -

1 

0.5 

0 

passive situatioft....̂ ^ 

_)K_Seriesl A H=2.0 cm, 0=98 mm 
-O—Series2 AH=4,0 cm, D=98 mm 
——Series3 A H = 2 . 0 cm, 0=60 mm 
-O—Series4 A H=4.0 cm, 0=60 mm 

Qr$5^^$:^^^:f^^^a5-^^t5^ 

active situation 

500 1000 1500 

Axial Stress {Him') 

2000 2500 

Figure 10.6.1 Test results of Kw with respect to axial stress 

The test results of sti-ess transmission coefficient in Figure 10.6.1 show that Kw is kept 

constant for a certain particle material when the axial stress is higher than a certain 

value. When the axial stress is lower than a certain value, h will not create any stress in 

the lateral direction and the value of Kw is zero. Between the two certain values 

mentioned, Kw varies with the axial stress and increases very quickly as the axial stress 

is increased. The test results of stress transmission coefficient in Figure 10.6.1 also 

show that pipe diameter will not influence the value of Kw and the height of slug unit 

within a certain range will not change the test results. 
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CHAPTER 11: CONTRIBUTION OF WEIGHT OF SLUG 
TO WALL STRESS IN HORIZONTAL PIPE 
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11.1 Introduction 

In force balance analysis for the slug movmg through a horizontal conveymg pipelme, 

it is generally accepted that the friction resistance between the movmg slug and the 

pipe wall created by the weight of the slug itself should not be neglected in 

determming the total resistances to the moving slug. But the significance of the weight 

of the slug itself to the total pressure drop across the slug still lacks positive 

assessment. In modelling the pressure gradient for dense phase pneumatic conveying 

of solid materials, the approach for determmmg the contribution of the weight of the 

slug to the total friction force on the pipe wall follows the method first proposed by 

Wilson et al [103] and then adopted by Konrad et al [49] as hydrostatic pressure. It was 

also assumed that the stress on the pipe wall caused by the weight of slug can be added 

to that caused by axial stress based on Janssen analysis. The radial stress caused by 

the weight of the slug was represented by the equation below (see Figure 11.1.1): 

Pr=(l.O + COS0)— g-Pft (0<0 <27r) (11.1.1) 

Where Pr is the normal stress on the waU due to hydrostatic pressure. 

Figure 11.1.1 Cross-section of a slug 
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The friction caused by the weight of the slug per unit length in the horizontal pipeline 

was integrated around the chcle of the intersection of the conveying pipeline and 

represented by the equation: 

F = ]['"— • g - / . • p , • (l .0 + cos^)- — dO 

Kgftpb-D-

2 
(11.1.2) 

However, the radial stress actmg on the pipe wall by gravity of particles is actuaUy: 

Pr = D g P . c o s ^ ^ {-^<e<-) (n-1-3) 
ey r 2 2 

The friction force caused by tfie weight of slug per unit length in the horizontal 

conveying pipehne can be integrated along the lower half chcle of the cross-section of 

the conveying pipehne as shown below: 

D F = \\^Dg-ftpbCos'6---dO 
2 

' (11.1.4) 

n-gftw-pb-p-
4 

Comparison between Equations 11.1.2 and 11.1.4 shows that the weight of slug in the 

horizontal pipelme when treated as hydrostatic pressure is twice as that when treated as 

weight of particle contact in the pipeline. 

The conclusion that gravity of a slug creates a hydrostatic pressure on the waU of a 

horizontal conveying pipeline is widely accepted by researchers and adopted in theh 

models for low-velocity slug flow pressure prediction without any experimental 
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approval. This can be attributed to the fact that compared to the total resistance forces 

acting on the moving slug, the friction caused by the weight of tiie slug itself is 

relatively small especially when the slug velocity is relatively high. Witii tiie stress 

transmission rig developed in this thesis, an opportunity is provided to mvestigate tiie 

contribution of the weight of the slug to the wall stress in the conveymg pipehne 

experimentally by comparing the wall friction acting on the slug unit in a horizontal 

and a vertical tube. 

11.2 Analysis of Force Balance of a Slug Unit 

Analysis of the force balance of a slug unit in the vertical tube is conducted in Chapter 

Ten and represented by Equations 10.3.7 and 10.3.8 and need not be repeated here. An 

analysis of the forces on a slug unit in a horizontal tube is sketched m Figure 11.2.1. 

From a force equilibrium analysis of the element slice m Figure 11.2.1 in an axial 

direction, the following differential equation may be derived for stress on the wall due 

to the weight of the slug treated as hydrostatic pressure: 

~-D'-[{Pz + dPz)~Pz]---D'-Pl-g-ftdz-7t^DdzPz-Kwft = 0 (11.2.1) 

For stress on the wall due to the weight of the slug treated as that created by pilmg 

particles: 

-•D'^[{Pz-tdPz)-Pz]---D'p' gftdz-K-DdzPz-Kwft = 0 (11.2.2) 

Because of the weight of part of test rig added to the unit slug, h is assumed that: 

^ . D - g . p ' = ^ . D ^ g . a + W.,, (H.2.3) 
4 ' ' 4 
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Z = 0, Pz=Ni Z = L,P2=N2 
Z 

Ezz: t 

iPz 

Pr 

Pr 

Pz + dPz 

Pz: ax ia l s t ress 
Pr: la te ra l s t ress 
F: wa l l f r i c t i on fo rce 
G: g rav i t y fo rce 

y^ ^ r ' '. 

The force ba lance of slug e lement 

Figure 11.2.1 Analysis of forces on element of sluj 

Solving Equation 11.2.1 yields: 

Pz = c- exp 
'4fw-Kw-Z 

D 

^ Plg'D 
2Kw 

(11.2.4) 

Solving Equation 11.2.2 yields: 

Pz = c- exp 
'4f.Kw-Z 

D 

P: 8-D 

4Kw 
(11.2.5) 

Here the spring force acting at top or front is considered as the boundary condition 

such that if Z=0, then Pz=Ni, for Equation 11.2.4 yielding: 
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( \ 

Pi g'D 
2-Kw 

(11.2.6) 

For Equation 11.2.5, the result is: 

Pl'g'D^ 
c = iVi+-

4-Kii 
(11.2.7) 

Insertion of Equation 11.2.6 into Equation 11.2.4 yields: 

Pz = 
P'-g-D 

Ni+ ' ,^ 
2Kw 

J4fw-Kw Z^ 

2K^ 
(11.2.8) 

hisertion of Equation 11.2.7 hito Equation 11.2.5 yields: 

Pz = 
^ p'-gD^ 

Ni + ^ 
4Kw 

j4f.K.-Z\ Pi9'D 
exa D 4Kw 

(11.2.9) 

Equations 11.2.8 and 11.2.9 are for calculating the axial stress withm the slug unh at a 

specific slice within the slug unit. The average of the Pz for the slug unit can be 

obtamed by integrating the Pz along L and divided by L. hitegrating Equations 11.2.8 

and 11.2.9 yields: 

Pz = 
4f^^ Kw • L 

P'-g-D 
A/r-h—5 

2Kw 

( (4fwKwL\ -n - P'p-3-^ 
2Kw 

(11.2.10) 
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Pz = 
D 

4fwKwL 

Pl'g'D^ 

4Kw 

' (4fwKwC 
exp^ D ^ - 1 

4Kw 
(11.2.11) 

For the slug unit, the wall friction can be given as follow: 

Ffriction — 7 f • L) • L, ' jii • Kw • Pz (11.2.12) 

hisertion of Equations 11.2.10 and 11.2.11 into 11.2.12 yields: 

Ffriction — n-D' P'-g-D 

2Kw 
exd 

4fwKwL\ 

I D 
-1 

np'-g-fwD'-L 

For piling sohd materials: 

(11.2.13) 

Firiction — -
KD' Pl-g-D 

4Kw 

^ (4fw-Kw-L^ 
exp 

\ D A n p ' g-fwD^•L 

(11.2.14) 

Equations 11.2.13 and 11.2.14 are used for the calculation of the total waU friction of 

the whole slug unit moving in the tube with different axial stresses. Comparison of two 

approaches to treating the weight of tiie slug is presented m Figure 11.2.2. h is shown 

that as the axial stress increases, the difference between the friction forces m the two 

approaches for treating the slug weight becomes less significant. When the axial stress 

is lower, corresponding to the slug moving slowly in the horizontal conveying 

pipeline, the difference in wall friction made by the approaches for slug weight 
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treatment is not negligible. The better approach for treating the slug weight will show 

the real contribution of the weight of the slug unit to tiie waU friction. This should be 

verified under low axial stress within the slug unit according the comparison m Figure 

11.2.2. 
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Figure 11.2.2 Comparison between Equations 11.2.13 and 11.2.14 

11.3 Test of the Contribution of Slug Weight to Wall Friction 

To measure the wall friction force of the slug unit effectively, it is suggested that the 

axial stress added by the spring be designed to be very low. This will allow the wall 

friction caused by the weight of tiie slug to be expressed at the same time as the axial 

stress, which should be high enough to keep the shape of the slug stable withm the 

tube especially for the horizontal tube. According to Chapter Ten, Kw will be zero 

when the axial stress is kept less than 200 N/m'. Hence 1.5 N force from the spring is 

added to the porous plate in order to prevent the slug unit from breaking through the 

horizontal tube with 98 mm ID. 
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For the slug unit in the vertical tube with the axial force due only to tiie weight of die 

porous plate and particles (spring fully extended), the output of tiie force meter while 

the slug unh is moving upward should be equal to the weight of the slug unit plus die 

force caused by the wedgmg effect. Since the weight of the slug unh is given, the force 

caused by wedgmg effect can be obtained by deducting the weight of tiie slug unh 

from the output of the force meter that is shown m Table 11.3.1. 

Table 11.3.1: The results of sliding friction tests on a 6.0 cm slug unit in a vertical mbe 

The weight of slug unit = 3.93 (N), Vertical shding test results 

Readmg No. 

Force meter 
(N) 

Force of 
wedging effect 

(N) 

1 

4.70 

0.77 

2 

4.75 

0.82 

3 

4.63 

0.70 

4 

4.64 

0.71 

5 

4.74 

0.81 

6 

4.80 

0.87 

7 

4.61 

0.68 

8 

4.72 

0.79 

The average friction force caused by wedging effect =0.77 (N) 

A slug unit sliding through a horizontal tube with an axial force less than 1.5 N is 

caused by the spring acting on the front. The output of the force meter should be equal 

to the friction between the slug unit and the pipe wall caused by the gravity of the slug 

unit plus the force caused by the wedging effect. The results of sliding friction tests on 

a 6.0 cm slug unit through a horizontal tube are presented in Table 11.3.2. According 

to the test results in Table 11.3.2, h appears that the contribution of slug weight to wall 

friction is not property recognised by hydrostatic approach which has been accepted by 

some researchers since Konard et al [49] employed it in his model for pressure 
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prediction of slug flow. The approach of treating the slug in the horizontal conveying 

pipeline as weight of particle contact seems to be more reasonable. It is necessary to 

mention that sliding friction tests with very low axial stress must be conducted very 

carefully. The porous plates of the slug unit may easily meet the pipe wall, and the 

axes of the slug unit and the tube may no longer be paralleled so that inaccurate or 

wrong testing results ensue. 

Table 11.3.2: The results of sliding friction tests on a 6.0 cm slug unit in a horizontal 

tube 

The weight of slug unh = 3.93 (N). Horizontal slidmg test results. 

The average friction force caused by wedging effect =0.77 (N) 
(assumed from vertical tests) 

Hydrostatic approach friction=2x3.93x0.2=1.57 (N): 

Weight of particle contact approach friction=3.93x0.2=0.79 (N) 

Pleading No. 

Force meter 
(N) 

Force meter 
output 

deducting 
wedging 
effect (N) 

1 

1.70 

0.93 

2 

1.65 

0.88 

3 

1.68 

0.91 

4 

1.56 

0.79 

5 

1.60 

0.83 

6 

1.63 

0.86 

7 

1.58 

0.81 

8 

1.71 

0.94 
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CHAPTER 12: MODEL FOR PRESSURE DROP 
PREDICTION OF LOW-VELOCITY SLUG-FLOW 
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12.1 Introduction 

Modelling the pressure drop for low-velocity slug-flow pneumatic conveying of 

granular materials is pursued through a wide range of approaches and normally begins 

with some simple assumptions. In general it is found that the model employing the 

principles of powder mechanics performs best for low-velocity slug-flow behaviour 

[48]. For Konrad-like models, the following relationships must be established/used: 

(i) The relationship between the axial stress and lateral stress along the slug. 

(ii) The relationship between frontal stress and other model parameters such as slug 

velocity, the thickness of the layer. 

(hi)The relationship between the thickness of the stationary layer and model 

parameters such as slug velocity. 

(iv)The relationship between the slug velocity and superficial ah velocity. 

(v) The relationship between friction resistance and the weight of slug. 

The basic concept that an axial stress can transmit in a lateral direction and create a 

lateral stress to the moving slug was first employed in establishing the model for the 

pressure drop prediction of low-velocity slug-flow pneumatic conveying of granular 

materials by Konrad et al m 1980 [49]. This was done according to the principles of 

powder mechanics and provides an effective approach for the analysis of the force 

balance within a moving slug through a horizontal conveying pipeline. Actually Kw 

that is deduced from the relationship between the Mohr failure envelope and the wall 

yield locus of the bulk solid does not represent the real relationship between lateral 

wall stress and axial stress. This is further confirmed by the modification of Mi [63, 
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64]. Mi had modified the cortelation for Kw by measuring the lateral stress on tiie pipe 

wall of the slugs of plastic pellet, wheat and bariey passmg tiirough the conveymg 

pipeline. However, the axial stress or frontal stress has not measured experimentally 

but was calculated from the equation, which is found later to be incorrect. Though tiie 

concept of Kw was proposed by Konrad et al in 1980 and modified by Bo Mi in 1994, 

the true relationship between the axial stress and lateral stress within a slug has not 

been well explored. 

The relationship between frontal stress and other model parameters is also one of the 

most important equations of pressure drop prediction for low-velocity slug-flow 

pneumatic conveying. In both the Konrad and Mi's models, the frontal stress is only 

created from a momentum balance of stationary layer in front of a slug. A simple test 

in this chapter will confirm that not only the momentum balance of the stationary layer 

m front of a slug creates a frontal stress, the stationary layer itself also creates a stress 

on the front of a slug as it resists the hend of movement. 

The relationship between the thickness of the stationary layer and model parameters 

was estabhshed by the apphcation of a gas/liquid analogy m Konrad's model and was 

estabhshed by experiment in Mi's model. Two equations for predicting the thickness of 

a stationary layer are the same while the meanhig is different because the slug velocity 

is equal to the particle velocity within a slug in Mi's model. 

The relationship between slug velocity and ah velocity was created by application of 

the Ergun Equation in Konrad's model [49]. Pan endeavoured to estabhsh this 

relationship by experiment for irtegular granular materials [79]. An emphical 

correlation relating slug velocity and air velocity was put forward by regressing the 
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experiment results of pneumatic conveying of plastic pellets, wheat and barley in Mi's 

model. 

The relationship between friction resistance and the weight of slug was mcorrectly 

estabhshed in both Konrad and Mi's models and this matter has been fully discussed in 

Chapter Eleven. 

The original nature of the model established in this thesis for pressure drop prediction 

in low-velocity slug-flow pneumatic conveymg of granular materials through a 

horizontal pipelhie includes the followmg aspects which will be fully addressed and 

explored in this chapter: 

(i) Kw is measured through the stiress transmission rig developed for tiiis study 

reported in this thesis. 

(ii) The frontal stress of a slug mcludes the forces created by the momentum balance 

of the stationary layer m front of a slug and the force balance of the stationary 

layer that resists the trend of movement. 

(ih)The relationship between wall friction resistance and the weight of a slug is 

proved by experiment. 

12.2 Axial Stress at Front of a Slug Caused by Force Balance of Stationary Layer 

When the slug is moving through the conveying pipeline, it is generally accepted that 

the moving slug picks up the stationary layer that becomes part of the slug in front and 

deposits the same amount of particles behind, keeping the length of slug constant. 

Actually the detail of the picking up process and the force balance involved in the 

picking up has not been well investigated so far, so the front stress caused by the static 
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friction of the stationary layer in front of a slug to resist the trend of movement has 

never been considered m analysis of the force balance of the movmg slug. As a result, 

the predictions of former models based on the principles of powder mechanics usually 

are lower than those from experiment. To make the equations of the model fit the 

experimental results, the stress transmission factor Kw that was assumed to be higher 

than its real value as that for the passive situation had been accepted [49]. 

To constitute a concept of the frontal stress caused by static friction of a stationary 

layer in front of a slug resisting the trend of movement, a simple test with a 60.3 mm 

ID glass tube was conducted as shown in Figure 12.3.1. 
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The Movement of Stationary Layer Pushed by a Piston 

Figure 12.3.1 Configuration for testing static friction force of stationary layer in front 

of a slug to resist movement 

A quantity of plastic pellet with 4.7 mm particle diameter and 897 kg/m^ particle 

density was installed in front of the piston to make the stationary layer on the bottom 

of the tube occupy 10 percent area of the intersection of the tube. Pushing the piston 

forward from one side of the tube very slowly until the particles at the end of other side 

of the tube tend to move, it was found that about 160 mm of the stationary layer kept 
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the same appearance and about 160 mm of the stationary layer increased in thickness 

as shown in Figure 12.3.1. The significance of the tests is that the force from the piston 

was transferted to the front of the stationary layer at the end or that the particles in the 

stationary layer far from the piston were involved in creating a resistance force to tiie 

piston. Hence for a movmg slug, the frontal stress is not only created by the 

momentum balance of the stationary layer in front of a slug for accelerating the 

particles, but also by the stationary layer in front of slug as it resists the movement 

trend. 

As shown in Figure 12.3.2, the process of picking up the stationary layer in front of the 

moving slug can be separated into two steps. The first step is to raise the particles at 

the stationary layer up so they can reach the top of the pipeline; the second step is to 

accelerate the particles to have the same velocity as that in the moving slug, which will 

be discussed in detail later in this chapter. 

Figure 12.3.2 Configuration of a moving slug 

The force to raise up the particles from the. surface of the stationary layer to the top of 

pipeline can be considered to be equal to the lateral stress caused by axial stress 

transmitted from front surface of moving slug. The relationship between these two 

stresses is given by the equation below: 
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OnKw= pbg H (12.2.1) 

The width of the upper surface of the stationary layer withm tiie cross-sectional 

pipeline area is as follow [67]: 

lw = [4^a-{\-a)Y'-D (12.2.2) 

The relation between H and a the ratio of the area of stationary layer to the area of 

intersectional pipeline is: 

H =0.5 •[D-^D--IW-) for the condition that a < 0.5 (12.2.3) 

/ / = 0.5 • (D -I- yJD^ -Iw-j for tiie condition that a > 0.5 (12.2.4) 

hisertion of Equations 12.2.4, 12.2.3 mto Equation 12.2.1 yields: 

Gfl = pb•g•{p±^IW^]|2.0•Kw (12.2.5) 

Equation 12.2.5 is for the prediction of the axial stress at the front of the slug caused 

by the stationary layer m front of slug as it resists the trend of movement. 

12.3 Axial Stress at the Front of the Slug Caused by Momentum Balance 

When the slug is moving steadily along the horizontal pipeline picking up the 

stationary layer in front of it and depositing the same amount of particles behind, the 

velocity of the slug or the front suri'ace of the slug is not equal to the velocity of the 

particle within the slug. The particle velocity within the slug Up and the slug velocity 

Us have a relationship based on the equation of continuity and the uniformity of the 

bulk density: 
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Up = {l-a)-Usiug (12.3.1) 

At the front of the slug, the stationary layer is pushed by the slug and attams a certain 

momentum. Accordmg to the theory of momentum balance, the followmg equation is 

obtained: 

F-At = A{m-Up) (12.3.2) 

Here the force acting at the front of slug can be replaced by axial stress Of at tiie slug 

front multiplied by the intersection area of the pipeline yields: 

F-Ar = (7/2-A-Ar (12.3.3) 

The amount of stationary layer achievmg the particle velocity Up and becoming a part 

of the slug as the result of momentum balance yields: 

Zi(/nL/p)=L/p(zlm) 

(12.3.4) 
= lf)CApb^Usiu9-At).Up 

hisertion of Equations 12.3.1, 12.3.3 and 12.3.4 into Equation 12.3.2 yields: 

af2 = a- (i-oc) Pb Ustug' (12.3.5) 

Equation 12.3.5 is to estimate axial stress at the front of the slug for accelerating the 

particles from stationary layer. It is different from that of Bo Mi's model for the 

pressure drop prediction in low-velocity pneumatic conveying. Hence the total axial 

stress at the front of slug may be given as: 
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Gf = Gfi + (Jf2 

= Pt,g-[D±^D^ - Iw^ )/2.0 Kw + a {1.0- a) pb- Usiug^ 

12.4Thickness of the Stationary Bed 

The application of gas/liquid analogy horizontal dense phase conveying suggests that 

[103]: 

Usiug = Up + 0.542^ g • D (12.4.1) 

Combming this with Equation 12.3.1, and ehmmatmg Usiug gives: 

a = l/(\ + Up/{0.5424^)) (12.4.2) 

Elimmatmg Up gives: 

a = 0.542 • 4g~b / Usiug (12.4.3) 

Note: Equation 12.4.3 may mduce an mcorrect result if Usiug is less than 0.542^- D 

(i. e. a>1.0) for low ah mass flow rates. As a result, the pressure drop prediction 

from this model may not suitable for the operation close to Boundary A and some 

modification to Equation 12.4.3 to make up this defich is suggested for future work. 

12.5 Friction Force Caused by the Weight of Slug 

The force of slug weight acting on the pipe waU has been addressed in detail in 

Chapter Eleven. It is given by the equation below: 

/7 ^ f n n I r^'- (12.5.1) 

Fweiifht = jw - fJh- g- Ls- D "• ' 
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12.6 Wall Friction Caused by Axial Stress Transmission 

For solid materials in a vertical silo, each element slice of thickness of the sohd 

materials adds the force of its weight to the element below and the configuration of tiie 

axial stress is shown in Figure 12.6.1. 

Figure 12.6.1 Configuration of the axial stress in a sho 

According to the Janssen Equation [37], the normal stress P̂  along the silo can be 

expressed by the equation: 

Pz = 
^•D 

4-fw-Kw 

-4-ft-Kw-Z \ 

i-e D (12.6.1) 

Where Yb specific weight of the bulk solids. 

For a slug moving at an even velocity (without acceleration), having the same 

thickness of layer in front and behind, with the ah penetrating through its voidage and 

adding drag force to each single particle, eliminating the friction caused by the weight 
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of the bulk solid, the situation can be analogous to the gravity actmg on each single 

particle at the silo as shown m Figure 12.6.2. 

t 

Pz 

1 

Z * 

flow direct ion . 

Axial stress a long a slug 

Figure 12.6.2 Configuration of the axial stress for a movmg slug 

The normal stress Pz along the slug with the maximum of Of can be expressed as 

below: 

Pz = Of-

( -4ftrK^\ 
t^a D 
I Ky 

(12.6.2) 

Insertion of Equation 12.3.6 mto Equation 12.6.2 yields: 

Pz = (pi>-g-[D±^D'-lw')l2.0-Kw + a{l-a)-pb-Usiug')-
( -4-fwKwZ \ 

1-e D 

(12.6.3) 

Then, the wall friction caused by the lateral stress transmitted from axial stress is: 

Fla,er,.l=JK-D^ft-KwP,dz 
(12.6.4) 

Since Ls » D, insertion of Equation 12.6.3 into 12.6.4 yields: 
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Fiaterai = K • D • fw • Kw • [ pb • g-[D ± -^0^-^^)12.0 - Kw + a • {l .0-a)^ pb - Usiug' ] 

D f 
Ls--

4 - fw • Kw 

(12.6.5) 

Note: for some solid materials with a high value of D/{4-fw-Kw), Equation 12.6.5 

may cause mcorrect results. 

12.7 Total Resistant Force for the Moving Slug along the Horizontal Pipeline 

For a single slug moving along a horizontal pipelme, picking up the stationary layer at 

the bottom of the pipe and depositing the same amount of the solids as the stationary 

layer behind, the driving force comes from the drag of ah penetrating the slug and is 

balanced by a resistance which has three parts. The first part comes from the friction 

caused by the weight of the slug, the second part is the front stress caused by the 

stationary layer m front of the slug and the thhd part is the friction force caused by the 

axial stiress along the slug. So the total resistance to a moving slug can be expressed by 

the foUowing equation: 

Fslug = Fweight -^ Fiaterai+ (7 f- A (12.7.1) 

hisertion of Equations 12.3.6, 12.5.1 and 12.6.5 mto Equation 12.7.1 yields: 

Fsiug = K • D- fw - Kw Ls- [ Pb- g -(otylD' - lw')/2.0- Kw + a -{1 -a)- pb^ Usiug' ] 

•i-—fwpt,g-Ls-D' 

(12.7.2) 
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For low-velocity slug-flow pneumatic conveying of particle materials at a certain solid 

mass flow rate and ah mass flow rate through the pipeline with a length Lt, the total 

length of the slugs Lst is given by the following equation according to the mass balance 

within the conveying pipeline [63]: 

Lst = —^^^i-^:^: (12.7.3) 
A-{l-a)- pb-Ustug 

Hence the number of moving slugs in the conveying pipelme for conveying with a 

certain solid mass flow rate and air mass flow rate is equal to the total length of the 

slugs divided by the length of a single slug and is given by the equation below: 

Nsiua = — = ^^^^^ (12.7.4) 
' Ls A.{l-aypb-Ls-Usiug 

As a result, the total pressure drop caused by the movmg slugs m the horizontal 

conveying pipehne is equal to the pressure drop of a smgle slug multiplied by tiie 

number of slugs contained the conveying pipeline and is as follow: 

AP - A = Nslug - Fslug 

= {K-D.fw-Kw-[pb-g.(D±^D'-lw')/2.0-Kw + a{1-a)pb-Us,ug'] 

+ IL.f^. p,.g.D'} 
4 

ms - Lt 

A-{l-a)- Pb^Uslug 

(12.7.5) 

Equation 12.7.5 shows that the total pressure drop across a horizontal conveying 

pipeline for low-velocity slug-flow is independent of the length of a single slug. 
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12.8 Relationship between Pressure Drop and Up or Uf by Ergun Equation 

At any location of the pipehne across the intersection, when the sohd-ah two-phase 

flow is in steady state, hrespective of the steady incompressible flow or steady 

compressible flow, the volumetric flow through a cross-section should be constant at 

one location and not change whh time. Hence the followmg equation can be achieved: 

m/ 
A pf 

= {l-£yUp + £-U,p (12.8.1) 

Up is the particle velocity and Ugp is the mterstitial ah velocity. The superficial slip 

velocity for the Ergun Equation is given by the equation below: 

{Ugp-Upye = Usiip (12.8.2) 

Insertion of Equation 12.8.2 mto Equation 12.8.1 yields: 

.J'J^^.U, ..Usiip (12-8-3) 
A Pf 

To establish the relationship between the pressure drop and ah velocity, the Ergun 

Equation is apphed and expressed as follow [20, 21]: 

^ = 1 5 O ( 1 - £ ) ' - ^ - M , I ^ 5 0 - £ ) A ^ - " > ' (12.8.4) 
A^ e'-dp' ' e'dp 

For hregular shape bulk materials, since the dp is hard to measure and the voidage of 

the bulk materials is constant. Equation 12.8.4 can be transformed into the equation as 

follows: 

4 ^ = C. • Usiip +C2-pg- Usiip' (' 2-8.4) 
AL 
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Constant Ci and C2 can be determined experimentahy by measuring the pressure drop 

across a packed bed filled with the materials and the ah mass flow rate [79]. 

12.9 Procedure for Pressure Drop Prediction in the Horizontal Pipeline 

For low-velocity slug flow pneumatic conveying of granular materials, particle 

properties such as particle density pp, particle diameter dp, bulk voidage £, stress 

transmission factor Kw, pipeline properties such as pipe diameter D, pipe wall slidhig 

friction factor fw and operatmg condition such as solid mass flow rate ms and ah mass 

flow rate mf should be given and the procedure for calculating the pressure across a 

horizontal conveymg pipelme is given below: 

( i ) Assume an initial value for Usiug-

( h ) Calculate AP using Equations 12.4.3 and 12.7.5. 

( hi) Calculate Usiug using Equations 12.4.1, 12.8.3 and 12.8.4. 

( iv ) Compare Usiug calculated with Usiug assumed. Using calculated Usiug instead of 

Usiug assumed, repeat step (ii) and (in) onwards until convergence is achieved. 

Using above procedure, the pressure drop across a horizontal pipeline with certain 

operating condition can be predicted. For a long conveying pipelme, h can be 

separated into certain number of segments and pressure drop prediction for the whole 

pipeline can be conducted from the outlet to inlet step by step. 

12.10 Comparison of Experimental and Predicted Pressure Drop Results 

Comparison of the model prediction of pressure drop across a horizontal conveying 

pipeline 2lm in length with the experimental results of low-velocity slug-flow 

pneumatic conveying of plastic pellets through the test rig described in Chapter Four is 
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shown in Figures 12.10.1 and 12.10.2. The mput data requhed for the model uiclude 

the particle diameter (4.7 mm), the particle density (897 kg m'^), the voidage of tiie 

bulk solid (0.391), the coefficient of friction between the particles and waU (0.2), the 

coefficient of particle internal friction (0.5) and pipelme diameters (98 mm; 60.3 mm). 

The agreements between the modelling results and the experimental data are very good 

both for the 60.3 mm and 98 mm stamless steel pipelines and better for 98mm 

pipeline. It is necessary to mention that the model established m this thesis provides 

more accurate predictions for the pressure drop of low-velocity slug-flow pneumatic 

conveying. However it is not suitable for the operations that are very close to 

Boundary A in the state diagram and for the solid materials with a high value of 

Dl{4 - fw • Kw) as indicated previously in Equation 12.6.5. 

a 
C 

u 
c 
o 
a 
3 
C/5 

1) 
L. 

0-
•a 
B .o 
•5 
D 
I— 

CU 

10 20 30 40 50 

Experimental Pressure Drop (KPa) 

Figure 12.10.1 Comparison of pressure drop for 98nim ID pipeline 
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60 -, 

CU 50 -

CL 

2 40 -
Q 
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(U 
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u 

1 10 -
CU 

0 -

Length of pipeline=21 m y ^ 

Pipe diameter=60.3 mm ^ ^ 
Particle diameter=4.7 mm ^ ^ • 

Particle dens ity=897 kg/m' ^ / * 

Bulk dens ity=546 kg/m • y ^ 

fw=0.2 * \ ^ 

fp=0.5 • / ^ 

Kw=0.75 y ^ 

/ 

D 10 20 30 40 50 60 

Experimental Pressure Drop (KPa) 

Figure 12.10.2 Comparison of pressure drop for 60.3mm ID pipeline 

A comparison of the model prediction of pressure drop across a horizontal conveying 

pipelme 21m in length witii the experimental results of low-velocity slug-flow 

pneumatic conveying of plastic pellets through the test rig described m Chapter Four in 

the form of table is shown in Tables 12.10.1 and 12.10.2 

Table 12.10.1 Experhnental and predicted pressure drop through 98mm ID, 21m 

horizontal pipelme 

Test No 

84 

113 

93 

85 

Solids Mass 
Flow Rate 

(kg/s) 

1.75 

2.095 

1.77 

1.73 

Ah Mass 
Flow Rate 

(kg/s) 

0.0542 

0.0518 

0.0506 

0.0408 

Experimental 
Pressure 

Drop (KPa) 

27.8 

33.9 

32.3 

32.9 

Predicted 
Pressure 

Drop (KPa) 

28.5 

34.8 

29.4 

32.2 

Deviation 
(%) 

2.5 

2.4 

-8.9 

-2.1 
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114 1.85 0.0389 38 35.5 -6.3 

86 1.76 0.0331 36.1 37.2 2.9 

87 1.67 0.0269 41.2 40.5 •1.6 

116 1.6 0.0267 39.6 38.9 -1.7 

64 1.43 0.0539 23.4 22.9 -1.7 

95 1.41 0.0436 25 25 O.l 

65 1.45 0.0356 28 28.9 3.2 

66 1.5 0.0293 31.7 33.9 7.1 

67 1.43 0.021 38.1 41.7 9.5 

88 1.4 0.0198 42.5 42.9 1.1 

36 1.07 0.0454 17.7 18.4 3.9 

37 1.12 0.038 21.2 21.2 

38 1.13 0.0317 23.9 23.8 -0.1 

39 1.09 0.0249 27.3 27 -0.8 

40 0.94 0.0149 36.3 36.6 0.8 

47 0.74 0.04 12.8 13.4 4.9 

48 0.74 0.0349 14.5 14.4 

49 0.72 0.028 16.3 16. -1 
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0.7 

0.74 

0.78 

0.77 

0.82 

0.38 

0.37 

0.36 

0.36 

0.36 

0.39 

0.0246 

0.0175 

0.0146 

0.0147 

0.0142 

0.0234 

0.0234 

0.0225 

0.0217 

0.0204 

0.0156 

17.5 

22 

32.6 

31.9 

33 

9.4 

9.1 

9.4 

9.2 

11.4 

13.5 

17.1 

23.9 

30.4 

29.7 

33.1 

9.1 

9.4 

9.1 

9.4 

9.8 

13.5 

-2.1 

8.7 

-6.7 

-6.7 

0.4 

-2.9 

3.6 

-2.3 

2.5 

-13.2 

0.2 

Table 12.10.2 Experimental and predicted pressure drop through 60.3mm ID, 2lm 

horizontal pipeline 

Test No 

41 

42 

67 

Solids Mass 
Flow Rate 

(kg/s) 

0.934 

0.868 

0.861 

Air Mass 
Flow Rate 

(kg/s) 

0.0161 

0.0147 

0.019 

Experimental 
Pressure 

Drop (KPa) 

52.6 

48.6 

45.6 

Predicted 
Pressure 

Drop (KPa) 

53.6 

50.8 

44.8 

Deviation 
(%) 

1.91 

4.62 

-1.65 
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66 0.86 0.0152 52.9 49.5 -6.41 

68 0.786 0.02 45.6 39.8 -12.51 

43 0.771 0.0135 45.2 46.7 3.47 

65 0.77 0.0178 42.9 40.9 -4.58 

64 0.744 0.0129 48 46.1 -3.86 

26 0.726 0.0192 33.7 37.2 10.66 

27 0.704 0.0158 36 39.2 8.98 

28 0.638 0.0112 38.4 42.4 10.6 

44 

63 

49 

51 

62 

50 

52 

54 

53 

29 

0.636 

0.59 

0.584 

0.52 

0.508 

0.486' 

0.48 

0.445 

0.439 

0.389 

0.011 39.3 

0.0163 34.1 

0.0113 36.1 

0.0123 31.3 

0.0111 27.8 

0.0089 

0.0087 

0.0101 

0.0142 

0.0073 

34.3 

34.5 

29.4 

25 

30.2 

42.8 

32.1 

38.3 

32.2 

33.4 

37 

37.1 

30.7 

25.1 

34.1 

8.93 

-5.81 

6.32 

3.09 

20.16 

7.92 

7.71 

4.69 

0.4 

13.07 
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45 

13 

12 

58 

55 

57 

0.367 

0.367 

0.361 

0.298 

0.279 

0.278 

0.0071 

0.0086 

0.0143 

0.0145 

0.01 

0.0125 

30.9 

25.6 

19.3 

18.4 

18 

17.9 

32.8 

28 

20.4 

16.6 

18.9 

16.6 

6.29 

9.48 

5.81 

-9.49 

5.19 

-7.04 

12.11 Comparison of Experimental and Predicted PCC Diagram and Boundaries 

With the model for pressure drop and boundaries prediction established, a comparison 

of the PCC with the theoretical prediction of boundaries B and D for pneumatic 

conveying of plastic pellets and that from experimental test rig is shown in Figures 

12.11.1 and 12.11.2. The input data required for the models mclude the particle density 

(897 kg m."̂ ), the voidage of the bulk solid (0.391), the coefficient of friction between 

the particles and waU (0.2), the coefficient of particle mtemal friction (0.5), pipelme 

diameters (98 mm; 60.3 mm) and stress transmission factor Kw (0.75). The agreement 

between the modeling resuhs and the experimental data is very good. Since the model 

to predict the pressure drop for pneumatic conveying of granular particles in the form 

of a strand flow over a stationary layer or slowly moving bed has not been developed, 

boundary C in both Figures 12.11.1 and 12.11.2 is drawn according to the test results. 

Also as boundary A which was discovered towards latter stage of this thesis and there 

was insufficient time to develop model, boundary A is also from test results. 
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CHAPTER 13: CONCLUSION AND SUGGESTIONS FOR 
FUTURE WORK 
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13.1 Conclusions 

This thesis was aimed at developing the understanding of the mechanisms mvolved in 

the formation of unstable flow during the transition from dilute-phase to dense phase 

and establishing a model to predict the operating boundaries for pneumatic conveying 

of granular materials through a horizontal pipeline. The operating boundaries' 

exploration was extended to powder materials and as the result, classification for 

powder and granular materials was addressed. Further, a model for prediction of 

pressure drop for low-velocity slug-flow through a horizontal pipeline also was 

established. The following conclusions are based on the investigation and finding of 

this thesis. 

13.1.1 Mechanism for Formation of Unstable Flow for Pneumatic Conveying of 
Granular Solid Materials 

Based on conveymg tests conducted in this thesis, the following conclusions 

concerning the formation of unstable flow for pneumatic conveymg of granular 

materials through a horizontal pipeline are listed as follows: 

(i) Pneumatic conveying of granular solid materials exhibit different flow modes: 

low-velocity slug flow, dilute-phase flow with suspended particles and/or 

strands, sti-and flow over a layer (stationary layer for low solids mass flow rate 

or slowly moving layer for high solids mass flow rate). 

(ii) Solids mass flow rate has an important influence on the ah-solid flow 

behaviour when the operation is in transition zone. The layers under the strand 

flow are subjected to different conditions at the bottom of the conveying 

pipeline: either strand flow over a stationary layer for low solids mass flow 

rates or strand flow over a slowly moving bed for high solid mass flow rates. 
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(hi) The pressure fluctuations within the unstable zone result from the flow mode 

tiansition from strand flow over a stationary layer (or slowly movmg bed) to 

slug flow startmg at the inlet due to a decrease in ah velocity. The first slug 

moves quickly at a relatively high velocity and picks up a relatively thick 

stationary layer in front of it but only deposits a smah amount of the material 

behind it. The increase m slug length and large increase in pressure cause 

severe pressure fluctuations and pipeline vibrations. 

(iv) The transition between dilute-phase flow with suspended particles and/or 

strands and strand flow over a stationary or a slowly moving bed as a 

consequence of increasing ah velocity along the conveying pipeline from inlet 

to exit causes a pulsating flow as the results of material eroded away from the 

end of the stationary layer or slowly movhig bed. 

13.1.2 Model for Boundaiy Predictions 

Based on the mass balance, force balance, momentum balance and the unstable zone 

formmg mechanism, a theoretical model for the prediction of the transition zone 

boundaries m the state diagram has been established. 

The formation of Boundary B for pneumatic conveying of granular materials with high 

and low solids mass flow rate is mvolved in different mechanism. For the conveying of 

granular materials with relatively high solids mass flow rate, the formation of a slug 

will be induced if the friction force from the strand flow is not high enough to move 

layer or the thickness of the layer is greater than acri- For a conveying with relative 

low solids mass flow rate, the formation of a slug will be induced if the thickness of 

the layer is kept increasing and the air-solid flow eventually reaches Boundary B in the 
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state diagram where type A operating points turn into type C operatmg points and tiie 

friction between the strand and the layer is not high enough to move the layer. 

The boundary predicted by the model has been found to agree very well with 

experimental data. The influence of particle and bulk properties of the material and 

pipe wall properties on the boundaries of transition zone had been explored and tiie 

exploration had been extended to powder materials. The traditional principle for tiie 

design of low-velocity slug flow pneumatic conveymg (ah velocity within 1.0 m/s to 

4.0 m/s) had been improved or upgraded by model prediction based on particle and 

bulk properties of the material, pipe wall properties, fluid properties and operating 

condition. 

13.1.3 Classification for Powder and Granular Materials 

In general, two general forms of P.C.C. have been observed for pneumatic conveying 

of solids through a horizontal pipeline: the mode of pneumatic conveying 

characteristics for materials that displays a smooth transition from dilute-phase to 

dense-phase and the mode of pneumatic conveying characteristics for the transition 

from dilute-phase to dense-phase with unstable zone. 

The difference between two modes is that the upper part of the transition zone in the 

state diagrams does not exist or is too nartow to cause any unstable flow behaviours 

for pneumatic conveymg of solids. The mechanism that dommates the formation of the 

upper part of the transition zone in the state diagram is that: when the friction between 

particle and pipeline wall is close to that between particles, the upper part of the 

transition zone in the state diagram will contract and disappear. An equation has been 

developed to provide the criterion for distinguishing granular solids and powders. 
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13.1.4 Model for Pressure Drop Prediction of Low-Velocity Slug Flow 

This thesis presents a new approach for the direct measurement of stress transmission 

factor and its results were used in a model for low-velocity slug-flow pressure drop 

prediction. The main differences between this model and previous ones mclude: 

(i) Stress transmission factor is determined by using a new bench-scale test rig; 

(ii) Using this new rig, effect of the weight of the granular material in the slug on 

pressure drop is taken mto account; 

(hi) A modified equation for the frontal stress on the moving slug allowing for a 

momentum balance of collecting particles from the stationary layer and the 

additional force needed to move/expand the stationary material just ahead of 

the slug (as found by slow-motion analysis) has been established. 

The modellhig predictions agree very weU with test results obtained on poly pellets 

conveyed through 98 mm and 60.3 mm ID horizontal stamless steel pipehnes, each 21 

m in length. 

13.2 Suggestions for Future Work 

U is believed that research conducted in this thesis provides a new viewpoint for 

research on ah-solid flow through a horizontal pipehne and has important theoretical 

significance and high value for mdustrial application. Also it is very clear that not all 

work can be done in this thesis with the approach developed in this study and even the 

following suggestions are still part of the work to be done after the submission of this 

thesis. 
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13.2.1 Operating Boundaries for Vertical Pipe, Inclined Pipe, Bend and Stepped-
Bore Line 

The work completed in this thesis is concerned with the operating boundaries for 

pneumatic conveying of solid materials through a horizontal pipeline. However, 

vertical pipes, inclined pipes, bends and stepped-bore pipes are also widely employed 

in the industrial application. Whether there is any unstable zone in the state diagram 

for pneumatic conveying of solid materials through vertical pipes, inclined pipes, 

bends and stepped-bore pipes and how the particle properties, pipe wah properties and 

operating condition influence the boundaries of unstable zone is stiU a question. Also 

the exploration for the operatmg boundaries of vertical pipes, inclmed pipes, bends and 

stepped-bore pipes will enhance and richen the theory of transport boundary developed 

m this thesis. 

13.2.2 Experimental Work to Verify Model Predictions 

One of aspects to be improved of this thesis is that many predictions from the model 

have not been confirmed by the experimental work. Two important predictions to be 

verified mclude: 

(i) A strand flow over a slowly moving layer will be substituted for low-velocity 

slug-flow if the friction between particles and pipe wall decreases to a certain 

value. 

(ii) A strand flow over a stationary layer will exist only for very low solids mass 

flow rate if the friction between particles and pipe wall decreases to a certain 

value. 

(iii) Granular materials will displace the flow mode of powder if the roughness of 

the pipe wall increases to a certain value. 
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13.2.3 Experimental Work on Transition Behaviour from Dilute-Phase to Dense-
Phase for Powder Materials 

In discussion on the boundaries of pneumatic conveymg of powder materials, it is 

assumed that the applicability of the model can be extended to the powder materials. 

So far there is still not enough experimental evidence to confirm and modify the model 

predictions. Experiment tests on the powders with a wide range variation in particle 

properties are needed to ensure the modelling results correct. 

13.2.4 Improve Pressure Drop Model 

The model estabhshed in this thesis for low-velocity slug-flow pressure drop produces 

good results for conveying plastic pellets. It stiU needs more experimental work 

covering a wide range of particle properties to verify or modify the existing model and 

improve its apphcability. 

13.2.5 Improve Experimental Method to Measure Kw 

A test ng was developed in this thesis to dhectiy measure stress transmission 

coefficient and the results made the pressure drop m_odel work well for plastic pellets. 

The existmg Kw test rig has two shortages as not suitable for small particle 

measurement and the testmg procedure is a little bit complicated. A simple and reliable 

metiiod or rig is needed to be developed for pressure drop prediction of mdustrial 

applications. 
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COMPUTER PROGRAMME FOR BOUNDARIES 
PREDICTION 
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C THIS PROGRAMME IS FOR THE BOUNDARIES PREICTION OF 
PNEUMATIC CONVEYING OF GRANULAR MATERIALS. THE BOUNDARIES 
PREDICTION IS COUPLED WITH PRESSURE DROP PREDICTION FOR LOW-
VELOCITY SLUG-FLOW. 
C 

EV: VODDAGE OF THE GRANUALR MATERIALS 
ROS: PARTICLE DENSITY 
ROF: AIR DENSITY 
PK: FACTOR OF FRICTION BETWEEN PARTICLES 
WK: FACTOR OF FRICTION BETWEEN PARTICLE AND PIPE WALL 
G: GRAVITY ACCELERATION 
D: PIPE DIAMETER 
EVM: VOIDAGE OF STRAND 
PE: INITIAL AIR PRESSURE 

C 
C 

DIMENSION X(30),Y(30),X2(30),Y2(30) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
PE= 101325.0 
G=9.8 
HL=0.0826 
D=0.098 
WK=0.20 
PK=0.5 
ROS=897 
EV=0.391 
EVM=0.391 
WRrTE(*,*)'D=',D,' WK=',WK,' PK=',PK,' ROS=',ROS, 
' EV=',EV,' EVM=',EVM 
WRITE(*,*)'NO FOR CHANGE, PUT IN 1' 
READ(*,*)YS 
IF(YS.EQ.1)G0T0 2 
WRITE(*,*)'PUT IN PIPE DIAMETER D (M)' 
READ(*,*)D 
WRITE(*,*)'PUT IN WALL FRICTION WK 
READ(*,*)WK 
WRITE(*,*)'PUT IN PARTICLE FRICTION PK 
READ(*,*)PK 
WRrrE(*,*)'PUT IN PARTICLE DENSITY ROS (KG/M-3)' 
READ(*,*)ROS 
WRITE(*,*)'PUT IN VOIDAGE EV FOR STRAND' 
READ(*,*)EV 
WRITE(*,*)'PUT IN THE VOIDAGE OF BULK MATERIAL 
READ(* *)EVM WRITE(*,*)'D=',D,'WK=',WK,'PK=',PK,'ROS=',ROS,'EV=',EV,'EVM=',EVM 

WRITE(*,*)'NO FOR CHANGE, PUT IN I' 
READ(*,*)YES 
IF(YES.NE.1)G0T0 1 
WRITE(*,*)'PUT IN PRESSURE OF THE AIR' 
READ(*,*)PRE 
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WRITE(*,*)'PRESSURE=',PRE 
ROF=1.259*PRE 
WRITE(*,*)' TAKE YOUR SELECTION' 
WRITE(*,*)'1=0RIGINAL E AND F;2=EF ONE LINE;3=CR0SS 
LINE;4=M0VING' 
READ(*,*)MUM 
IF(MUM.EQ.1)G0T0 3 
IF(MUM.EQ.2)G0T0 4 
IF(MUM.EQ.3)G0T0 5 
IF(MUM.EQ.4)G0T0 16 
GOTO 6 

3 CALL TEF 
GOTO 6 

4 CALL EF 
GOTO 6 

5 CALL CROSS(X,Y,X2,Y2) 
GOTO 6 

16 CALL MOVE(X, Y,X2,Y2) 
GOTO 6 

6 CONTINUE 
WRITE(*,*)'TO CONTINUE FROM BEGINNING PUT IN 1, FROM 
MIDDLE 2' 
READ(*,*)NUN 
IF(NUN.EQ.l)GOTO 1 
IF(NUN.EQ.2)GOTO 2 
STOP 
ENT> 

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
THIS SU1BROUTINE IS FOR CALCAULATING BOUNDARY B. IT MUST 
BE CONDUCTED AFTER THE LOWER PART OF BOUNDARY B HAS 
BEEN OBTAINED BY SUBROUTINE CROSSS 

Q ************************************************** 

SUBROUTINE MOVE(Xl,Yl,PXl,PYl) 
REALMSF(30),MSS(30),MAF(65),MAS(65),MAP(65) 
DIMENSION PRE(30), ASS(30),X1 (30),Y 1 (30),PXl (30),PY 1 (30),XRl (2), 
XR2(2),XXR1(2),XXR2(2) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
AA=0.25*3.1416*D**2 
MV=l 

WRITE(* *)' THIS PROGRAM IS FOR CALCULATING THEBOUNDAYR' 
WRITE(*!*)' BETWEEN STATIONARY LAYER AND MOVING LAYER 
AT LINE E' 
WRITE(*,*)'PLEASE PUT IN THE UPPER AND LOWER AS' 
READ(*,*)ASUP,ASL 
WRITE(*,*)'ASup=',ASUP,' ASDOWN=',ASL 
DO 101=1,30 
RA=I 
ASS(I)=ASUP-RA*(ASUP-ASL)/30.0 
CALLFLM(MV,ASS(1),MSF(I),MSS(1),PRE(1)) 
FSM=MSF(1)/(AA*R0F) 
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SSM=MSS(I)/AA 
WRITE(*,11)ASS(I),MSF(I),MSS(I),PRE(I) 

11 F0RMAT(1X,4(5X,F9.5)) 
10 CONTINUE 

CALL FIT2(MSF,PRE,PX1 ,PY I ,XR 1 ,XR2,SX,SY) 
WRITE(*,*)'SX=',SX,' SY=',SY 
CALL FIT2(MSF,MSS,XI,Y1 ,XXR 1 ,XXR2,SSX,SSY) 
WRITE(*,*)'SSX=',SSX,' SSY=',SSY 
DO 15 1=1,30 
MAF(I)=MSF(I) 
MAP(I)=PRE(I) 
MAS(D=MSS(I) 
KK=I-1 
IF(PRE(I).LE.SY)GOTO 16 

15 CONTINUE 
16 MM=KK-^4 

DO 17 I=KK,MM 
MAF(I)=SX 
MAP(I)=SY 

17 MAS(I)=SSY 
NN=MM-i-l 
DO 181=1,30 
IF(PY1(I).LT.SY)THEN 
MAF(NN)=PX1(I) 
MAP(NN)=PY1(I) 
MAS(NN)=Y1(I) 
N^=NN-rl 
ELSE 
ENDIF 

18 CONTINUE 
DO 19 K= 1,65,2 
IF(MAP(K).EQ.0.0)GOTO 21 
WRITE(*,20)MAF,(K),MAS(K),MAP(K) 

20 FORMAT(1X,3(5X,F10.5)) 
19 CONTINUE 
21 CONTINUE 
31 WRITE(*,*)'PREDICT PRESSURE PUT IN MSF, TURNING POINT=',SX 

READ(*,*)ZX 
write(*,*)'XR21=',XR2(l),' XR22=',XR2(2) 
WRITE(*,*)'XR11=',XR1(1),' XR12=',XR1(2) 
ZFP=XR2(1)+XR2(2)*ZX 
ZEP=XRl(l)-hXRl(2)*ZX 
WRITE(*,*)'MORE THAN TURNING PRESSURE 1= ,ZFP 
WRITE(* *)'LESS THAN TURNING PRESSURE2=',ZEP 
WRITE(*,*)'PUT IN 1 TO CONTINUE, PUT 2 TO AIR MASS FR 
PREDICTION' 
READ(*,*)MUMM 
IF(MUMM.EQ. I)GOTO 31 
1F(MUMM.EQ.2)G0T0 32 
WRITE(*,*)'TO CONTINUE PUT IN 1' 
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READ(*,*)UL 
IF(UL.EQ.1)G0T0 I 
IF(UL.EQ.l)GOTO40 

32 WRITE(*,*)'PREDICT AIR MASS FLOW RATE PUT IN MSS 
* TURNING POINT=',SX 
READ(*,*)ZX 
write(*,*)'XXR21=',XXR2(l),' XXR22=',XXR2(2) 
WRITE(*,*)'XXR11=',XXR1(1),' XXR12=',XXR1(2) 
ZFP=(ZX-XXR2( I ))/XXR2(2) 
ZEP=(ZX-XXR 1 (1 ))/XXR I (2) 
WRITE(*,*)'MORE THAN TURNING AIR MASS FR1',ZFP 
WRITE(*,*)'LESS THAN TURNING AIR MASS FR2',ZEP 
WRITE(*,*)'PUT IN 1 TO CONTINUE, PUT 2 TO PRESSURE 
PREDICTION' 
READ(*,*)MUMMM 
IF(MUMMM.EQ.l)GOTO 32 
F(MUMMM.EQ.2)GOTO 31 
WRITE(*,*)'TO CONTINUE FROM MOVE PUT IN 1' 
READ(*,*)UL 
IF(UL.EQ.l)GOTO 1 
IF(UL.EQ.l)GOTO40 

40 CONTINUE 
RETURN 
END 

f-i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

THIS SUBROUTINE (FLM) IS FOR CALCAULATING UPPER PART OF 
BOUNDARY B COUPLED WITH PRESSLUE DROP PREDICTION. FT 
MUST BE CONDUCTED AFTER THE THICKNESS OF THE LAYER HAS 
BEEN OBTAINED 

C 
*************************************************************** 

* 

SUBROUTINE FLM(MV,AS,MSF,MSS,PPRESS) 
REAL MSF, MSS,MASF,MASS 
DIMENSION RV( 1000),BFRI( 1000),RRVF( 1000) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 

DO 7 n= 1,30 
RV(n)=o.o 
BFRI(n)=0.0 

7 RRVF(n)=0.0 
MSF=0.0 
MSS=0.0 
XM=(PK/WK)**0.5 
RVl=0.08 
RV2=0.5 
IF(AS.LT.0.01 .OR.PK.LE.WK)THEN 
XM=1.0 
FR=WK 
ELSE 
FR=PK 
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ENDIF 
XX=(RV2-RVl)/999.0 
AA=3.l4l59*D**2/4.0 
CONTl =(FR*(ROS/ROF)*( 1.0-(ROF/ROS))*( 1.0-EV)*D*G)**0.5 
CONT2=ROS*( 1.0-EV)/ROF 
UP=WK*AS*(1.0-EVM) 
DW=(PK*( 1.0-AS*ROF/ROS)-WK*( 1.0-AS))*( 1.0-EV) 
CRIT=UP/DW 
WRITE(*,*)'CRIT=',CRIT 
DO 101=1,1000 
KKK=1 
RV(I)=RV1+XX*(I-1) 

[ CALL FMM(MV,AS,RV(I),BBB,BDP,RRVF(I)) 
BBBl=BBB 
IF(BBB.EQ.0.0)THEN 
BBB=BBB2 
ELSE 
ENDIF 
KKK=KKK+1 
BFRI(D=BBB*(XM*(1.0-AS)) 
MASF=BBB*CONT1*AA*(1.0-AS)*ROF 
MASS=MASF*RRVF(I)*CONT2 
CALL PRIDICT(MASF,MASS,PRESS) 
FPRS1=MASF 
ROF= 1.259*PRESS/PE 
CONT1=(FR*(ROS/ROF)*(1.0-(ROF/ROS))*(1.0-EV)*D*G)**0.5 
C0NT2=R0S*(1.0-EV)/ROF 
CALLFMM(MV,AS,RV(I),BBB,BDP,RRVF(I)) 

BBB2=BBB 
IF(BBB.EQ.0.0)THEN 
BBB=BBB1 
ELSE 
ENDIF 
IF(BBB.EQ.0.0)GOTO 10 
BFRI(I)=BBB*(XM*( 1.0-AS)) 
MASF=BBB*CONTl *AA*( 1.0-AS)*ROF 
MASS=MASF*RRVF(I)*C0NT2 
CALL PRIDICT(MASF,MASS,PRESS) 
ROF=1.259*PRESS/PE 
FPRS2=MASF 
DPRE=ABS((FPRS2-FPRS I )/FPRS2) 
IF(DPRE.GT .0.005 )GOTO 1 

IF(BDP.GE.CRrDGOTO 101 
10 CONTINUE 

GOTO 102 
101 CONTINUE 

MSF=BBB*CONT I *AA*( 1.0-AS)*ROF 
MSS=MSF*RRVF(I)*C0NT2 
PPRESS=(PRESS-PE)/1000.0 

102 CONTINUE 
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RETURN 
END 
************************************************************** 

THIS SUBROUTINE IS FOR CALCAULATING LOWER PART OF 
BOUNDARY B. IT MUST BE CONDUCTED AFTER TWO THICKNESSES 
OF THE LAYERS HAVE BEEN GIVEN. 
************************************************************* 

SUBROUTINE CROSS(XXX,YYY,XXX2,YYY2) 
REAL MASSl(30),MASS2(30),MASFl(30),MASF2(30),EFX(30),EFY(30), 

* XR1(3),XR2(2),XXRI(3),XXR2(2),ASS(30),FAM(30),FSM(30), 
* XXX(30),YYY(30),PREl(30), 
* PRE2(30),PRS 1 (30),PRS2(30),PEFX(30),PEFY(30),XXX2(30),YYY2(30) 

COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
DO 2 1=1,30 
MASS1(I)=0.0 
MASS2(I)=0.0 
MASF1(I)=0.0 
MASF2(I)=0.0 
EFX(I)=0.0 
EFY(I)=0.0 
ASS(I)=0.0 
FAM(I)=0.0 
PRE1(D=0.0 
PRE2(I)=0.0 
PRS1(I)=0.0 
PRS2(D=0.0 
PEFX(I)=0.0 
PEFY(I)=0.0 
DO 3 1=1,5 
XXX(I)=0.0 
YYY(I)=0.0 
XXX2(I)=0.0 
YYY2(D=0.0 
DO 4 1=1,3 
XR1(I)=0.0 
XXRI(I)=0.0 
DO 5 1=1,2 
XR2(I)=0.0 
XXR2(I)=0.0 

02 WRITE(*,*)'PUT IN THE MINIMUM AS AND MAXIMUM AS 
READ(*,*)AS1,AS2 

WRrrE(*,*)'MINIMUM=',ASl,' MAXIMUM=',AS2 
write(*,*)'FOR MOVING BED CONDITION PUT IN MV=l' 
READ(*,*)MV 
WRrrE(*,*)'MV=',MV 
AA=0.25*3.1416*D**2 
DO 100 1=1,30 
ASS(I)=AS 1 -hI*(AS2-AS I )/l 5.0 
CALL EL(ASS(I),M ASF I ,MASS I ,FAM,FSM,PRS I) 
CALL FL( I ,ASS(I),MASF2,MASS2,PRS2) 
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DO 10LL=1,30 
PRE 1 (LL)=(PRS 1 (LL)-PE)/10000.0 
PRE2(LL)=(PRS2(LL)-PE)/10000.0 

10 CONTINUE 
CALL FIT(MASF1,MASS1,MASF2,MASS2,XR1,XR2,EFX(I),EFY(I)) 

100 CALL FIT(MASF1,PRE1,MASF2,PRE2,XXR1,XXR2,PEFX(I),PEFY(D) 
WRITE(*,*)'FOR VELOCITY IN M/S PUT IN 1' 
WRrrE(*,*)' FOR MASS FLOW RATE KG/S PUT IN 2' 
READ(*,*)ME 
WRrrE(*,*)' YOU PUT IN=',ME 
IF(ME.EQ.1)G0T0 91 
DO 203 1=1,30 
WEFX=EFX(31-I) 
WEFY=EFY(31-I) 
PWEFX=PEFX(31-I) 
PWEFY=PEFY(31 -I)* 10.0 
WRITE(* ,201) WEFX, WEFY,PWEFX,PWEFY,I 

201 FORMAT(F8.4,3(5X,F8.4),I4) 
203 CONTINUE 

GOTO 103 
91 CONTINUE 

DO 204 1=1,30 
WEFX=EFX(31 -I)/( AA*ROF) 
WEFY=EFY(31-I)/AA 
PWEFX=PEFX(31-I) 
PWEFY=PEFY(31-D*10.0 
WRITE(*, 101 )WEFX,WEFY,PWEFX,PWEFY,I 

101 FORMAT(F8.4,3(5X,F8.4),I2) 
204 CONTINU'E 
103 CONTINUE 

DO 1041=1,30 
XXX(I)=EFX(I) 
YYY(D=EFY(I) 
XXX2(I)=PEFX(I) 

104 YYY2(I)=PEFY(I)*10.0 
WRITE(*,*)'TO CONTINUE PUT IN I' 
READ(*,*)MY 
IF(MY.EQ.1)G0T0 102 
RETURN 
END 

Q **************************************************** 

C THIS SUBROUTINE IS FOR CALCAULATING E-LINE AND F-LINE 
SEPARATELY FOR ANY GIVEN THICKNESS OF LAYERS. LINE F 
WILL NOT EXIST IF THE THICKNESS OF LAYER DOES NOT REACH 
CERTAIN VALUE. PUT IN MV=l FOR ANY F-LINE WITHOUT 
CONSIDERATION ON THE THICKNESS OF LAYER 

Q ************************************************* * 
SUBROUTINE TEF 
REAL MXSSI (30),MXSS2(30),MXSF 1 (30),MXSF2(30),PRE 1 (30) 

* ,PRE2(30) 
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COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
301 DO 302 J= 1,30 

MXSS1(J)=0.0 
MXSS2(J)=0.0 
MXSFI(J)=0.0 

302 MXSF2(J)=0.0 
WRITE(*,*)'PUT IN AS ' 
READ(*,*)AS 
WRITE(*,*)'AS=',AS 
WRITE(*,*)'PUT IN MV MV=1 MOVING LAYER MAINTAINED' 
READ(*,*)MV 
WRITE(*,*)' MV=',MV 
CALL EL(AS,MXSF1 ,MXSS 1 ,MXSF2,MXSS2,PRE1) 
WRITE(*,*)'ENTER FL' 
CALL FL(MV,AS,MXSF2,MXSS2,PRE2) 
WRITE(*,*)'OUT FL 
WRITE(*,*)'MASFl=, MASS1=, PRESSURE MASF2= MASS2= 
PRESSURE' 
DO 201 1=1,30 
PRS 1=(PRE1(I)-PE)/1000.0 
PRS2=(PRE2(I)-PE)/1000.0 
WRITE(*, 101 )MXSF1 (I),MXSS 1 (I),PRS 1 ,MXSF2(D,MXSS2(I),PRS2 

101 FORMAT(lX,F8.4,5(5X,F8.4)) 
201 CONTINUE 

WRrrE(*,*)'TO CONTINUE PUT IN 1' 
READ(*,*)MY 
IF(MY.EQ.l)GOTO301 
RETURN 
END 

Q ************************************************************ 

C 
C THIS SUBROUTINE IS FOR CALCAULATING E-LINE AND F-LINE 

SEPARATELY FOR ANY GIVEN THICKNESS OF LAYERS. AND THEN 
PUT TWO LINE TOGETHER FOR A GIVEN THICKNESS OF LAYER 

(. * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE EF 
REALMZSS1(30),MZSS2(30),MZSFI(30),MZSF2(30),EFX(60),EFY(60), 

* XR1(3),XR2(2),MF(30),MS(30),PRE1(30),PRE2(30),PRE(30), 
* PPRE1(30),PPRE2(30),XXR1(3),XXR2(2) 

COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 

AA=0.25*3.1416*D**2 
131 DO132MI=l,30 

PREI(MI)=0.0 
PRE2(MI)=0.0 
PRE(MI)=0.0 
PPRE1(MI)=0.0 
PPRE2(MI)=0.0 
MZSSI(MI)=0.0 
MZSS2(MI)=0.0 



Computer Program 242 

MZSF1(MI)=0.0 
132 MZSF2(MI)=0.0 

DO 133 MJ= 1,60 
EFX(MJ)=0.0 

133 EFY(MJ)=0.0 
DO 134ni=l,3 
XRi(m)=o.o 

134 XXRl(in)=0.0 
DO 135JJJ=1,2 
XR2(JJJ)=0.0 

135 XXR2(JJJ)=0.0 
WRrrE(*,*)'PLEASE PUT IN AS' 
READ(*,*)AS 
WRITE(*,*)'FOR MOVING BED PUT IN MV=r 
READ(*,*)MV 
WRrrE(*,*)' TWO LINE INTO ONE MV=',MV 
CALL EL(AS,MZSF1,MZSS1,MF,MS,PRE1) 
CALL FL(MV,AS,MZSF2,MZSS2,PRE2) 
CALL Frr(MZSFl,MZSSl,MZSF2,MZSS2,XRl,XR2,SX,SY) 
DO 141 1=1,30 
PPRE1 (D=(PRE 1 (r)-PE)/10000.0 

141 PPRE2(I)=(PRE2(I)-PE)/10000.0 
C WRITE(*,*)'P-E=',PPRE1(I),' P-F=',PPRE2(I) 

write(*,*)'enter fit' 
CALL FIT(MZSF1 ,PPRE1 ,MZSF2,PPRE2,XXR1 ,XXR2,SSX,SSY) 
WRITE(*,*)'X=',SX,' Y=',SY,' Z=',SSY 
DO 301 KK=1,60 
IF(MZSF 1 (KK).LT.SX)THEN 
EFX(KK)=MZSF1(KK) 
EFY(KK)=MZSS1(KK) 
PRE(KK)=PPRE1(KK) 
ELSE 
EFX(KK)=SX 
EFY(KK)=SY 
PRE(KK)=SSY 
NK=KK+1 
GOTO 302 
ENDBF 

301 CONTINUE 
302 CONTINUE 

DO 303 JK= 1,30 
IF(MZSF2(JK).LT.SX)THEN 
NJ=JK 
ELSE 
GOTO 304 
ENDIF 

303 CONTINUE 
304 DO 305 MM=NK,60 

EFX(MM)=MZSF2(NJ-f I) 
EFY(MM)=MZSS2(NJ+1) 
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PRE(MM)=PPRE2(NJ+1) 
NJ=NJ-hl 
IF(NJ.EQ.31)GOTO306 

305 CONTINUE 
306 WRITE(*,*)'MASF= MASS= PRESSURE=' 

WRITE(*,*)'FOR VELOCITY IN M/S PUT IN I' 
WRITE(*,*)' FOR MASS FLOW RATE KG/S PUT IN 2' 
READ(*,*)ME 
WRITE(*,*)' YOU PUT IN=',ME 
IF(ME.EQ.1)G0T0 91 
DO 408 ni= 1,60,3 
WEFX=EFX(m) 
WEFY=EFY(m) 
PRESS=PRE(m)*10.0 
WRITE(*,407)WEFX,WEFY,PRESS 

407 FORMAT(1X,F9.5,2(10X,F9.5)) 
408 CONTINUE 

GOTO 308 
91 CONTINUE 

DO 309 ni= 1,60,3 
WEFX=EFX(in)/(AA*ROF) 
WEFY=EFY(m)/AA 
PRESS=PRE(ni)*10.0 
WRITE(*,307)WEFX,WEFY,PRESS 

307 FORMAT(1X,F9.5,10X,F9.5) 
309 CONTINUE 
308 corvnriNUE 

WRITE(*,*)'TO CONTINITE PUT IN l' 
READ(*,*)MY 
IF(MY.EQ.1)G0T0 131 
RETURN 
END 

(2 ************************************************************** 
C THIS SUBROUTINE IS FOR CALCULATING THE LINE-E WITH ANY 

GIVEN THICKNESS OF LAYER AND COUPLING WITH AIR PRESSURE 
PREDICTION. THE E-LINE IS LOCATED WITHIN TWO RATIOS OF 
VOLUMETRIC FLOW 
RVFl: THE MINIMUM RATIO OF VOLUMETRIC FLOW 
RVF2- THE MAXIMUM RATIO OF VOLUMETRIC FLOW 

C 

RV- RATIOS OF VOLUMETRIC FLOW 
************************************************************** 
SUBROUTINE EL(AS,MSF,MSS,MSF2,MSS2,PRE) 
REAL MASS( 100),MASF( 100),MASS2( 100),M ASF2( 100), 

* MSF(30),MSS(30),MSF2(30),MSS2(30) 
DIMENSION RVF( 100),RV( 100),BDP( 100),BFRI( 100),BDP2( 100) 

* ,BFRI2(100),PRE(30),PRSl(100) 
COMMON HL,EV,ROS,ROF,PK.WK,G,D,EVM,PE 

DO 21 K=l,30 
MSF(k)=0.0 
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MSS(K)=0.0 
MSF2(K)=0.0 

21 MSS2(K)=0.0 
DO 2211 = 1,100 
MASS(J1)=0.0 
MASF(J1)=0.0 
MASS2(J1)=0.0 
MASF2(J1)=0.0 
RVF(J1)=0.0 
RV(J1)=0.0 
BDP2(J1)=0.0 
BFRI2(J1)=0.0 
BDP(J1)=0.0 

22 BFRI(J1)=0.0 
XX=0.99 
M=l 

IF(AS.GT.0.2)THEN 
RVFl=0.01*(AS+AS*AS-i-2.0*AS*AS*AS) 

ELSE 
RVFl =0.002 
ENDIF 
RVF2=0.1 

IF(AS.LT.0.01)THEN 
FR=WK 
BBC=1.0 
ELSE 
BBC=(PK/'WK)**0.5 
FR=PK 
ENDff 
XX=EXP((LOG(RVF2)-1.0*LOG(RVF1))/99.0) 
DO 101=1,100 
RVF(I)=RVF1*XX**(I-1) 

C RV(I) HERE IS TO DETERMINE THE INITIAL VALUE OF RV FOR 
C FURTHER CALCULATION BELOW 

RV(I)=0.99-(RVF(I)-0.001 )*3.6 
AA=3.14159*D**2/4.0 
CONTl=(FR*(ROS/ROF)*(l.0-(ROF/ROS))*(1.0-EV)*D*G)**0.5 

C0NT2=R0S*( 1.0-EV)/ROF 
1 CALLEMM(AS,RVF(I),RV(I),BBB,BDP(I),BBB2,BDP2(I)) 

IF(BBB.LE.0.0)GOTO 10 
BFRI(I)=BBB*(1.0-AS)*BBC 
MASF(I)=BBB*C0NT1 *AA*( 1.0-AS)*ROF 
MASS(I)=MASF(I)*RVF(I)*C0NT2 
CALL PRIDICT(MASF(I),MASS(I),PRS 1(1)) 
FPRSl=MASF(I) 
ROF= 1.259*PRS I (I)/PE 
CONT 1 =(FR*(ROS/ROF)*( 1.0-(ROF/ROS))*( 1.0-EV)*D*G)**0.5 
CONT2=ROS*( 1.0-EV)/ROF 
CALLEMM(AS,RVF(I),RV(I),BBB,BDP(I),BBB2,BDP2(I)) 

IF(BBB.LE.0)GOTO 10 
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BFRI(I)=BBB*(XM*(1.0-AS)) 
MASF(I)=BBB*C0NT1 *AA*( 1.0-AS)*ROF 
MASS(I)=MASF(I)*RVF(I)*C0NT2 
CALL PRIDICT(MASF(I),MASS(D,PRS 1 (D) 
FPRS2=MASF(I) 
ROF=l.259*PRSl(D/PE 
DPRE=ABS((FPRS2-FPRS 1)/FPRS2) 
IF(DPRE.GT.0.005)GOTO 1 
BFRI2(I)=BBB2*(l .0-AS)*BBC 
MASF2(I)=BBB2*CONT 1 * AA*( 1.0-AS)*ROF 
MASS2(I)=MASF2(I)*RVF(I)*CONT2 

10 CONTINUE 
DO 11 JIK=l,100 
IF(MASF(JIK).LT.0.0005.AND.MASF(JIK-Hl).LT.0.0005. 

* AND.MASF(JIK+3).LT.0.0005)THEN 
NNN=JIK-1 
GOTO 17 
ELSE 
ENDIF 

11 CONTINUE 
17 L=l 
12 DO 13 KK=1,NNN-10,4 

IF(MASF(KK).NE.O.O)THEN 
MSF(L)=MASF(KK) 
MSS(L)=MASS(KK) 
PRE(L)=PRS1(KK) 
l^L-Kl 
ELSE 
ENT)IF 

13 CONTINUE 
in=o 
DO15n=l ,20 
IF(M ASF(NNN+1-n-III).EQ.O)THEN 
m=in+i 
ELSE 
ENDIF 
IF(M ASF(NNN-^ 1 -n-m).EQ.O)THEN 
iii=ni+i 
ELSE 
ENDEF 
IF(MSF(3l-n).EQ.0)THEN 
MSF(31 -II)=MASF(NNN+1 -fl-ni) 
MSS(31 -n)=MASS(NNN+1 -II-IH) 
PRE(31 -II)=PRS 1 (NNN+1 -II-IU) 
ELSE 
GOTO 217 
ENDIF 

15 CONTINUE 
217 CONTINUE 

DO 31 JN=1,100 
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IF(M ASF2(JN).GT.0.0O l)GOT0 32 ~ 
31 CONTINUE 
32 MJ=JN 

D 0 33 JJN=MJ,100 
IF(MASF2(JJN).LT.0.001)GOTO 34 

33 CONTINUE 
34 MK=JJN 

MM=MK-MJ 
IF(MM.LE.30)GOTO4l 
IF(MM.LE.60)GOTO 42 
IF(MM.LE.90)GOTO 43 

41 DO 44 1=1,30 
MSF2(I)=MASF2(MJ-l-i-I) 

44 MSS2(I)=MASS2(MJ-UI) 
RETURN 

42 DO 45 1=1,30 
MSF2(I)=MASF2(MJ-1+1*2) 

45 MSS2(I)=MASS2(MJ-I+I*2) 
RETURN 

43 DO 46 1=1,30 
MSF2(I)=MASF2(MJ-2-hI*3) 

46 MSS2(I)=MASS2(MJ-2+I*3) 
RETURN 
END 

I 5|C J(? 3̂ C 5 p ^fC^fC ?|C J f i ?fC 5|C - ( t vfC - ^ - f * *(C #fC #f* «fE *f^ ^ 3f« J p ^ r|C 3(C ^ #fC ^ 5 p 3 ^ 5 ^ 3(C SfC ^ .fC *fC -^C «fS *fC 3 ^ #f£ ^ ?f* 3(C «fc >fC ^ 7^ #fC TfC S p J p #fC 5(C 5JC #fC 3|C 3(C • ( * S ^ Sf! 3fC 

THIS SUBROUTINE IS FOR LOCATING A NARROW REGIME ALONG 
THE CUUVE OF A CONSTANT RATIO OF VOLUMETRIC FLOW AND 
THEN BY CALLING DEE TO DETERMINE SINGLE POINT OF LINE E. 

/ - I * * * * * * * * * * * * * * * * * ; ) ; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE EMM(AS,RVF,BRV.BFRI 1 ,BDP 1 ,BFRI2,BDP2) 
DIMENSION BDP(3),BFRI(3) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
XX=0.99 
M=l 
DO 99 1=1,3 
BDP(I)=0.0 

99 BFRI(I)=0.0 
DFI=0 
BDPI=0 
BFRI1=0 
SFI= 1.0-1.0/(1.0+BRV*(l .0/RVF-EV)) 
DDP=1.0-SFI 
SFRI=FT1(AS,RVF,SFI) 
IF(PK.LE.WK)THEN 
DPMAX=0.99 
GOTO 315 
ELSE 
ENDIF 
IF(AS.LT.O.Ol)THEN 
DPMAX=0.99 
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ELSE 
DPMAX=WK* AS/(( 1.0-AS)*(PK-WK)) 
ENDEF 
IF(DPMAX.GE. 1.0)THEN 
DPMAX=0.99 
ELSE 
ENDIF 

315 CONTINUE 
XX=EXP((LOG(DPMAX)-1.0*LOG(DDP))/100.0) 
M=l 
X1=DDP 
X2=DDP*xx 
Y1=FTI(AS,RVF,(1.0-X1)) 
Y2=FT I (AS,RVF,( 1.0-X2)) 
SLOPl=(Y2-Yl)/(X2-Xl) 
DO 1 1=2,100 
X3=DDP*XX**I 
Y3=FT1 (AS,RVF,( 1.0-X3)) 
SLOP2=(Y3-Y2)/(X3-X2) 
IF((SL0P1 *SLOP2).LT.0)THEN 
CALL DEE(AS,X3,X1,RVF,WFRI,WDP) 
BDP(M)=WDP 
BFRI(M)=WFRI 
M=M-fl 
ELSE 
ENDIF 
X1=X2 
X2=X3 
Y1=Y2 
Y2=Y3 
SLOPl=SLOP2 

1 CONTINUE 
BFRI1=BFRI(1) 
BFRI2=BFRI(2) 
BDPl=BDP(l) 
BDP2=BDP(2) 
RETURN 
END 

************************************************************** 
THIS SUBROUTINE IS FOR DETERMINING A SINGLE POINT OF LINE 
E ALONG THE CURVE OF A CONSTANT RATIO OF VOLUMETRIC 
FLOW WTTHIN A VERY NARROW REGIME OF Fri. THE LIMITATIONS 
OF THE REGIME ARE ALREADY KNOWN AND AS THE INPUT FOR 
THIS STrRROUTTNE 
************************************************************** 

SUBROUTINE DEE(AS,DPMAX,DPMIN,RVF,BFRI,BDP) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
XX=EXP((LOG(DPMAX)-l.0*LOG(DPMIN))/100.0) 
Xl=DPMIN 
X2=DPMIN*XX 
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Y1=FT1(AS,RVF,(1.0-X1)) 
Y2=FT 1 (AS,RVF,( 1.0-X2)) 
SL0P1=(Y2-Y1)/(X2-X1) 
DO I 1=2,100 
X3=DPMIN*XX**I 
Y3=FT 1 (AS,RVF,( 1.0-X3)) 
SLOP2=(Y3-Y2)/(X3-X2) 
IF((SLOPl*SLOP2).LT.0)THEN 
BDP=X2 
BFRI=Y2 
GOTO 2 
ELSE 
ENDEF 
Xl=X2 
X2=X3 
Yl=Y2 
Y2=Y3 
SLOPl=SLOP2 

1 CONTINUE 
2 CONTINUE 

RETURN 
END 

P *************************************************** 
f-i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

P * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
FUNCTION FT1(AS,RVF,FI) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM 
RV=(FI/( 1.0-FT))/( 1.0/RVF-EV) 
EF(RV.CTT.1.0)THEN 

RV=0.999 
ELSE 
ENDIF 
IF(AS.LT.0.01)GOTO 10 
A=3.1416*(1.0-AS)/(4.0*HL) 
B1=(1.0-FI)*FI**3 
B2=(4.0*(1.0-AS)*FI*(1.0-n*(1.0-AS))) 
B=B1/B2**0.333 
C=l.0/(l-RV) 
DD=1.0/(1.0-RVF*EV) 
FT1=(A*B*C*DD)**0.5 
RETURN 

10 A=3.1416/(4.0*HL) 
B=( 1.0-FI)*FI**3/(4.0*FI*( 1.0-FI))**0.333 
C=1.0/(1-RV) 
DD=1.0/(1.0-RVF*EV) 
FTl =(A*B*C*DD)**0.5 
RETURN 

C 
END 

*************************************************************** 
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C THIS SUBROUTINE IS FOR CALCULATING THE LINE-F WITH ANY 
GIVEN THICKNESS OF LAYER AND COUPLING WITH AIR PRESSURE 
PREDICTION. THE F-LINE IS LOCATED WITHIN TWO RATIOS OF 
STRAND VELOCITY TO SUSPENSION VELOCITY 
RVl: THE MINIMUM RATIO OF STRAND VELOCITY TO SUSPENSION 
VELOCITY. 
RV2: THE MAXIMUM RATIO OF STRAND VELOCITY TO 
SUSPENSION VELOCITY 
RV: RATIOS OF STRAND VELOCITY TO SUSPENSION VELOCITY 

f-i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE FL(MV,AS,MASF,MASS,PRESS) 
REAL MASS(30),MASF(30),PRESS(30) 
DIMENSION RV(30),BDP(30),BFRI(30),RRVF(30) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
DO 7 n= 1,30 
RV(n)=0.0 
BDP(n)=0.0 
BFRI(n)=0.0 
RRVF(II)=0.0 
MASS(n)=0.0 

7 MASF(n)=0.0 
XM=(PK/WK)**0.5 
RVl =0.065 
RV2=0.5 
EF(AS.LT.0 .00 1 .OR.PK.LE.WK)THEN 
XM=1.0 
FR=WK 
ELSE 
FR=PK 
ENDIF 
XX=(RV2-RVl)/29.0 
A=3.14159*D**2/4.0 
CONT1=(FR*(ROS/ROF)*(1.0-(ROF/ROS))*(1.0-EV)*D*G)**0.5 

C0NT2=R0S*(l .0-EV)/ROF 
DO 101=1,30 
RV(I )=RV1-HXX*(I -1 ) 

KKK=1 
I CONTINUE 

C A L L F M M ( M V , A S , R V ( I ) , B B B , B D P ( I ) , R R V F ( I ) ) 

BBB1=BBB 
I F ( B B B . E Q . 0 . 0 ) T H E N 

BBB=BBB2 
ELSE 
ENDIF 
KKK=KKK+1 
BFRI(I)=BBB*(XM*( 1.0-AS)) 
MASF(I)=BBB*CONT I *AA*( 1.0-AS)*ROF 
MASS(I)=MASF(I)*RRVF(I)*CONT2 
IF(BBB.EQ.O.O)THEN 
PRESS(I)=PE 
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ELSE 
CALLPRIDICT(MASF(I),MASS(I),PRESS(D) 
ENDEF 
FPRSl=MASF(I) 
ROF= 1.259*PRESS(I)/PE 
CONTl=(FR*(ROS/ROF)*(1.0-(ROF/ROS))*(1.0-EV)*D*G)**0.5 
CONT2=ROS*( 1.0-EV)/ROF 
CALLFMM(MV,AS,RV(I),BBB,BDP(I),RRVF(I)) 
BBB2=BBB 
IF(BBB.EQ.0.0)THEN 
BBB=BBB1 
ELSE 
ENDIF 
IF(BBB.EQ.0.0)GOTO 10 
BFRI(I)=BBB*(XM*( 1.0-AS)) 
MASF(I)=BBB*CONTl*AA*(l.0-AS)*ROF 
MASS(I)=MASF(I)*RRVF(I)*C0NT2 
IF(BBB.EQ.0.0)GOTO 10 
CALL PRIDICT(MASF(D,MASS(I),PRESS(I)) 
ROF=l .259*PRESS(I)/PE 
FPRS2=MASF(I) 
DPRE=ABS((FPRS2-FPRS 1 )/FPRS2) 
EF(KKK.GT.20)GOTO 10 
IF(DPRE.GT.0.005)GOTO 1 
CONTINUE 

10 RETLTIN 
ENT) 

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
THIS SUBROUTE^ IS FOR DETEPJvIINING A NARROW REGIME 
ALONG THF, CURVE OF A CONSTANT RATIO OF STRAND VELOCFTY 
TO SUSPENSION AER VELOCITY WHERE A POINT OF LÊ JE F MAY 
LOCATED IN. BY CALLING THE SUBROUTINE DFF THE POINT ON 
LINE F WITH A CERTAIN VALUE OF THE RATIO OF STRAND 
VELOCFTY TO SUSPENSION AIR VELOCITY CAN BE FINALLY 
ACHIEVED 

^ ************************************************************** 
SUBROUTINE FMM(MV,AS,RV,BFRIl,BDPl,RRVF) 
DIMENSION BDP(3),BFRI(3),RVFF(3) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 

XX=0.99 
M=l 
X4=0 
DDP=0.1 
BF(PK.LE.WK)THEN 
DPMAX=0.99 
ELSE 
ENDIF 
IF(AS.LT.0.005)THEN 
DPMAX=0.99 
ELSE 



Computer Program 251 

Q ************** ************* ******** 

UP=WK* AS *( 1.0-EVM) 
DW=(PK*(1.0-AS*ROF/ROS)-WK*(1.0-AS))*(1.0-EV) 
DPMAX=UP/DW 

p ********* ********** **************** 
ENDIF 
rF(DPMAX.GE. 1.0)THEN 

WRITE(*,*)'DOMAX=',DPMAX 
DPMAX=0.99 
ELSE 
ENDBF 

fl * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

IF(MV.EQ.1)THEN 
DPMAX=0.99 
ELSE 
ENDIF 

ri * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

114 CONTINUE 
DO 99 1=1,3 
BDP(I)=0.0 

99 BFRI(I)=0.0 
DTP=(DPMAX-DDP)/199.0 
XX1=DDP 
XX2=DDP-t-DTP 
YY1 =FT(AS,RV,( 1.0-XX1)) 
YY2=FT(AS,RV,(1.0-XX2)) 
SLOP 1 =( YY2-Y Y1 )/(XX2-XX 1) 
DO 10 1=2,200 
XX3=DDP-^I*DTP 
YY3=FT(AS,RV,(l.0-XX3)) 
SLOP2=(YY3-YY2)/(XX3-XX2) 
IF((SLOP 1 * SLOP2).LT.0)THEN 
CALL DFF(AS,RV,XX3,XX1,FRRI,DDPP,RVVF) 

BDP(M)=DDPP 
BFRI(M)=FRRI 
RVFF(M)=RVVF 
M=M+1 
GOTO 101 
ELSE 
ENDIF 
SLOPl=SLOP2 
XXl=XX2 
XX2=XX3 
YY1=YY2 
YY2=YY3 

10 CONTINUE 
101 CONTINUE 

BDPl=BDP(l) 
BFRI1=BFRI(1) 
RRVF=RVFF(1) 
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RETURN 
END 

1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

THIS SUBROUTINE IS FOR DETERMINING A SINGLE POINT OF LINE 
F ALONG THE CURVE OF A CONSTANT RATIO OF STRAND 
VELOCITY TO SUSPENSION AIR VELOCITY WITHIN A VERY 
NARROW REGIME OF Fri. THE LEVHTATIONS OF THE REGIME ARE 
ALREADY KNOWN AND AS THE INPUT FOR THIS SUBROUTINE. 

- I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE DFF(AS,RV,DMAX,DMIN,FRI,DP,RVF) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
DTP=(DMAX-DMIN)/199.0 
XX1=DMIN 
XX2=DMIN+DTP 
YY1=FT(AS,RV,(1.0-XX1)) 
YY2=FT(AS,RV,( 1.0-XX2)) 
SLOPl =( YY2-YY 1 )/(XX2-XX 1) 
DO 10 1=2,200 
XX3=DMIN+I*DTP 
YY3=FT(AS,RV,( 1.0-XX3)) 
SLOP2=(YY3-YY2)/(XX3-XX2) 
EF((SLOP 1 *SLOP2).LT.0)THEN 
DP=XX2 
FRI=YY2 
X4=1.0-XX2 
RVF= 1.0/(EV+X4/(( 1.0-X4)*RV)) 
GOTO 1 
ELSE 
ENDIF 
SL0Pi=SL0P2 
XX1=XX2 
XX2=XX3 
YY1=YY2 
YY2=YY3 

10 CONTINUE 
1 CONTINUE 

RETURN 
END 

p ************************************************************ 
P * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

FUNCTION FT(AS,RV,FI) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
RVF= 1.0/(EV+FI/(( 1.0-FI)*RV)) 
IF(AS.LT.0.01)GOTO 10 
A=3.1416*(1.0-AS)/(4.0*HL) 
B=(1.0-Fl)*FI**3/(4.0*(1.0-AS)*FI*(1.0-FI*(1.0-AS)))**0.333 

C=1.0/(1-RV) 
DD=1.0/(1.0-RVF*EV) 
FT=(A*B*C*DD)**0.5 
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RETURN 
10 A=3.1416/(4.0*HL) 

B=( 1.0-FI)*FI**3/(4.0*FI*( 1.0-n))**0.333 
C=1.0/(1-RV) 
DD=1.0/(1.0-RVF*EV) 
FT=(A*B*C*DD)**0.5 
RETURN 
END 

(~i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C THIS SUBROUTINE IS DERECTLY FOR CALCULATE^G THE 
CROSSING POINT OF TWO SEGMENTS OF BOUNDARY B. 
SX: AIR MASS FLOW RATE OF THE CROSSING POINT 
SY: SOLIDS MASS FLOW RATE OF THE CROSSING POINT 

r-i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE FIT(SF1,SS1,SF2,SS2,XR1,XR2,SX,SY) 
DnvIENSIONXl(10),Yl(lO),X2(10),Y2(10),ACl(3,3),AC2(3,3), 

* B1 (3),B2(3),XR1 (3),XR2(3),SF1 (30),SS I (30),SF2(30),SS2(30) 
DOUBLE PRECISION AC1,AC2 
D 0 2J=l , lO 
X1(J)=0.0 
Y1(J)=0.0 
X2(J)=0.0 

2 Y2(J)=0.0 
D0 3JJ=l ,3 
Bi(TJ)=0.0 
B2(JJ;=0.0 
XR1(JJ)=0.0 

3 XR2(IJ)=0.0 
D0 4M=1,3 
D0 4N=1,3 
AC1(M,N)=0.0 

4 AC2(M,N)=0.0 
DOl 1=1,10 
Xl(I)=SFl(19+I) 
Yl(I)=SSl(19-Hl) 
X2(I)=SF2(I+2) 
Y2(I)=SS2(I+2) 

1 CONTINUE 
CALLLSSQ(X1,Y1,10,2,AC1,B1) 
CALL LSSQ(X2,Y2,l0,l,AC2,B2) 
CALLGAUSS(AC1,B1,XRI,3,3,DEP1) 
CALL GAUSS(AC2,B2,XR2,2,2,DEP2) 
A=XR1(3) 
B=XR1(2)-XR2(2) 
C=XR1(1)-XR2(1) 
SX=(-(B*B-4.0*A*C)**0.5-B)/(2.0*A) 
SY=XR2(r)+XR2(2)*SX 
WR1TE(*,*)'SX=',SX,' SY=',SY 
RETURN 



Computer Program 254 

END 
•> *************************************************************** 

: THIS SUBROUTINE IS DERECTLY FOR CALCULATING THE 
CROSSING POINT OF TWO SEGMENTS OF BOUNDARY B. 
SX: AER MASS FLOW RATE OF THE CROSSING POESTT 
SY: SOLIDS MASS FLOW RATE OF THE CROSSING POINT 

-< **************************************************************** 

SUBROUTE^re nT2(SFl ,SS I ,SF2,SS2,XR1 ,XR2,SX,SY) 
DIMENSION XI(10),Y1(10),X2(10),Y2(10),AC1(3,3),AC2(3,3), 

* B1 (3),B2(3),XR1 (3),XR2(3),SF1 (30),SS 1 (30),SF2(30),SS2(30) 
DOUBLE PRECISION AC1,AC2 
DO2J=l ,10 
X1(J)=0.0 
Y1(J)=0.0 
X2(J)=0.0 

2 Y2(J)=0.0 
DO 3 JJ= 1,3 
B1(JJ)=0.0 
B2(JJ)=0.0 
XR1(JJ)=0.0 

3 XR2(JJ)=0.0 
D0 4M=1,3 
D0 4N=1,3 
AC1(M,N)=0.0 

4 AC2(M,N)=0.0 
DO 11=1,10 
X1(I)=SF1(19+I) 
Yl(I)=SSl(19+I) 
X2(I)=SF2(Ii-2) 
Y2(I)=SS2(I+2) 

1 CONTINUE 
CALLLSSQ(X1,Y1,10,1,AC1,B1) 
CALLLSSQ(X2,Y2,10,1,AC2,B2) 
CALL GAUSS(AC1,B1,XR1,2,2,DEPI) 
CALL GAUSS(AC2,B2,XR2,2,2,DEP2) 
SX=-(XR2( 1 )-XR 1 (1 ))/(XR2(2)-XR 1 (2)) 
SY=XR2(l)-f-XR2(2)*SX 
WRITE(*,*)'SX=',SX,' SY=',SY 
RETURN 
FND 

C *************************************************************** 
THIS SUBROUTINE IS FOR CALCULATING THE CROSS POINT OF 
TWO SEGMENTS OF BOUNDARY B WHICH ARE REPRESENTED BY 
TWO POLYNOMIAL EQUATIONS BY THE GAUSS-JORDAN METHOD. 

C *************************************************************** 
C A()—-COEFFICEENT MATRDC 
C B()—-RIGHT SIDE VECTOR 
C X( )—-SOLUTION VECTOR 
C ND SIZE OF ARRAY A() 
C N SIZE OF THE /UlRAY IN GAUSS ND > OR =N 
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Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE GAUSS(A,B,X,ND,N,DEP) 
INTEGER ND,N,IPV 
DOUBLE PRECISION A(3,3),C(3) 
REAL B(3),X(3),DET,PIVOT,FCTR 
DO 30 K= 1,3 
C(K)=0.0 

30 X(K)=0.0 
DO 10IPV=1,N 
D0 2I=1,N 
C(I)=A(I,IPV) 
B(I)=B(I)/(100.0*C(I)) 
B(I)=100.0*B(I) 
D0 2J=1,N 
A(I,J)=A(I,J)/(C(I)* 100.0) 
A(I,J)=A(U)* 100.0 

2 CONTINUE 
D 0 3I=l ,N 
EF(I.EQ.IPV)THEN 
CONT=0.0 
ELSE 
CONT=1.0 
ENDIF 
B(I)=B(I)-B(IPV)*CONT 
DO 3 J=IPV,N 
A(I,J)=A(I,J)-A(IPV,J)*CONT 

3 CONTINT1E 
10 CONTINUE 

DO 20 1=1,N 
X(I)=B(I)/A(I,I) 

20 CONTINUE 
RETURN 
END 

^ **************************************************************** 
THIS SUBROUTINE IS FOR A POLYNOMIAL LEAST SQUARES CURVE 
FIT WHEN CALCULATING THE BOUNDARY B WHICH CONSISTS OF 
TWO PARTS AND WANT TO KNOW THE CROSSING PONT OF TWO 
PARTS THE TWO PARTS ARE TRANSFORMED INTO TWO 
POLYNOMIALS. THEN THE CROSSING PONT CAN BE OBTAINED BY 
SOLUTING TWO POLYNOMIAL EQUATIONS. 

c x( ),y(0) EXPERIMENTAL DATA INPUT 
C NDATA NUMBER OF DATA POJNTS INPUT 
C NP DEGREE OF POLYNOMIAL FIT INPUT 
C AC() COEFFICEENT MATRDC 
C B() RIGHT SIDE VECTOR OF SUM[X**N*Y] 
C D() ELEMENTS OF AC 
/-. *************************************************** 

SUBROUTINE LSSQ(XX,YY,NDATA,NP,AC,B) 
INTEGER NDATA,NP,FAn. 
DOUBLE PRECISION AC(3,3),DXY(20),X(10),Y(10) 
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REAL XX(NDATA),YY(NDATA),B(3),DET 
C ******* COMPUTE THE ELEMENTS OF THE D ARRAY ******* 

DO 20 1=1,10 
X(I)=0.0 

20 Y(I)=0.0 
DO 21 1=1,20 

21 DXY(I)=0.0 
DO 22 1=1,3 

22 B(I)=0.0 
DO 24 M= 1,3 
DO 24 N= 1,3 

24 AC(M,N)=0.0 
DO 1191=1,10 
X(I)=XX(I) 

119 Y(I)=YY(I) 
FAEL=0.0 
D 0 2K=1,2*NP 
DXY(K)=0.0 
DO 1 1=1,NDATA 
DXY(K)=DXY(K)+X(I)**K 

1 CONTINUE 
2 CONTINUE 
C **** ASSIGN VALUES TO THE AC ARRAY ************* 

SOS=NDATA 
AC(l,l)=SOS 
D 0 3I=1,NP+1 
D0 3.*=i.NT+l 
K=I+J-2 
1F(K.NE..0)THEN 
AC(],.T)=DXY(K) 
ELSE 
AC(I,J)=SOS 
ENDEF 

3 CONTINUE 
C ****** RIGHT SHDE VECTOR IS OF SUM[X(I)**N*Y] ****** 

D0 5K=1,NP+1 
B(K)=0 
DO 4 1=1,NDATA 
TERM=Y(I)*X(I)**(K-1) 
B(K)=B(K)+TERM 

4 CONTINUE 
5 CONTINUE 

RETURN 
END 

Q *************************************************************c 
THIS SUBROUTINE IS FOR PRESSURE DROP PREDICTION FOR THE 
PEPELINE 21M IN LENGTH. THE WHOLE PIPE IS SEPARATED INTO 
TEN SEGMENTS AND THE CALCAULATION IS CONDUCTED FROM 
THE OUTLET TO INLET STEP BY STEP. IF THE LENGTH OF THE 
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PIPELINE CHANGED, OTHER PARAMETERS ALL SHOULD BE 
CHANGED. 

AF: RATIO OF THE AREA OCCUPIED BY LAYER 
DL: THE LENGTH OF A SEGMENT 
DD: PARTICLE DIAMETER 
LT: THE LENGTH OF THE WHOLE PIPELINE 
LS: LENGTH OF A SLUG 
KW: STRESS TRANSMISSION COEFFICIENT 
US: SLUG VELOCITY 
UP: PARTICLE VELOCITY 
MSF: AIR MASS FLOW RATE 
MSS: SOLIDS MASS FLOW RATE 
PRESS: PRESSURE DROP ACROSS THE PIPELINE 

C 
Q ************* PRESSURE DROP *********************** 

y ^ 5fs * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SUBROUTINE PRIDICT(MSF,MSS,PRESS) 
REAL KW,LS,MSF,MSS,LT 
DIMENSION USS(11),PPD(11) 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
rF(MSF.EQ.0.0.OR.MSS.EQ.0.0)THEN 
PRESS=PE 

GOTO 1 
ELSE 

ENDEF 
ROSS=ROS*(1.0-EV) 
DL=2.1 
LT=21.0 
ET=1.81E-5 
DD=0.0045 
A=0.25*3.1416*D*D 
ROFl = l.259 
PE=101325 
LS=1.0 
KW=0.4 

ri * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

/-> * * * * * * * * * * * * * * * * * * * * * * * * * * * 

fl * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

USS(1)=3.5 
PPD(l)=PE 
DO 1001=2,11 
US=USS(I-1) 
PD=PPD(I-l) 

10 CALL FRICT(LS,US,DL,MSS,DP,DTP,ROSS,ET,DD,A,ROF I ,KW) 
P=PD-i-DTP 
CALL ERGUN(MSF,P,DP,US 1 ,ROSS,ET,DD,A,ROFl) 
DT=ABS((US1-US)/US1) 
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IF(DT.GT.0.002)THEN 
US=US1 
GOTO 10 
ELSE 
USS(I)=US1 
PPD(I)=P 
ENDBF 

100 CONTINUE 
PRESS=PPD(ll) 

1 CONTINUE 
RETURN 
END 
SUBROUTB^JE FRICT(LS,US,DL,MSS,DP,DTP,ROSS,ET,DD,A,ROFl,KW) 
REAL KW,LS,MSF,MSS,LT 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
AF=0.542*(G*D)**0.5/US 
BF(AF.GT.0.99)THEN 
AF=0.99 
RETURN 
ELSE 
ENDIF 

/-> ******************************************* 

IF(AF.LT.0.50)THEN 
Z=-1.0 
ELSE 
Z=1.0 
ENOJF 
S=D*(4.0*.AF*(1.0-AF))**0.3333 
HH=(D+Z*(D*D-S*S)**0.5)/2.0 

f~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

WF=WK*ROSS*G*A*LS 
FF1=AF*(1.0-AF)*ROSS*US*US-H(D-HH)*ROSS*G/KW 

RKW=FKW(FFl) 
FF1=AF*(1.0-AF)*ROSS*US*US+(D-HH)*ROSS*G/RKW 

RKW=FKW(FF1) 
FFl=AF*(1.0-AF)*ROSS*US*US+(D-HH)*ROSS*G/RKW 

RKW=FKW(FF1) 
FF1=AF*(1.0-AF)*ROSS*US*US+(D-HH)*ROSS*G/RKW 
FF3=3.1415*D*WK*RKW*FF1*(LS-D/(4.0*WK*RKW)) 

PER=MSS/(A*(1-AF)*R0SS*US) 
DP=(WF+FF I * A+FF3 )/(LS * A) 
DTP=PER*DL*DP 
RETURN 
END ^ ^ , , 
SUBROUTINE ERGUN(MSF,P,DP,US,R0SS,ET,DD,A,R0F1) 
REALLS,MSF,MSS,LT 
COMMON HL,EV,ROS,ROF,PK,WK,G,D,EVM,PE 
PP=P-i-DP 
ROF=ROFl*PP/PE 
AROF=(P+0.5*DP)*ROF1/PE 
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A1=1.75 *( 1.0-EV)* AR0F/(DD*EV**3) 
B1=150*ET*(1-EV)**2/(DD*DD*EV**3) 
C1=-DP 
USL=((B1*B1-4*AI*C1)**0.5-B1)/(2.0*A1) 
UP=MSF/(A*R0F)-USL 
US=UP+0.542*(G*D)**0.5 
RETURN 

END 
FUNCTION FKW(S) 
A=0.75 
B=1.2E-3 
C=1.6E-6 
W=-B*(S- 150.0)-C*(S-150.0)**2 
FKW=A*(1.0-EXP(W)) 
RETURN 
END 
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