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SYNOPSIS 

In certain methods of coal mining it is necessary to extract rock 

in order to enlarge the excavations which provide access to the coal 

seam. This rock mst either be transported out of the mine or be 

deposited into space provided by the extraction of the coal. It is 

desirable to mechanise the deposition of rock into this space. One 

means of doing this is to blow the rock through pipes by means of 

compressed air, feeding the rock and compressed air into the pipes 

through a unit known as a stowing machine. The operation is known as 

pneumatic stowing. 

The aim of the werk described in this thesis is to make an 

assessment of existing stowing machines used for the disposal of 

material underground, and to carry out a study of the principles 

associated with the development of pneumatic stowing equipment. 

The faults and failures of existing stowing machines are examined 

and a Design Theory as a basis for a new development is given. 

The manufacture of a test rig and a study of the results of trials 

carried out with it, is used to design a prototype stowing machine. 

The stages of development of the prototype machine with the subsequent 

trials results are given, and an assessment of the performance, 

efficiency and economic possibilities are made. 

A full scale model manufactured in perspex has been used to obtain 

@ clearer understanding of the behaviour of material passing from the 

stower into the conveying pipeline. The construction of the model is 

described. Model tests using different types of material are examined 

as a means of assessing the optimum air flow and rotor speed values for 

the stowing machine. 

The author holds the position of Mechanical Project “ngineer at the 

National Coal Board Nining Research end Development Establishment. 

The N.C.B. MK.I Stowing Combine described in chapter 1 was already



in existence, and the author's contribution to this development was to 

carry out design improvements, assess the results of underground trials, 

and formulate conclusions and recommendations for future development. 

The author's stower design theory is given in chapter 3, and chapter 4 

describes the subsequent investigation and development of a prototype 

stowing machine. 

The author's laboratory investigations using a stower model test rig, 

the observations made, and the resulting conclusions, are outlined in 

chapters 5 and 7. 

The work carried out for this thesis also includes a search and 

examination of other investigators research to obtain any available 

information which could be relevant to the author's investigations. The 

scope and limitation of the search are outlined in chapter 2, with a 

more detailed reference to the work of Broadhurst: which is given in 

chapter 6, The work of Broadhurst has been referred to specifically 

because his investigations were concerned with stowing materials and 

conveying pipelines in stowing installations within the National Coal 

Board. 

Throughout the thesis, British units are given, followed by the 

equivalent metric values rounded off to the nearest unit.
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

The work described in this dissertation is a study of the principles 

involved in the design and development of pneumatic stowing equipment 

used for dirt disposal operations underground. 

To clarify more the scope and limitations of this study it is 

necessary first to provide some background information relating to the 

need for dirt disposal operations. 

There is a system of mining carried out by the National Coal Board 

known as "Longwall Mining". Basically this consists of mining coal from 

a long face perhaps 200 yards (183 m) and providing a roadway at each end 

(Maingate and Tailgate) for the transportation of men and materials; out- 

put of coal, and the supply of adequate air for ventilation. (Figure 1). 

The height of these roadways is determined by the space requirements for 

transportation of men and materials and ventilation purposes, end is 

usually greater than the coal seam thickness. This condition is usually 

unavoidable and necessitates the extraction of stone either above the 

coal seam (Ripping) or below the coal seam (Dinting) when cutting the 

roadway, which must keep up with the advancing coal face. 

This stone, often referred to as dirt, can be transported out of the 

pit and dumped as tips on the surface, or it can be more usefully employed 

for stowing in pack form in the excavated areas by the side of the roadway 

behind and along the coal face (Figure 2). The disposal of pit dirt into 

pack areas provides roof support which controls roof movements due to the 

undermining of the strata. 

1.2 PACKING M&THODS 

Several methods of packing dirt are adopted, for example, hand
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packing, slushing which makes use of rope propelled buckets, ram packing 

which uses hydraulic rams, specially adapted conveyors, and other devices 

which have been developed for particular applications. 

Comparisons of the various methods of Mechanical Packing are shown 

in Figure 3. 

1.3 PNEUMATIC STOWING CONSIDERATIONS 

Hydraulic conveying systems were also used for stowing operations, 

but problems of water drainage particularly when mining flat seams 

presented difficulties, and in the early 1930's nearly all hydraulic 

stowing systems were replaced by stowing equipment based on pneumatic 

conveying principles. 

The development of stowing machines based on the pneumatic principle 

has been carried out both in this country and on the continent. The first 

machines available were the German Torkret, Beien, and Brieden units, and 

the English "Markham" Blastower. 

The commercially available stowing machines, whilst giving reasonably 

good service, were still large robust pieces of equipment prone to block- 

ages, and difficult to maintain particularly in the confined space avail- 

able underground. 

4n assessment of the merits of pneumatic stowing as compared with 

other methods was carried out by the National Coal Board, and it was 

decided to instigate a Pneumatic stowing research and development 

programme taking into account the following Davectares and disadvantages. 

1.4 ADVANTAGES 

1. An effective method of sealing the pack area reduces the danger of 

peck hole fires.caused by spontaneous combustion. Stowing provides a 

better pack density than other methods. 

2. The higher pack densi ty given by pneumatic stowing improves the roof 

Support and provides better control of roof movements brought about by 

undermining. This control of the strata results in reduced roof and floor
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convergence in the roadways. 

3. The improved roof and roadway conditions provides better ventilation. 

4. Surface tipping is reduced or eliminated. 

5. A saving in costs of repairing roadways is possible. 

1.5 DISADV. 

  

‘AGES: 

1. Clay type materials may become sticky causing pipe and stower blockages. 

2. The air used for pneumatic stowing may interfere with the underground 

ventilation system. 

3. Problems are created by the airvourne dust produced during pneumatic 

stowing operations. 

Other points to take into account when considering the use cf stowing 

equipment is its bulkiness, which hinders the movement of men and materials, 

its reliability of operation, and its capital cost. The conditions 

underground can vary greatly between different collieries and even between 

different faces in the same colliery. Consequently the system of dirt 

disposal has to be considered in the light of circumstences appertaining 

  

to any particu: mining installation. It is often the case that the rate 

of coal output is restricted by the limitations of the roadway forming 

activities, an important part of which is pack building, end it is therefore 

essential that the dirt disposal system adopted is reliable and will meet 

the face advance rate requirements determined and controlled by the 

production rate from the coal face. 

1.6 EARLY INVESTIGATIONS 

In 1960 the National Coal Board made investigations into the various 

methods of disposing the face rippings, outlining the various means 

employed. The objective was to speed up roadway forming operations to 

match the increased face advance rates due to concentration of output and 

coal face mechanisation. Consideration was given to the severity of the 

problems associated with roadway forming activities which included, ripping 

or dinting, various methods of packing, and the setting of roadway supports,
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whilst avoiding obstruction of coal transport from the face. It was also 

considered that the application of continuous mining to the formation of 

face gate roads might well require a different approach to the problem 

of the disposal of the dirt made during road drivage. This meent that 

pneumatic stowing equipment should be designed to operate in conjunction 

with either a continuous ripping machine or road heeding machine. 

Existing stowing equipment at this time used 6 in (152 mm) diameter 

pipes which handled material having a meximum dimension of 3 in (76 mm). 

On 6 in (152 mm) stowing equipment a quantity of 2,250 ft/min (1.1 m/s) 

of free air provided reasonably satisfactory stowing over short distances, 

up to say 60 yards (55 m). It was therefore considered that with a quantity 

of about 850 ft/min (0.4 m/s) the correct stowing conditions in a 3.5 in 

(89 mm) diameter pipe could be maintained. 

1.7 CONCLUSIONS 

From these initial investigations it was thought that the opportunity 

to operate efficient stowing with machinery of low pressure, up to 20 1b/ir? 

(138 x 10 x n/m?) was attractive, and could greatly reduce the cost of 

operation as well as capital cost. Furthermore, the equipment being of 

low capacity would be much smaller in dimensions than existing units and 

thus most suitable for installation in the restriction of face roadheads 

or advance headings (roadways driven in advance of the coal face). 

1.8 FIRST TRIALS 

After a careful study of all the information available at that time, 

work was started to establish the material size to stow successfully 

through 3 in (76 mm) or 4 in (102 mm) diameter pipes, and the specific 

air consumption required, Field trials were carried out using 3 in 

(76 mm) and 4 in (102 mm) diameter pipes. 

Results of these first trials indicated that with 4 in (102 mm) 

diameter pipes material up to 2 in (51 ma) size could be conveyed along 

pipes up to 60 yards (55 m) in length including a go° bend, end the air
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consumption would be approximately 1,000 ft /win (0.5 m /s) to 

1,200 ft /min (0.6 m/s) of free air. It was also established that 

oversize material must be avoided to prevent blockages. 

During these initial investigations a study was made of the 

additional available equipment which may be suitable for incorporation 

in a combined crushing and stowing machine, which not only featured the 

stowing unit but also included the crusher necessary to provide the sized 

material, a blower for supplying the air, and a conveyor to feed dirt into 

the crusher. 

A final assessment of the investigations and field triels which had 

been carried out resulted in a specification being prepared for a stowing 

combine having the following requirements. 

1, Stowing pipe size 4 in (102 mm) diameter, 

2. Blower capacity 1,000 ft /min (0.5 m/s) free air delivery to 

operate up to 15 1b/in (103 x 10 N/m ). 

3. Swing Hammer Crusher - to provide graded stowing material up to 2 in 

(51 mm) in size. 

4. Feed Conveyor to the crusher. 

5. Average throughput of 20 ton (20.3 tonnes) to 25 tons (25.4 tonnes) 

per hour. 

6. Mini stower unit - as compact as possible for the stipulated output. 

1.9 FIRST PROTOTYPE STOWING COMBINE 

A prototype of this machine was built by the Central Engineering 

Establishment, and during 1962 it was subject to surface trials, followed 

by underground operations at Glapwell Colliery where some measure of 

success was achieved. Six more of these machines know as the Bretby IK. 

Stowing Combine were built and installed underground at three other 

collieries. Problews of pipe and stower blockages, difficulties in 

maintenence, the failure to meet the increasing rates of advance, and the 

lack of machine reliability, resulted in the gradual withdrawal from
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service of all the seven MK.I Stowing Combines. 

1.10 ASSESSMENT AND RECOMMENDATIONS 

The HK.I stowing combines did not meet the dirt disposal requirements 

at the time they were operated underground. Meanwhile, these requirements 

have become more severe because faces are advancing even faster. This 

poses the question as to whether pneumatic stowing equipment can be 

developed to meet the technical requirements at an economic cost. 

Experience with the Bretby MK.I Stowing equipment clearly indicated 

that its unreliability, failure to meet the required outputs resulting 

from increased coal outputs, and the time and costs involved in 

maintenance, ruled out the use of such a machine when plenning future 

mining systems. The necessity to develop a new stowing unit to meet 

existing and future demands was considered, and in 1964 a research and 

development programme was started.
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CHAPTER 2 

SURVEY OF EARLIER WORK 

2.1 PNEUMATIC STOWING EQUIPMENT 

Pneumatic Stowing Equipment can be divided into three basic 

components which are : 

1. The stowing machine which receives material and meters it into 

the conveying pipeline. 

2. The compressor or blower which supplies the conveying air to the 

stowing machine, 

3. The pipeline which conveys the meterial to the place of deposit. 

The work covered by this thesis is concerned'primarily with the 

development of a stowing machine and the efficiency of metering the 

material into the conveying pipeline. It is however recognised that 

the requirements for conveying the material along the pipeline affect 

the conditions at the stower unit,end it is therefore necessary to 

give some consideration to the conveying conditions in the pipeline 

és well. 

2.2 STOWING MACHINE 

The information available on stowing machine development was 

found to be limited to the data which could be obtained from the 

manufacturers of stowing machines both in this country and on the 

continent. Whilst these machines have been used with reasonable 

success, their physical sizes are outside the size limitation 

envisaged for future mining systems where thinner sean mining is 

inevitable. In all the available stowing machines the air passage 

through the stower units involves the negotiation of bends, a feature 

which is undesirable if blockages are to be eliminated and the size 

of machine is to be limited. ‘There was accordingly no available 

information on stower development which was relevant to the
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investigations to be carried out. 

2.3 PIPSLINE CONVEYING 

Over the last 50 years many investigators have carried out 

research on the subject of pneumatic conveying of solids in a pipeline. 

It was not possible to cover every source of information therefore the 

time spent on this search was concentrated on three bibliographical 

sources, which were : 

1. Applied Science and Technology Index (Bai tions 1958 to 1968 

inclusive) 

2. Engineering Index (Editions 1955 to 1967 inclusive) 

3. These accepted for Higher Degrees (In the Universities of Great 

Britain end Northern Treland) (Volumes 1950 to 1965 inclusive) 

Additionally the reference libraries at the Mining Research and 

Development Establishment and the University of Aston in Birmingham 

have been kept under review. 

The search for relevant information on the subject of pneumatic 

conveying was not limited to the mining industry but was extended to 

cover a wide field of the manufacturing and chemical industries, where 

the handling of a considerable number of different types of materials is 

earried out. The sources investigated covered such industrial 

activities as the transportation of plastics, powders, grain end 

foodstuffs, as well as other research carried out over the last 25 

years. 

Initially ea considerable number of references on pneumatic 

conveying were obtained from various sources, and of these, 43 

which were thought likely to contain relevant information, were 

selected for further investigation. These are listed after Appendix 3. 

A study of these selected papers provided sone useful background 

information but none of the theories and formulae proposed were
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sufficiently general to be of direct use in pneumatic stowing 

investigations. It was found that, as would be expected, the 

investigations carried out by others had attempted to establish data 

applicable to specific materials under specific conveying conditions. 

The formulae usuelly involve factors which heave to be established 

experimentally, and direct extrapolation for the conditions under 

which pneumatic stowing operates is not possible. 

fo swamarise the conclusions to be drawn from the search, it is 

felt thet the direct application of the different theories and formulse 

to pneumatic stowing is questioneble. To substentiate this opinion 

six papers are briefly outlined; they give a general indication of 

the field of investigation covered by all the references obtained. 

2.5.1. BURK ALD puusxaa’!) - Suspension of Macroscopic Particles in 

a Turbulent Ges Stream. 

BURK AND PLUMS have proposed the following equation for the 

suspension of macroscopic particles in a fluid strean 

vek (= a): Dea aerate eins sels ticte tsetse s 20) " 

where v = the velocity of the fluid necessary to cause 

suspension - en/s 

s = specific gravity of materisl suspended 

o = specific gravity of fluid 

ad = average diameter of the particles - ca 

X = a constant which depends on the shape of the 

articles. For spherical 2nd cubical particles 

K varies from 47 to 51. 

Equation (1) is simplified if the fluid is air, since then 0 

is usually negligible compared with s. In this case the formulae 

becomes = 

SHO AGT) An At alee aie a On) x, ala ON)



where K' = K/o* 

Both equations (1) and (2) apply only to the suspension of 

particles in a fluid stream, For trensportation of the 

particles, velocities in excess of that obtained from the forma 

are required, 

2sdece ve Me pazbavane 3) - Determining Minimum Air Velocities for 

Exhaust Systens. 

An attempt is made to determine the velocities required to move 

particles in a fluid stream. A systematic investigation was carried 

out using materials of Imow size and density. The materials 

consisted of screened cinders, crushed carbon, anthracite, and 

quartz, having specific gravities within a range of 1.08 to 2,65 

respectively. ‘The sizes of material varied between +055 ins (1.4 mm) 

to .320 ins (8.1 mn). 

The results of DALLAVALLE'S work showed that the minimum 

velocities for suspension of the materials used in his work varied 

between 16 and 46 ft/s (5 and 14 m/s) the velocities increasing 

with an increase in size, and specific gravity. 

DALLAVALLS proposed the following equation which was found to 

fit his established data. 

For Horizontal Pipes:- 

0.398 
= OO00 UE (Bit AYE Hd caaee wi caan vices Os seeer coger Dy 

where v = min velocity for suspension — ft/min 

a specific gravity of solids 

d = average diameter of particle ~ ins 

In his general discussions DALLAVALLE states that velocities 

considerably in excess of those that can be obtained from equation (4) 

were necessary to prevent material build-up at the bottom of the 

pipes.
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2.3.3. uacon vapstn'4+5*6) _ wyorume, Shape and Roundness of Rock 

Particles", "Sphericity end Roundness of Rock Particles", and "The 

Coefficient of Resistance as a Function of Reynolds Number for 

Solids of Various Shapes". 

WADELL suggests a formula for expressing the shape of a plane 

figure in terms of the degree of circularity. The formula is based 

on the isoperimetric* property of a circle, and reads : 

PENC/Clanetemtacgtret et ses set cc oncneateeme deere sa T) 

where f = degree of circularity 

¢ = circumference of the circle having the same area 

as the plane figure - in 

C = the actual perimeter of the plane figure - in 

The maximum value obtained from the formula is unity which is 

the numerical value for the degree of circularity of a circle. WADELL 

also expressed the shape of irregular rock particles by the numerical 

velue of the degree of true sphericity. This is based upon the 

isoperimetric* property of a sphere and is obtained by the 

formula : 

Y= As/S 

where Y= degree of true sphericity 

As = surface area of a sphere having the same volume as 

the particle - in# 

Ss 2 wt actual surface area of the particle - in 

In his expression the maximum value obtained is unity, this 

being the numerical expression for the degree of true sphericity of 

a sphere, 

In a later paper WADELL attempts to show the usefulness of using 

the degree of sphericity factor as s means of expressing the shape 

* Of figures having equal perincters
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of rock particles, The resistance of submerged particles is used as 

a basis for determining the coefficient of resistance as a function 

of Reynolds number for different degree of sphericity values. This 

examination considers cube and spherical shaped particles only. 

Tables are presented illustrating the influence of the degree of 

sphericity on the settling velocity, and the coefficient of resistance 

as a function of the sphericity value. 

2.3.4. R. BF pavtas(7) - The conveyance of solid particles by Fluid 

Suspension, 

DAVIZS attempts to establish a general principle for the 

conveyance of sclid particles in both fluids and gases. Bot! 

spherical and flaky particles are considered, and a general formula 

is proposed for the velocity of a fluid at a point where particles 

just commence to rise end disperse in the moving strean. 

This velocity which is referred to as the initial mixing velocity, 

is given as : 

roa EH 
where Vo = initial mixing velocity - ft/s 

Wt = Mass density of the fluid - 1v/tt? 

Wm = solid Nass density of the material composing the 

particles ~ 10/ft? 

V = Volume of the particle - ir? 

A = horizontal cross sectional area of the particle - ar? 

In his general observations DAVIZS points out that a fleky 

or lenticular particle offers a large surface per unit volume of 

material, whereas a solid spherical particle offers the minimun 

surface per unit volume of material. 

Irregulerly sheped particles fall between these two extrenes. 

2.35.5. SHINZO xrcaual®) - "Research on the Pneumatic Conveyance of 

Densely Concentrated Solid Particles in a Horizontal Pipe".
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In his article KIKKAWA discusses the theory that the pressure 

loss suffered by conveying a unit weight of particles decreases 

gradually with an increase of the mixture ratio, after which a 

steep rise occurs in the pressure loss just before clogging takes place. 

The use of the gravimetric mixture ratio (Weight of conveyed particles 

per unit time/weight of air flowing per unit time) and volumetric 

mixture ratio (Volume of conveyed particles per unit time/volune of 

eir flowing per unit time) as a value for defining mixture ratio is 

discussed. 

KIKKAWA suggests that neither of the two ratios mentioned is 

suitable for discussing the behaviour of concentrated particles 

in a horizontal pipe, end defines a new concentration of particles 

which takes into account the vertical distribution of particles 

in a horizontal pipe as well as the rolative velocity between the 

air stream and the solid particles, The newly defined concentration 

of particles (m) is given as : 

m= 4 (iia Ua/\s Vm) 
3 

where Wo = specific weight of air - lb/ft 

Ua = Mean velocity of air stream - ft/s 

Ws Specific weight of particle - v/s? w 

Vm = Mean velocity of a particle in the transport pipe -ft/s 

# = Mean gravimetric mixture ratio 

From the results of experiments using soyabeans and tenite* particles, 

KIKKAWA derives an empirical formula relating the "concentration of 

particles" (m) to the "rate of decrease of acceleration factor" F/no). 

The formula states : 

K xo + {exp (-424m) + 0.002617, rf 0.00261] 

where K = Acceleration factor of concentrated particle 

Ko = Acceleration factor of a single particle 

* Thermoplastic consisting of cellulose acetate butyrate



- 16 = 

m = Concentration of particles factor 

2.5.6. Pe He proapuunsn'2) - "The Pneumatic Transport of Materiels 

for Stowage of Underground Workings". 

BROADHUEST investigated the general principles associated with 

the pneumatic conveying of large size solids by pipeline. The 

relevent information from these investigations falls into three sections, 

namely : 

(1) Stowing Materials 

(2)  Convyeing material round bends 

(3) Material movement in the pipeline. 

The work of BROADHURST is referred to in greater detail in Chapter 6 

because his investigations whilst limited to material movement in the 

pipeline and around bends also considered the suitability of material 

for stowing operations. The information contained in his work must be taken 

into account when considering stowing equipment as a whole, end his 

paper therefore offers some contribution to the investigations involving 

the actual stowing machine development. 

2.4 ASSESSMENT OF OTHER INVSSTIGATIONS 

There have been many attempts to establish formulse for calculating 

the fluid velocities required to obtain a suspension of particles in a 

gas stream. The theories and formulae submitted by the many workers 

are based on investigations which consider specific shapes such as 

spheres, cubes and prisms. The size of particles considered have in 

the main, been that associated with sand grains, wheat, and spherical 

bells up to a maximum size of + in (12 mm) diameter. 

Floating velocities can be estimated with reasonable accuracy 

within the limitations of particle size considered. 

There seems to be insufficient evidence to show that any of the 

formulce presented could be directly used to provide with reasonable 

accuracy @ means of assessing the air velocities required for stowing
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operations. This conclusion is based on the following arguments which 

are now discussed. 

2.4.1. MATERIAL SIZE AND SHAPE 

Two factors which influence the conditions for suspension in a 

gas stream is the size and the shape of the particle. The formulze 

available vary according to the principles on which they are based, 

but in all cases a factor related to the particle size and shape 

is included; Some attempt has been made to identify this factor by 

relating particle size to spheres heving the same volume as the perticle. 

In other cases attempts have been made to obtain the particle size 

factor by considering the surface areas, perimeters, and degree of 

circularity of irregular shaped particles, For the conveyance of particles 

which are basically of the same shape and size, it is acceptable that the 

degree of circularity or the degree of sphericity can be usefully 

employed. In the case of stowing materials, where for any particuler 

volume of material being conveyed, particles have an infinite variety 

of shapes and can be any size from macroscopic to about 2.5 in (63 mm), it is 

diccicult to evaluate a single particle size factor. 

2.4.2, MATERIAL DISTRIBUTION 

In stowing operations the percentage of fines {less than ¢ in 

3 mn)7 to rock particles Lap to 2.5 in (63 nn)7 is dependant 

entirely on the method of producing the debris ("Hachine Cut" or "Blow"). 

In any unit volume of material passing through the stowing system, the 

concentration of particles can vary enormously according to the 

percentage of fines in the stowing material. This’condition which 

exists in pnevmatic stowing means that the conveying state of the 

material is continually cheinging during stowing operations, 

In the work by KIKKAWA referred to in section 2.3.5. the vertical 

distribution of particles in 4 horizontal pipe is considered, and a 

concentration of particles factor is derived. The usefulness of
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KIKZAWA'S formula for pneumatic stowing is again doubtful because 

the mean velocity of the particles must be know, and in the case of 

pneumatic stowing, a value for this velocity which covers all the 

different sizes and shapes would be extremely difficult to assess, The 

work of KIKKAWA also takes into consideration a particle radius factor 

which again involves the shape and size of particles to be considered. 

2.5 CONCLUSIONS 

The many formilae available for determining the flow conditions for 

transportation of material in horizontal pipes cannot be directly 

applied to pneumetic stowing for the reasons given previously. + iS) 

suggested that there is no single formala available for predicting 

carrying or floating velocities for pneumatic stowing operations where the 

solids/gas ratios can vary considerably within any one unit of time. In 

the case of pnewnatic stowing, data must be obtained from experimental 

investigations if the conditions for efficient stowing operations ere to 

be predicted.
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CHAPTER 3 

STOWER DESIGN THEORY 

3.4 REQUIREMENTS 

The first phase of the development was besed on the following 

requirements. ‘ 

1, Size of material to be handled - up to 2 in (51 mm) 

2, Stowing rate 40 tons (40.6 tonnes)/h based on a material 

density of 90 1b/ft? (1442 kg/m) 

3. Air supply 1000 £t°/min (0.5 n/a) free air delivery 

4. Operating pressures up to 15 1b/in (403 x 10 N/m?) 

5. Maximum dimensions of machine to be : height 20 in (508 nn) 

width 27 in (686 mm) length 72 in (1829 mm) 

In addition to the above,the machine was required to be of the paddle 

wheel type rotating on a horizontal axis and operating in conjunction 

with a stowing range of 4 in (102 mm) diameter pipes. The selection 

of a paddle wheel with horizontal shaft wes made on the basis that 

existing developments both inside and outside the National Coal Board 

had used this principle, and it was considered that there was still 

considerable scope and potential in this type of machine. 

3.2 DESIGN PARAMSTERS    

The design perameters for a stower test rig were selected after 

examining the features of existing equipment,and assessing the 

reasous for the faults and failures already experienced. This design 

study was divided into the following sections : 

1. The air system through the machine. 

2. The shape and size of the stower rotor, which includes the 

number of pockets and their shape. 

3. The design of the barrel.
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4. The overall arrangement of the machine, bearing in mind the 

necessity for easy maintenance to be carried out underground, 

and for the eventual production machines to be produced at an 

economic cost. 

All these parameters were studied within the limitations set by the 

permissible size of machine required. 

3.3 PNEUMATIC PRINCIPLES 

One of the faults with previous stower anits was the frequent 

stoppages which occurred due to material blockages within the 

stower itself. Operational experience had shown that machine 

utilisation was generally dependant on the type and wetness of the 

material being handled. The air pressure losses through the system 

were a fairly high proportion of the total available pressure, 

resulting in insufficient energy to prevent sticky materials end oversize 

particles from clogging the stower and conveying pipeline. On closer 

examination of the Mk.I stower unit, one of the bad features of 

design wes the manner in which the air was directed through a path 

which was formed by a sweeping arc between bends at the inlet and 

outlet sides of the stower, The shape of the air passage and design 

of the rotor prevented a smooth uninterrupted flow through the stower 

(Figure 4). 

As far as the air flow was concerned it was decided that the 

new development should be based on a straight horizontal air path 

through the stower, and the rotor pocket was to be designed to pass 

through the conveying air allowing the material to be carried 

horizontally through the pocket (Figure 5). 

3.4 ROTOR PADDLE 

The design of the rotor paddle is dependant on a number of factors 

which have to be considered together. The size and speed of the rotor, 

together with the volume and shape of the pockets,have to be matched
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to the required output and the restricted size of the machine, To form 

a@ basis from which the design and subsequent development could proceed 

it was necessary to establish the relationship between the tip 

diameter, hub diameter, number of paddles, and the potential output in 

terms of volume per revolution of rotor. Restricting the height of the 

machine to approximately 20 in (508 mm) meant that the rotor could not 

be more than about 14 in (356 mm) diameter. It was also necessary to 

ensure that whatever the shape and size of the rotor pockets, the 

width at the throat (Figure 5) of the pockets should be something 

greater than the maximum piece of material to be handled, this being 

2 in (51 mm). With this in mind the theoretical output was calculated 

over a range of rotor sizes : 

Let D = Rotor Tip diemeter - in 

d = Rotor Hub diameter - in 

1 = length of rotor - in 

W = Width of Rotor Paddle - in 

N = Number of Rotor Paddles 

n = Rotor speed ~ rev/min 

p = Nass Density of Material - v/t? 

then swept volume of rotor pockets per revolution is given by 

fe Qo 4ae) ee masa cuca trees Sones eese vee reece seme Cl) 
2 

and rotor output 

= 60 pn, fi (p?-& ) - wild <7 Mons/hemeeetvese ts estes t (2) 
2240 2 

  

Figure 6 shows the theoretical outputs plotted for’a renge of rotor 

sizes and numbers of paddles, the outputs being based on .Q density 

of 100 1/2? (1601 ke/s? ) and for a rotor speed range between 40 and 

80 rpm. The thiclmess of the paddles was fixed at 1 in (25 mm), this 

being the size necessary to give the rigidity and strength for the 

severe operating conditions envisaged.
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Thus for example for a 5 Paddle rotor having a tip diameter of 

13 in (330 mm) and a hub diameter of 7 in (178 mm), 

From the chart (Figure 6) 

Output for a rotor speed of 40 rpm = 97 tons/h. (99 tonnes/h) 

Output for a rotor speed of 70 rpm = 171 tons/h. (174 tonnes/n) 

These outputs are based on a material mass density of 100 lvs/£? 

(1601 e/a)? For other material densities the output values ere directly 

proportional. 

In using the chart to select the rotor parameters, it was 

necessary to base the required output of approximately 50 tons/h 

(50.8 tonnes/h) on the minimum material mass density that was 

considered likely to be handled. This was estimated to be 60 iv/tt? 

(961 ino) which reduced the output figures on the chart by a factor 

of 0.6 

Ancther point to be considered was that the actual volume of material 

metered by the rotor would be something less than the calculated volume. 

This reduction was dependant on the fines/solids factor, and also the 

percentage fill of the rotor pockets. It was not possible to evaluate 

these unknown factors which are entirely dependant on the type of strata 

being mined, and the sizes of the material to be handled. The sizes are 

to some extent determined by the means used for winning the material, 

for exemple, machine cut with eithera ripping, roadheading, or tumnelling 

machine, or blown by explosives with or without subsequent crushing. 

The development of a machine which would meet the required output 

of about 50 tons/n (50.8 tonnes/h) under the worst possible conditions, 

meant that the design had to take into account a possible overall 

efficiency as low as 50% as far as the actual metered volume of 

material was concerned, 

Another limitation on the rotor design was the requirement that 

the depth of pocket should be not less than 3 in (76 mm), preferably
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4 in (102 mm) or 5 in (127 mm), bearing in mind that the maximum material 

size was set at 2 in (51 mm) with occasional oversize pieces being 

inevitable. 

To keep the pocket throat dimension at about 4 in (102 mm) which is 

twice the material size, the hub diameter could not be less than 6 in 

(152 mm). 

One of the important operating features is the manner in which the 

material is fed to the stowing equipment. Due to the method of mining 

the stone, the material is quite often fed in sudden loads at irregular 

intervals, which requires the stower unit to operate at very high peak 

outputs for short times, with probably only smell amounts between. 

Because of this, it was considered that the 50 tons/h (50.8 tonnes/h) 

requirement was defined as the average output. This meant that the 

stower had to be capable of handling material at much higher rates than 

50 tons/h (50.8 tonnes/h), and in fact, past experience has shown thet 

peaks as high as 150 tons/h (152.5 tonnes/h) may well be necessary in 

order to guarantee a consistent average of 50 tons/h (50.8 tonnes/h). 

All the features metioned were finally considered together, taking 

into account their effects on one another. The selection of rotor size 

was narrowed to a tip diameter between 13 in (330 mm) end 14 in (356 mn) 

with a hub size between 6 in (152 mm) and 7 in (178 um). 

3.5 ROTOR POCKETS 

Figure 7 shows the initial design of rotor selected for the stower 

test rig triels. The rotor had 6 pockets, a hub diameter of 6 in’(152 mm), 

and an outisde diameter of 14 in (356 mm). From the chart (Figure 6) 

the theoretical output based on a density of 100 1b/ft? (1601 kg/m?) 

and a rotor speed of 40 R.P.M. is approximately 120 tons/h (122 tonnes/h). 

The mass density of the material to be handled during the triels varied 

between 75 and 100 1b/f (1202 and 1601 ke/i?), and the actual rotor 

speed was to be determined by test rig trials.
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3.6 STOWER INL’T aND OUTLET PIPES 

A study of the manner in which the air is introduced to the 

stower unit, and the way the material is collected and conveyed 

out of the unit into the stowing pipe range, was a fundamental 

pert of the development. 

Past experience had shown that breakdowns in stowing operations 

were mainly due to blockages within the stower unit and the first 

6 ft (1.8 m) of piping. This particular problem had to be overcome 

for successful stowing, therefore the design of both the inlet 

end outlet pipes to the stower was considered critical. There was 

no available information which could be used to determine the best 

method of utilising the available air,and it was considered that the 

point of introduction of the air flow relative to the rotor pockets, 

end the eperture at the exit side of the stower, would greatly affect 

the efficiency of metering muterial into the stowing pipe range. 

3.7 INLET PIPZ 

As far as the stower inlet was concerned, there was no apparent 

reason why the eperture into the stower, and the shupe of the inlet 

pipe, should be anything other than circular, and because the physical 

dimensions of the stower drive restricted the available space the air 

inlet pipe and the aperture through the stower end plate was fixed 

at 3 in (76 ma) diameter. The pipe was positioned relative to the rotor 

paddles such thet the air supply was directed within the area between 

adjacent paddles, making direct contact with the material held there, 

This allowed the rotor paddles to pass through the’ air passage and to 

some extent promoted some form of scouring of the rotor pocket (Figure ie 

3.8 OUTLET PIPE 

To maintain the straight through air flow, and to avoid as much as 

possible any restriction or condition which promoted blockages, or 

increased resistance to flow, it was logical to make the outlet pipe
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4 in (102 mn) diameter, which matched the selected size of stowing 

pipes. The aperture through the outlet end cover plate was also made 

4 in (102 mn) diameter and the piping on the outlet side was positioned 

to keep a straight-through flow. (Figure Ts 

3.9 AIR POCKST EXHAUST 

One of the features of this type of stowing machine which has an 

effect on the efficiency of the system, is the problem of exhausting 

pressurised air from the rotor pocket after the pocket has delivered 

its material to the sir stream and is on its return cycle from the bottom 

of the stower. The material feed into the rotor pockets relies entirely 

on gravity, and any opposition to this gravity feed can create a bridging 

of the material across the throat of the stower feed hopper. Because 

of this it is important to avoid as far as possible escaping air flowing up 

into the stower hopper. To achieve this,air exhaust holes have to be 

provided to allow the pressurised pocket to vent to atmosphere during its 

rotation from the bottom of the stower to the hopper feed throat. At the 

same time, in analysing the mechanics of the metering system it is evident 

that the positioning of the exhaust orifice, whilst satisfying the venting 

requirements, must not form a bypass for the air flowing through the 

stower. In other words, the empty pocket on its rotation from the bottom 

of the stower must be sealed off within the stower barrel before the 

pocket venting action takes place. 

Figure 8 shows the position of the exhaust port relative to the 

rotor pocket. Figures 9 and 10 gives the available exhaust time. 

Consider the rotor pocket after material discharge. (Figure 8) 

Let P = Pressure inside rotor pocket at time t. 

Vv Volume of rotor pocket. 

+ = Instant of time. " 

Po = Air at atmospheric pressure. 

k = Factor derived from air velocity and orifice area. 

Assuming isothermal expension,
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At time t we have a volume of air V at pressure P, 

At time t + dt we have a volume of air V at pressure P + dP. 

- - Loss of air at atmospheric pressure = PV _ (P+ dP)V 
Po Po 

Hence PV _ (P + aP)V KVP SPO dt cece coueteseat eel) 
Po Po 

_@PV =k/P-Po at 
Po 

=P ae at 
vP = Po x 

ae -2/P-Po = Eek t+ constent «..-042+2+4+(2) 

At time t = 0,let pressure be P1 

a Constant =-2/Pi - Po 

and Pokt = 2 (Bi -Po - /P~ Po) 

when P = Po the time taken is given by 

2v BR - Po 
Po 
  T = 

Expressing the pressures in terms of ft head, 

T =2V wo Bi = 2a) sna chews te) 
144 Po Wt 

where W = density of the air at the corresponding pressure and 

temperature. 

Factor k 

The discharge losses at the orifice will be dependant on the size 

and shape of the orifice, and as the factor can be as low as 0.6 it 

is necessary to consider this. 

Air velocity at the orifice = 2gH 

Air Volune (Discharge) ax UUN AR Ong cine hae siv'cie'ele Soniee eet) 

where Cd = Coefficient of discharge 

From equation(1)loss of air k/P - Po at 

3 y Abs Palisa dt (Pressure difference 
expressed in ft-head)
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Substituting for k in equation 4, 

kk BR CArAC/Olgwiewesenuvecrevocue seet5) 

Substituting in equation 3, 
4 P1-— Po) 

T = 2:V_Yo Wi 

144 Po Ca A fog 

Exhaust time (T) = Vwoyi44 (Bi = Po) J 
72 Po A Cd/eg vaeraee eh) 

where V = Volume of Rotor Pocket - in 

P = Air Pressure in Rotor Pocket - 1v/in® 

Po = Atmospheric Pressure - 1d/ in? 

A = Area of Exhaust Orifice - in? 

W = Air density at Equivalent pressure - ir/t? 
(Constant Ambient Temperature 

assumed) 

The available time to exhaust a rotor pocket is dependant on the speed 

of the rotor. By equating the availeble time to equation 6 the 

diameter of the orifice can be determined. 

The equation can only give an approximation of the time to exhaust 

the rotor pocket because the factor 'k' is based on a discharge velocity 

for a constant pressure head. In the case of the stower the pressure 

head reduces down to zero during the time exhausting is taking place. 

Applying the formula for a range of pocket pressures up to the 

maximum of approximately 15 1b/in? (103 x 10 1/a) gives a range of orifice 

diameters between 1.3 in (31 mm) and 2.5 in (63 ma). This is based on 

a@ renge of rotor speeds between 30 and 60 R.P.M. and an assumed discharge 

coefficient of 0.5. The operating condition will in fact be somewhere 

between these limits. 

From the figures quoted above it is concluded that two 2 in (51 mn) 

diameter exhaust ports (one in each end of the stower) would be 

sufficient to allow for any discharge losses and still ensure complete 

exhaust to atmosphere before the pocket reaches the material feed 

position at the top of the stower.
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3.10 AIR SEALING 

In order to obtain the maximum effort from the available air, it 

is necessary to keep the air losses to an apsolute minimum. This in 

itself is not difficult to achieve providing very fine clearances 

between relative components can be maintained. Initially the running 

clearances between the rotor and the stower barrel can be obtained 

by controlling the machined sizes of the rotor tip diameter and the 

bore of the stower barrel. The air leakage problem arises when wear 

takes place in the bore of the stower or on the rotor blade tips. 

Previous stower designs provided adjustable steel plates inside 

the stower body. These plates were in the form of segments which were 

machined to suit the rotor diameter, Adjustment of the plates to 

reduce rotor tip clearances was carried out by ae of large adjusting 

screws which were fitted through the stower barrel. This design of 

stower presented problems which affected the reliability and efficiency 

of stowing operations. These were : 

1. The inclusion of adjustable plates complicates the stower 

design and increases the cost of manufacture. 

2. The reguler maintenance requirements were extremely difficult to 

enforce underground where machine operators are not necessarily 

technicians. 

3. After the range of edjustment had been used, it was necessary to 

return the stower unit back to the suppliers for renewal of the 

wear plates. It was also necessary to trim the tip diameter of the 

rotor to suit the radius of the new plates. 

4. During the factory reconditioning period, stowing operations were 

suspended unless an additional stower unit wes held in stock as a 

stendby unit. This added to the already high capital expenditure 

required for stowing operations. 

In order to simplify the design of the stower and to reduce
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manufacturing and operating costs, it became evident that. the "wear 

plete adjustment" feature had to be eliminated. The provision of a 

simple cheap stower barrel which when worn, could be replaced was 

first considered. This would be satisfactory providing all the wear 

took place only on the barrel and not on the rotor tips, a condition 

which wes extremely unlikely unless the bore of the barrel wes made of 

softer material then the rotor. This idea led to fitting the stower 

barrel with @ liner of material softer then thet of the rotor tips. 

This liner could easily be replaced after wear had taken place. 

After investigations into the various available materials 

suitable for this application, Nylon 66 (Polypenco) appeared to meet 

the requirements. This material was commercially available in bars, 

Sheets and tube. This type Nylon 66 is the most universelly used 

polyamide for industrial and engineering purposes. It is exceptionally 

tough, strong, resilient, light in weight, resistant to shock, wear 

and mechenical stresses, non-brittle and has a low coefficient of 

friction requiring little or no lubrication. 

It was thought that the resilience of this mterial would provide 

a means of enabling the rotor tip clearance to be kept to a minimum 

for sufficient time to give a reasonable life to the liners before 

replacement was necessary. 

A major advantage of including polypenco liners was the 

Simplification of the stower design, and the resulting reduction in 

manufacturing costs. This feature also eliminated any maintenance 

between liner changes. It was also possible to design for liner changes 

underground. At this stage there was insufficient evidence to indicate 

what the life of Polypenco liners would be, this could only be 

ascertained from the results of trials to be carried out during the 

development programme. It was however, considered that a change of
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liners every three or four months could still give an advantage over 

other systems particulerly when considering the savings in labour and 

time during the maintance period.
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CHAPTER 4 

TEST RIG DESIGN 

4.1 STOWER TEST RIG 

Having established the principles on which the development 

programme was to be based, the first requirement was to build a 

stower test rig to provide information on, 

1. The reliability of the metering systen. 

2. The rate of output. 

3. The rotor design. 

4. The pressure losses through the stower unit. 

As a first stage, the rig was designed to be ‘as simple as 

possible. It consisted of a plain steel barrel, with end covers 

which carried the sleeve bearings for the rotor shaft. At this 

stage no provision was made for barrel or rotor wear as it was 

planned that specific limited trials would be sufficient to 

provide the basic information, and this would then be followed by 

further investigations and development dependant on the results of the 

tests. 

The design of the stower unit drive, whilst important when 

considering a complete stowing installation underground, is not 

within the scope and limitations of this thesis. Therefore, only 

a@ brief mention will be made of equipment ancillary to the stower. 

The test rig was driven by a 5hp motor through a reduction 

gearbox, and a chain drive, the latter being the quickest and cheapest 

method of providing means to run the stower rotor over a range of 

speeds between 40 and 60 RPM. A coupling incorporating shear pins, 

was fitted between the gearbox and chain drive to protect the motor 

and gearbox in the event of the stower becoming blocked. During the
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initial trials, material was fed to the stower test rig from a feed 

conveyor which was loaded from a mechanical dumper. The material used 

during the trials was 'run-of-mine' dirt up to 3 in (76 mm) in size, 

obtained from local collieries. The conveying air to the stower test 

rig was supplied from a positive displacement blower having a capacity 

of 1,00 ft/min (0.5 m/s) F.A.D. and capable of operating at pressure 

up to 10 1b/in? (69 x 10° N/m”). 

4.2 TEST RIG FEATURES 

Examination of the principles of a stowing machine indicated that 

the efficiency and reliability of the metering system depended on several 

factors, namely :- 

1. Satisfactory material feed to the stower. 

2. Control of the material size. 

3. Nature of the material, as determined by its stickiness and 

density. 

4. Rotor design and speed. 

5. Stower Inlet and Outlet conditions in terms cf the size 

and shape of the aperture a the ends of the stower, and 

the corresponding features of the stower inlet and outlet 

pipes. 

Items 1, 2 and 3 are determined by factors outside the scope 

of this work. It is therefore to be accepted that material of 

limited size and density can be fed at a known rate to the stower 

rig. The features covered by items 4 and 5, can now be examined 

to determine the combination giving the best stower design. 

The features directly affecting the metering of the material 

through the stower into the stowing pipeline can be divided into 

five parameters. These are, 

(i) Rotor Pocket Shape and Capacity 

(ii) End Cover Outlet orifice
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(iii) End Cover Inlet orifice 

(iv) Air Inlet pipe size and shape 

(v) Stowing Outlet pipe size and shape (i.e. The first pipe in the 

stowing line) 

Any one or combination of these factors affects the stowing operations. 

Figure 7 shows the relative designs of the rotor pocket, end cover 

orifices, inlet air pipe,and outlet stowing pipe, which were selected 

for the initial test rig investigations. 

4.3 TEST RIG INVESTIGATIONS 

The objectives of the test rig investigations were to provide 

information on the problems encountered with this type of stowing 

machine, to evaluate the results of the tests, and to produce a 

specification for equipment which would meet the stowing requirements 

of the coal mining industry. 

In order to clarify the investigations carried out and the 

corresponding development that was found necessary, the programme is 

divided into sections. Each section is referred to by the particular 

features of design which were investigated” 

4.3.1. ROTOR (Figure 7) 

Initially the test rig was manufactured with the 14 in (356 mm) 

diameter steel rotor operating in direct contact with the steel barrel, 

and no provision was made at this stage for wear between these two 

components. It was considered that the first stages of the investigations 

could be completed before the running clearances between the rotor and 

barrel were large enough to affect the operations. The ends of the rotor 

pockets were tapered so that the pocket width at the exit side was equal 

to the stowing pipe diameter of 4 in (102 mm). 

4.3.2. STOWER OUTLET 

A 4 in (102 mm) pipe diameter was selected in conformity with one of 

two standard pipe sizes already used within the coal industry. Previous



—-4i = 

experience had shown that material up to 3 in (76 mm), in size could be 

conveyed down 2 4 in (102 mm) diameter pipe. 

4.3.3. STOWER INLET 

The size of the inlet pipe was determined to a large extent by the 

availeble space beneath the stower drive equipment. The 3 in (76 mm) 

diameter pipe was adequate for the available air supply, and by 

designing the pipe with several bends, the air duct to the rig was 

accommodated. 

4.4 INITIAL TESTS 

The first series of tests carried out were abortive because 

blockages occurred frequently both in the stower and in the stowing 

pipes. The air supply from the positive displacement blower was not 

capable of conveying the material through the stower and along the pipe 

run. None of the tests carried out was of sufficient time to record any 

output rates, and in each case the maximum blower pressure was reached, 

resulting in the relief valve blowing off to atmosphere. 

Examination of the stower and pipes after each test showed that the 

causes of the breakdown were attributable to the failure to accelerate 

the material from the rotor pocket. This had the effect of reducing the 

air flow through the system which allowed material in the pipeline to 

settle resulting in material build-up and eventual blockage. In no case 

was the blockage due to the jamming of oversize pieces. 

It was apparent that the tapered guide pieces at the ends of the 

rotor paddles were preventing the material from flowing freely through 

the pockets. Because the cross sectional area in the centre of a paddle 

was greater than that at the exit, material compression was taking place 

and more energy wes required from the available air supply to convey the 

material out of the stower. 

To improve the outlet conditions, it was decided to remove the taper 

pieces in the pockets. This made the width of the pocket 4 in (102 mm)
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along its entire length. In introducing this modification it was 

considered that the outlet cover orifice should also be modified to 

keep the hole width at 4 in (102 mm); the same as the pocket. Figure 11 

shows the new pocket and orifice shapes. It also shows the design of the 

outlet pipe which was now a transition piece, having the same cross 

section as the new orifice at one end, and retaining its 4 in (102 mm) 

diameter at the other. 

Further tests were carried out and it was found that flow rates of up 

to. 24 tons/h (24.4 tonnes/n) were achieved, but pipe blockages occurred 

frequently in the special adaptor pipe on the stower outlet. Another 

problem was the relatively high pressure of 10 1b/in. (69 x 10° n/n) 

was recorded during the first tests. This pressure represented about 70% 

of the available pressure from the blower. 

At this early stage of the work it became apparent that there were 

two basic problems: outlet pipe blockages, and the comparatively large 

pressure drop across the air inlet pipe and the stower. 

The first approach to overcome these problems was to see what was 

required to reduce the pressure losses across the stower and inlet 

pipes, because an improvement in this would result in more pressure 

energy being made available to transport the material through the 

stower and adaptor pipe. : 

4.5 AIR INLET PIPING 

Consider the air inlet pipe 3 in (76 mm) diameter 

  

The type of flow in the pipe is dependent on the Reynolds number. (Re) 

Ro ra Vd) ocausste sew sece Con sesecscseccersscsesecccee ese 1) 
v 

where V = Mean velocity in the pipe (£t/sec) 

d = diameter of pipe (ft) 

v = Kinematic viscosity of the air (cnc) 

3 
Blower capacity = 1000 ft /min - Free air delivery 

3 
- » for pipe pressure of 1 atmosphere, air volume = 500 ft /min
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60 x 9x id v 

= 500x4 1 
60x xd v 

= 10075 a“ 

-- Re 1OLG0dv |. cwclevenceciecscseesepdccce te escieses sccceese( 2) 

From "Knetic Viscosity of air" chart 

2 
v for air at 15°C (Ambient Temp.) = 0.8 x 10° ft /sec. 

Substituting in (2) Re = 10.6 x .25x0.8x 10" 

oe Re = 21,250 (Flow is turbulent) 

For Turbulent Flow the head loss on a pipe due to friction is given 

by the Darcy Formulae: 

hy = a slp'e ein’ sivc'e's sig e's eWelslenses Or coved ocececscstese(S) 

where hy = head loss ft fluid 

L = Length of pipe ft 

a = Pipe diameter ft 

V = Velocity _ ft/sec 

£ = friction coefficient dimensionless 

Applying this forma to the air supply pipe between the blower and 

stower, the friction coefficient is based on the assumption that it 

operates in the "Transition" region between smooth and rough pipes. 

In this region the friction coefficient depends on both the Reynolds 

number end the relative roughness of the pipe. 

The transition formule to cover this region, introduced in 

(10,11) 
1939 by Colebrook and White is defined as: 

lt 21 0849 /2:54 + a 
Jt Re/¢ 367 

where k = Hydraulic Roughness 

(12) 
The forma has been plotted by Professor Moody as a graph of 

f against Re for given values of k/a.
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To dete e pressure air pipe between Blower and Stower 

1. Straight Pipes 

For smooth rubber hose or steel pipe, 

Hydraulic Roughness (k) = 0.002 in 

k Factor = 0.002 = 0.008 
d 0.25 

From the "Moody Chart of Colebrook-white Transition Formla":- 

For Re 21,250 and k factor 0.008 
a 

- 0.038 

Substituting in equation (3) 

hae .0236L x 500 x 4 ft 
f 2x 52.2 x 25x 60x ax 25° 

Head loss in Pipe = 0.4L ft 

This represents a pressure loss of 1.72 b/ire per 10 ft length of 

straight piping. (11.8 x 10° N/m per 3 m length) 

This figure will vary according to the air flow in the pipe 

and could increase as much as 60% at the maximum air velocity. 

2. Pipe Bends 

It was not possible to provide a straight pipe run between the 

blower and the stower, and because of this some consideration has 

to be given to the pressure losses due to pipe bends. In the case 

of the test rig trials the pipe layout inoluded two bends of about 

45°. 

Because of the flexibility of the air inlet piping, the 

precise bend radius was not known but a figure of approximately 12 in 

has been assumed for the purpose of estimating ereeeeeace losses 

across the two bends. 

The head loss in a pipe due to a fitting or bend can be 

expressed in terms of an equivalent length of straight pipe of the 

same nominal diameter.
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2 

Using D'arcy's formulee H = ek Vin 
D2 & 

The equivalent length L = DEY eswcteeecsosscntevescesee (5) 
£ 

where K = loss coefficient 
(13) 

The results of tests on smooth bends by WASIELEWSKI provides the 

loss coefficient for bends less than g0° for R ratios 

a 

where R = Bend radius 

d Pipe diameter u 

For the 45° bends in the air inlet piping 

EK factor = 4 
da 

From Wasielewski's graph. 

Loss Coefficient K = 0.008 

Substituting in (5) 

equivalent head loss = a pee ft 

0.53 1b/in® (4 x 10° N/m?) 

Summing up the study of the air inlet piping, the calculations 

were made to give a reasonable estimate of the proportion of the 

available air pressure absorbed due to the resistance within the inlet 

piping systen. 

The calculations show that the inlet pipe losses could be as 

high as 3 1b/in” (21 x 10° N/m*) on the basis that the pipe layout 

included 10 ft (3 m) of piping and two 45° bends. This represents about 

25% of the available air pressure supplied from the blower used in the 

tests. 

The unsatisfactory results of the first test rig trials established 

that substantial improvements were required if the objectives of the work 

were to be achieved. Because of influence of the various design features 

on one another, it is necessary to plan a programme of investigation so that
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the effects of each individual modification were established by tests. 

In this way the development of the stowing equipment could be carried 

out step by step in a logical and orderly manner, and a true assessment 

of its potential could be made. 

4.6 TEST RIG LAYOUT 

The equipment assembled to carry out the trials programme consisted 

of a 12-ton capacity bunker which had an open top and was truncated 

at the bottom to provide a sliding door through which the material 

could be fed onto a belt conveyor. The conveyor carried the material 

from the bunker and fed it directly into the stower unit (Figures 12 & 13). 

Midway between the bunker and the stower, a weighing machine was fitted 

which automatically weighed the amount of material being fed to the stower 

(Figure 14). The rate of flow of material was obtained by checking the 

duration of each test with a stop watch. 

From the stower unit, the pipe run was maintained at a length of 

60 yds which included one go° bend. (Figures 15 & 16) This particular 

pipe run was chosen because stonine operation underground, using inbye 

compressors, always included at least one 90° bend, and stowing circuits 

generally were anything between 20 and 60 yds long. 

For convenience the material was stowed into concrete cells 

specially erected for the purpose. (Figure 17) 

During the whole of the investigations the test rig equipment was 

varied from time to time, but the basic features remained as described 

above. 

4.7 PHASE I TESTS (6 PADDLE ROTOR) 

The shape and dimensions of the rotor and air passage selected for 

the first tests are shown in Figure 18. The trials were carried out 

using ‘run-of-mine' dirt which was sized to -3in (-76 mm), and having 

a density of 72 1b/ft” (1152 kg/m’). A number of the tests carried 

out were abortive mainly due to stoppages caused by foreign bodies
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FIG 12 BELT FEED CONVEYOR TO STOWER 

 



  

FIG 14 AUTOMATIC WEIGHING MACHINE 

BETWEEN BUNKER & STOWER 

  
FIG 15 STOWING PIPE 90° BEND
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FIG 16 STOWER OUTLET PIPE 
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FIG 17 CELL FOR STOWING MATERIAL
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FIG. 18 STOWER DESIGN FEATURES 
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(tramp iron, nuts, bolts, steel plates etc.) becoming jammed in the 

stower unit. These undesirable elements are sometimes present in 

‘run-of-mine' dirt, and no attempt other than viewing the material 

travelling along the feed conveyor, was made to eliminate this hazard. 

The trials which were conducted a rotor speeds of 30 and 34 rev/min 

showed some improvement and outputs up to 29.6 tons/h (30.1 tonnes/h) 

were recorded for pressures up to 13 1b/in? (90 x 10° N/m?) (Figure 19). 

From the results of the first tests the following conclusions were 

made :- 

(a) Successful stowing was achieved with the "straight through" blow. 

(b) The output efficiency of approximately 45% was unsatisfactory. 

(c) The recorded back pressure was at the limit of the Blower unit. 

(a) Air losses in the stower barrel were too high, mainly due to 

leakage between the rotor and barrel. 

(e) The occasional oversize pieces of material are usually broken 

by the crushing action of the rotor paddles, and an increase in 

the power of the stower drive motor would be desirable to cater for 

the peak loading when crushing does take place. 

To improve the passage through the stower and to reduce the air 

losses between the rotor and barrel, the stower was modified by 

introducing polypenco liners in the barrel, and eliminating the tapered 

sections at the rotor tips (Figure 20). The inlet and outlet pipe 

conditions remained the same. 

Further trials with this arrangement were unsatisfactory because 

of continual blockages in the stower and the first stowing pipe. 

Examinations carried out each time the blockages occurred, indicated 

that the 12.7 mm (3 in) step created at the base of the stower by the 

introduction of the barrel liner, was causing blockage within the stower. 

It also appeared that the section of the aperture on the stower outlet 

was not allowing a free discharge of material from the stower in the 

pipeline.
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FIG.20 STOWER DESIGN FEATURES 
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Examination of the blockages that had occurred, suggested that 

a@ regrading of the material size from -3 in to -2 in (-76 mn to -51 mn) 

might reduce the pipe blockages. It was therefore decided to use the 

smaller material for all future trials. 

As far as the air flow was concerned the test results so far 

indicated that the air consumption was at the limit of the blower 

capacity. It was therefore decided to carry out the remaining 

development programme with a Compressor developing 2250 £¢ /min 

(4.14 n’/s) free air delivery. This type of compressor was capable 

of operating at pressures up to 25 Ib/in (172 x 10° n/m’). 

The detailed development and modifications carried out are shown 

in Appendix 1. 

The development concentrated on reducing blockages by making the 

stower connecting pipe shapes as near as possible to the same shape as 

the cross section of the rotor pocket. 

4.8 6 PADDEL ROTOR- ASSESSMENT AND CONCLUSIONS 

The final design using the six-paddle rotor (Figure 21) improved 

the performance of the machine, the output being increased to 50 tons/h 

(50.8 tonnes/h) with pressures up to 20 1b/in? (138 x 10? h/u). 

Despite the improvements in output,pipe blockages were still occurring, 

and it was noticeable that some of the blockages were now found to be 

in the stowing pipeline clear of the stowing unit. Examination of the 

blocked pipes did not show any evidence of oversize pieces being the 

cause, The material was always found to be -2 in (-51 mm) which was 

packed solid in the pipeline. In theory the blocked pipes could only 

be caused by a reduction or stoppage of the air flow. 

On closer examination of the mechanics of the metering system it 

can be seen that whilst the air flow to the stower is constant, the 

flow through the stower and down the outlet stowing pipe range is 

intermittently cut off each time a full pocket is presented at the
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bottom of the stower unit. This theory assumes that the pocket 

is full and does in effect present adlug of dirt into the full cross 

section of the air stream. This condition, which prevails each time 

a rotor pocket passes through the air stream, can result in sufficient 

reduction in air velocity in the stowing pipe to allow the material 

to settle in the bottom of the stowing pipe and finally cause 

complete blockage. 

To overcome this problem it was considered necessary to increase 

the air passage through the system such that the area was sufficiently 

greater than the rotor pocket to allow a constant air flow through 

the stowing pipe systen. 

If this principle was correct it was thought that the peak 

pressures of 20 1b/in® (138 x 107 n/m) which occurred during the last 

tests might well be reduced if the pipe build up and blockages could be 

eliminated. 

4s far as output is concerned, theoretically, a greater volume of 

material can be metered by a rotor of the same diameter but with five 

pockets instead of six. The theoretical increase in material volume 

is approximately 25%. On this basis the second phase of the investigations 

were carried out using a five-paddle rotor. 

4.9 PHASE II TESTS (5 PADDLE ROTOR) 

The step by step development of the stower using the five paddle 

rotor are given in Appendix 1. The development was started with an 

additional 0.5 in (13 mm) drop below the rotor periphery (Figure 22). 

The stower outlet area was also increased to accommodate the larger 

area of the five-pocket rotor. The size of the stowing pipes was 

also increased to 6 in (152 mm) diameter to cater for the increased 

output that it was hoped would be achieved. 

The final design of rotor and pipe shapes which produced the
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results which vere more acceptable are shown in Figure 23. It can be 

seen that the circular drop in the stower bottom made it possible to 

design the inlet and outlet pipes identical to one another and circular 

in shape throughout their lengths. 

4.10 STOWER DEVELOPMENT — ASSESSMENT 

The objectives of the aeveluemere and trials programme was to 

provide a stower unit which would be free from frequent blockages, have 

an output rate in excess of 60 tons/h (61 tonnes/h), be of a size within 

the imitations dictated by the evailable space underground, and be 

suitable for operation with an air supply from commercially-available 

blowers or compressors. This objective was achieved. 

The conclusions from the development and trials programme emerge 

from an analysis of the various features of design which were investigated. 

4.11 STOWER ROTOR 

The outside diameter and hub diameter of the rotor were virtually 

fixed by the limitations on size of the stower which is determined by the 

space restrictions .nderground. The introduction of Polypenco liners 

reduced the outside diameter from 14 in (356 mn) to 13 in (330 mn), 

the latter size being retained throughout the investigations. 

As far as the rotor pocket shape is concerned, this has been varied 

( Appendix 1) with the object of reducing the pressure drop across 

the stower, and to provide a good acceleration of material away from the 

stower. The final shape which is show in Figure 23 also simplifies the 

manufacture of the rotor which has a hexagonal shaped hub with straight 

parallel paddles, 

4.12 STOWER INLET AND OUTLET ORIFICE 

Variation of shapes and sizes of orifices through the stower did 

not produce eny significant improvement until the decision was made to 

introduce a "drop" in the stower barrel to allow continuous flow of air 

through the stowing system. The first significant reduction in pressure
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drop across the stower was evident when the + in (13 mm) "drop" 

(Figure 22) was introduced. Then further trials with 2 in (51 mm) 

and 3 in (76 mn) "drops" were carried out. 

The results of the fundamental change in the stower design were :- 

1. The pressure drop across the stower was reduced from the original 

7 1b/in® (48 x 107 N/m} to 2.5 1v/in (17 x 10° N/m’) 

2. The pneumatic conveying of the materiel through the stower and 

elong the stowing pipe system was uninterrupted, and no material 

blockages in the pipes or stower occurred 

3. An increase in the capacity of the stower above the target of 

60 tons/h (61 tonnes/h) was achieved. 

4.13 STOWER INLST AND OUTLET PIPES 

The different shapes and sizes of inlet and outlet pipes which were 

investigated presented severe manufacturing problems. Bach pipe was a 

transition piece which had a continuously changing section from the 

appropriate orifice shape to a circular section which was the same 

diameter as the connecting piping. 

The introduction of the semi-circular "drop" in the bottom of the 

stower barrel allowed the stower inlet and outlet pipes to be circular 

in section throughout their length, as well as being identical. This 

feature undoubtedly reduces the inlet and outlet pipe production costs, 

and meant that standard commercially-obtainable piping could be used 

throughout the stowing pipe system. 

4.14 STOWER CAPACITY 

The stower trials results have been analysed and a curve plotted 

showing the throughput against pressure drop (Figure 24). The chart 

shows the experimental results for the three basic stower barrel 

conditions which were, (4, 2 and 3 in "drops") (13 mm, 51 mm and 76 mm). 

The total reduction in pressure drop is of the order of 7 1b/in 

(48 x 10 n/n ) and the total back pressure for an output of 80 tons/h
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(81 tonnes/n) is of the order of 13 1b/in® (90 x 10° N/m?). Although 

the test results show some scatter on the graph, the curves have been 

plotted through the average points and give an indication of back 

pressures against material output. 

It is also emphasised that these results are based on an air supply 

of 2.250 te /n (te n’/s) free air delivery from a compressor capable 

of operating at pressures up to 25 1v/in™ (172 x 10? N/m) No attempt 

has been meade in the study t indicate what proportion of the pressure 

drop along the stowing pipe range was attributable to the g0° bend. 

4.15 OUTPUT EFFICIZNCY 

On closer examination of the results of this work, the measure of 

success is not only based on the outputs achieved, but must also take 

into consideration the operating efficiency of the stower unit. 

The output efficiency is given by :- 

Measured Rotor Throughput 

Theoretical Rotor Throughput 

The trials have recorded outputs over 100 tons/h (101.6 tonnes/h) 

but the majority of the results nave been between 60 and 80 tons/h 

(61 and 81 tonnes/h) therefore to obtain a realistic stower efficiency, 

the calculations are based on the average output which is 70 tons/h 

(71 tonnes/h). The material density has also varied during the 

trials programme but on average the material has been of the order of 

80 1b/£t” (1260 kg/m”), and this figure has been used in the calculation. 

From Figure 6, for a 5 paddle rotor, hub diameter 7 in (178 mn), 

rotor diameter 13 in (330 mm), and rotor speed 60 r.p.m. :- 

Theoretical Rotor output = 143 tons/h (144 tonnes/h) based on a material 

density of 100 av/tt (1601 eee 

For a material density of 80 1b/ft? 

Theoretical Rotor Output = 143 x ©/100 = 114 tons/h



Ges 

Output Efficiency = Achieved Output = JO. x 100 
114 

  

Theoretical Output 

6 : 

  

4.16 AIR REQUIREMENTS 

During the early trials, a blower capable of 1000 ft /min (0.5 n /s) 

free air delivery was used, but this was found to be incapable of 

supplying the necessary air flow and pressures for the required outputs. 

The. compressor which was finally used for the majority of the trials 

operated at pressures up to 25 1b/in (172 x 10° N/m ) with a capacity of 

2,250 ft /min (1.1 m/s) free air delivery. 

4.17 CONCLUSIONS 

The objective of producing a design giving a throughput of 60 tons/h 

(61 tonnes/h) free of blockages was achieved but it was evident that there 

was not a full understanding of the behaviour of material passing through 

the system, and that such an understanding may lead to a further 

significant improvement in performance by giving some indication of the 

relationship between material behaviour and air flows. 

4.18 FURTHER INVESTIGATIONS 

It has already been shown that the stower unit has a metering 

efficiency of about 60% and could probably be as low es 50%, During 

all the tests carried out the feed of material to the stower unit was 

such that the hopper at the top of the stower always remained full. 

This implies that the low throughput efficiency was due to the rotor 

pockets either not being filled at the top of the stower or not being 

emptied at the bottom, If these assumptions are valid, though the 

reasons for them are not clear, it is apparent that the rotor speed, air 

velocity and the general behaviour of the material passing through the 

stower unit into the conveying pipeline affects the movement of material 

through the system. The size, density, and stickiness of the stowing
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material must also contribute to these problems. 

During each stage of the development of the stower unit the test 

results and general stowing performance were carefully analysed and the 

faults diagnosed. This was the basis on which the decision to carry 

out modifications to the stower unit was based. It is emphasised that 

the conclusions that emerged during each stage of the development were 

made partly on assumptions as to how the stowing material behaved during 

its movement through the stower unit and into the conveying pipeline. 

It was not possible with the prototype stower to study the behaviour of 

material in the system. 

Before a full assessment of stowing equipment can be made it is 

‘clear that the behaviour of material passing through the stower and 

into the conveying pipeline must be know. To provide some of this 

basic information itwas decided to build a stower model which could be 

used to carry out controlled laboratory tests in order that a study of 

material behaviour could be made. 

The model was to be a full scale replica of the final design of the 

prototype stower. Figure 25 shows the basic design features of the stower 

which could operate with either a 5 or 6 paddle rotor.



(wosey 
3100v3 

9 
x 

S) 
NOISIA 

Y3IMOLS 
I
N
S
 

$@ 
Did 

une y 
ww 

y
e
s
”
 

  
  

    

Car 
yee) 

aw 
ss 

   vial 
#9) w

a
y
 

25) 
did 

1 
wo (19) eur 

zs) 
3did SNUMOUS 

          

    I
3
q
N
I
 

uv          

(at 8,22) wwe 89s 

‘S43N17 GNI 
BNGVIDVIGE 

   
 

 



weiss 

CHAPTER 5 

STOWER MODEL INVESTIGATIONS 

5.1 STOWER MODSL 

The design of the prototype stowing machine which has been discussed 

in the previous chapter, was the result of a development programme 

aimed at producing a reliable stowing unit which would have a capacity 

of not less than 60 tons/h (61 tonnes/h). These requirements were set 

against limitations on the physical size of the equipment and the air 

quantity that could be permitted without adversely affecting the 

ventilation in the mine working. Before any realistic assessment of this 

work could be made, it was necessary to obtain somé knowledge of material 

movement through the stower and into the conveying sineiine’ and to 

determine whether any further improvements were possible. A study of 

material behaviour within the stowing system was therefore undertaken. 

This involved the menufacture of a full scale model of the stower unit 

which formed the basis of a test rig, and which could be used to conduct 

tests under controlled laboratory conditions. The model was menufactured 

in perspex to allow observation of the material passing through the systen, 

and to enable some of the tests to be recorded on film by using a high 

speed camera. 

The stower unit itself was identical in internal details to the 

prototype stowing machine, and to complete the stowing system 6 ins 

(152 mm) diameter perspex pipes were used. The stower rotor consisted 

of a wooden hub 7 ins (178 mm) diameter fitted with five + ins (13 mm) 

thick perspex radial paddles. The pocket shape and tip diameter of the 

rotor was also a facsimile of the prototype stowing machine. A running 

clearance of .002 to .004 ins (.05 to .10 mm) between the rotor and 

barrel was maintained by machining the tip and barrel diameters.
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Polishing of the barrel after machining,restored the transparency of the 

material. 

5.2 MODEL TEST RIG REQUIREMENTS 

To carry out the study of material behaviour, it was necessary to 

construct a laboratory test rig in which the perspex stower model formed 

the basic component. The rig requirements were, 

1. To mount the stower model complete with its horizontal stowing 

pipeline at a convenient heignt above ecound level, to allow 

high speed filming of the material passing through the system. 

2. To provide the means of feeding material into the stower model 

under controlled conditions. 

3. To provide air to the rig and the means of controlling the air 

volume over a range up to 1800 ft?/min (0.8 m/s) free air 

delivery. 

4. To provide a cell or hopper at the end of the stowing pipeline to 

receive the stowing material. 

5. To include instrumentation for recording air flows, pressures, and 

temperatures at convenient points both upstream and downstream of 

the stower model, : 

5.3 MODEL TEST RIG CONSTRUCTION 

The stower unit was mounted on a bench (Figure 26) and was driven 

by a 0.75 hp (5.6 x 10? W) self contained power unit comprising, motor, 

reduction gear, variator, and torque limiter. A chain drive was fitted 

between the power unit and the stower so that the power unit could’ be 

offset, providing clear access for the air inlet pipe to the stower. 

The inclusion of the variator provided an infinitely variable stower 

rotor speed up to 80 revolutions per minute. 

Air to the model stower was supplied through a 6 ins (152 mn) 

diameter perspex pipeline which consisted of approximately 12 ft (3.6 m) 

of straight piping and a 90° bend, (Figure 27 and 28). The pipe bend



  

FIG 26 STOWER MODEL SHOWING 

OUTLET PIPE AND 

TIMING CLOCK 

  FIG 27 AIR INLET PIPE SHOWING VHF 

RECORDER FOR TEMPS AND PRESSURES



  

FIG 28 AIR INLET SHOWING RECORDER 

FOR AIR FLOWS AND PRESSURES 

    
FIG 29 AIR SUPPLY SHOWING POSITIVE 

DISPLACEMENT BLOWERS AND ELECTRICAL 

CONTROL UNITS
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was necessary to allow the inlet pipe to connect to air supply piping 

outside the laboratory (Figure 29). The air to the model test rig 

was provided by two positive displacement blowers which could be 

operated either independently or together. Each blower had a capacity 

of 1000 ft?/min (0.5 w/s) free air delivery and was capable of operating 

at pressures up to 10 1b/in (69 x 10? Wee A combination of steel 

and flexible piping connected the blowers to the perspex pipe range. 

Between the blowers and the model a valve was fitted in the pipework 

(Figure 29) to control the air supply to the test rig by bleeding off 

some of the air to atmosphere. 

The stowing pipe range from the model stower outlet consisted of a 

40 ft (12 m) length of straight 6 in (152 mm) diameter perspex piping, 

mede up from standard 3 ft (0.9 m) lengths with flange bolted joints 

(Figure 30). A wooden hopper mounted on an angle iron framework was 

positioned at the end of the stowing pipeline to receive the material 

passing through the stowing system (Figure 30). The hopper was designed 

to receive the last pipe in the line, and a filter which was fitted in 

the top of the hopper allowed the air to pass through the hopper, and 

be ducted away to the atmosphere outside the laboratory, the stowing 

material being retained inside the hopper. By disconnecting the last 

pipe in the stowing line, the hopper could be easily raised from its 

supporting frame, and the material removed by means of a sliding hatch 

situated in its base. 

To provide a controlled material feed to the model stower, a wooden 

container was mounted directly above the stower. One end of the 

container which formed a vertical sliding door was positioned over the 

stower hopper, and by fixing the container in an elevated position, the 

material was gravity fed into the hopper by raising the sliding door. 

This method of material feed was tried during the initial commissioning 

period of the test rig, but was found to be unacceptable because control



    
FIG 30 STOWING PIPE RANGE SHOWING 

RECEIVING HOPPER AND AIR OUTLET 

  HIGH SPEED CAMERA
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of the amount of material and the rate of feed into the model stower was 

extremely difficult. After numerous attempts to improve the method of 

material feed, the container was replaced by a 12 ins (304 mm) wide 

conveyor (Figure 32) mounted on an angle iron framework directly above 

and in line with the stowing pipeline. The conveyor was elevated to the 

stower model height at the feed end, the tail end being at a sufficient 

height to Riese the stowing pipes passing directly beneath. The conveyor 

was driven by 2 0.25 hp (1.9 x 10° W) electric motor through a gearbox 

and a 'V' belt drive. The 'V' belt drive was designed to provide a 

variable conveyor belt speed which could be set by an adjusting wheel 

at the tail end of the conveyor (Figure 33). Extension of the supporting 

framework at the tail end of the conveyor allowed a removable feed hopper 

to be suspended above the conveyor, and at the feed end a sliding gate 

(Figure 32) was fitted to control the bed depth of material pessing into 

the nodel stower. 

5.4 TEST RIG INSTRUMENTATION 

During the investigations it was necessary to provide meens for 

measuring air flows, pressures, and pipe wall temperatures. The 

instruments to supply this information was selected from equipment which 

was readily available. 

5.4.1 AIR FLOW MSASUREMENT 

Air flows up to 1800 re /min (0.8 i /s) free air delivery were 

measured by fitting an orifice plate in the steel pipe section between 

the Blowers and the model stower. Provision was made for the necessary 

straight pipe run required on each side of the orifice plate to stabilise 

the air flow at the measuring point. Tappings on each side of the 

orifice plate measured the differential pressure which was converted to 

give a direct reading of air flow in #t fain Ga). The air flows were 

registered on a Kent recorder which was positioned inside the laboratory 

alongside the model test rig (Figure 28). The instrument also measured



  
FIG 33. CONVEYOR TAIL END SHOWING 

VARIABLE BELT SPEED CONTROL
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the air pressure and both readings were recorded on a chart having a 

linear scale. 

By positioning the air bleed valve upstream of the orifice plate 

position, a range of air flows up to the combined capacity of the two 

blowers could be selected and recorded by the Kent recorder. 

5.4.2 PIPE PRSSSURS AND TEMPERATURE MEASUREMENTS 

In addition to the air flow measurements, the pressure and temperature 

condition in the pipes before and after the model stower was considered 

necessary. During the initial trial runs with the rig, pressure readings 

using mercury ménometers were tried but the comparatively low pressures 

(below 4 1b/in® (28 x 10° N/m*)) were difficult to obtain with reasonable 

accuracy. It also became obvious that pressures and temperatures would 

need to be recorded automatically during the tests that were to take place. 

The method of recording the pressures, which was adopted throughout 

the laboratory tests, consisted of connecting + in (6.4 mm) bore plastic 

tubing from selected tapping points in the pipeline. The tubing was 

connected to a pressure transducer to convert the air pressure into an 

electrical signal which was transmitted to a very high frequency recorder 

(V.H.F. Recorder) (Figure 27). From the signal the pressure was recorded 

directly on to a chart incorporated in the recorder. 

Temperature recordings were also made on the same chart by means 

of thermocouples which were fitted through the pipe wall and flush with 

the inside diameter of the pipe. 

Pressure and temperature tappings were made at points in the pipeline 

approximately 15 ins (381 mn) each side of the stower model, and at a 

position downstream 25 ft C6 m) from the stower. 

5.5 MODEL TEST RECORDING 

To carry out a significant study of the material behaviour it was 

necessary to make provision for recording on film the events of some of 

the tests to be carried out. To do this a reflex camera was set up so that
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the model stower and first 3 ft (0.9 m) of stowing pipe could be filmed 

(Figure 31). The film was taken at a speed of 64 frames/sec which was 

the maximum speed at which the camera could operate, and by using a 

variable shutter the maximum magnification was obtained with this 

equipment. 

To indicate the time factor during each test, an electrically driven 

rev. indicator wasmounted above the outlet stewing pipe within the range 

of the camera vision (Figure 26). The periphery of the clock dial was 

graduated into tenth and hundredth digits, and the speed of the indicator 

finger could be set by means of a variable voltage controller in the 

minature power pack used to drive the clock. 

An analysing projector having a varizble projector speed was used to 

study the test results in detail. 

5.6 STOWING MATERIAL REQUIREMENTS 

The use of perspex as the material of which the model stower and 

stowing pipes were menufactured presented difficulties when the selection 

of stowing materials was considered. The stower model had been produced 

as a full scale replica of the prototype stower unit, and ideally the 

model tests should have been carried out with the same stowing materials 

as that used during the prototype stower trials. This was not possible 

for the following reasons: 

1. Mining debris, which can include Shale, Hudstone, Fireclay and 

Sancetones is very abrasive, and would destroy the transparency 

of the model and piping. 

2. The mechanical properties of mining stone was such that any pieces 

jamming between the rotor blades and the stower barrel would 

Severely damage the model. 

3. The general dirty condition of. mining debris would have reduced 

the transparency of the perspex and obsured the study of 

material behaviour, besides causing a severe dust problem inside
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The search for suitable stowing material for the model test rig was 

therefore based on the following requirements: 

(i) The size of material to be up to approximately 2 in (51 mm) 

(ii) The abrasiveness of the material to be such that it would not 

scratch or mark the perspex and impair the study of material 

behaviour. 

(iii) The strength of the material to be such that if pieces janmed 

inside the stower, they would either break or allow the torque 

limiter to become dissengaged without dauage to the perspex 

stower barrel or rotor blades. 

(iv) The selection of several naterials of different shapes and 

densities. The densities being over a ane between 45 and 

90 10/et? (721 and 1442 ke/n?) this being similar to materials 

used during the prototype stower trials. 

The use of rubber and plastic materials were investigated without 

success, but eventually the materials which came nearest to the require- 

ments were found to be animal foods. The selection of this type of 

material also offered the advantage of using sone materials having knom 

shape and size. 

5.7 STOWING MATERIAL SELECTION 

Five different materials were finally selected for the model test 

rig investigations, these were 

1. Pellets (Figure 34) } in diameter x 2 in long (3.2 mm diameter 

x 9.5 mm long. Density 44.9 1b/t€ (720 kg/m). 

2. Pencils (Figure 35) $ in diameter x + in long (9.5 mm diameter 

x 12.7 mm long). . Density 80.4 1b/ft? (1285 kg/m). 

3. Pencils (Figure 36) $ in diameter x 2 in long (12.7 mm diameter 

x 19 mm long. Density 74.8 1b/ft? (1200 kg/m). 

4. Flat Maize (Figure 37) e in diameter 2 in thick (8 mm diameter



  

3.2mm dia. x 9, 5mm 

(Sin dia. x Zin) 
FIG 34 MATERIALS FOR STOWER MODEL 

INVESTIGATIONS 

       PENCILS 

5mm dia, x 

FIG 35 MATERIALS FOR STOWER MODEL 

INVESTIGATIONS



   
       

  

RgNC ILS 

12, 7mm dia, x 19mm 
1. : Ss 

(Sin dia, x in) 

FIG 36 MATERIALS FOR STOWER MODEL 

INVESTIGATIONS 

FLAT MAIZE 

8mm dia. x 44mm 

c 5B 

(5/46in aia. x 7/32in) 

FIG 37. MATERIALS FOR STOWER MODEL 

INVESTIGATIONS



oo BO 

x 4 mm thick). Density 84.2 ao/et? (4346 as 

5. Nut Flakes (Figure 38) } in (6.3 mm) thick approximately, variable 

size up to a maximum of 3 ins (76 mm). Density 89.2 1b/f2 

(1425 ke/n?). 

5.8 MODEL TEST RIG COMMISSIONING 

On completion of the test rig it was necessary to carry out some 

initial trial runs to establish the functioning of the equipment and 

to crganise a system for carrying out each test in the most efficient 

manner, 

5.8.1 MATERIAL LOADING AND RECEIVING 

Initially two identical hoppers were built, one for receiving the 

ae at the end of the stowing pipeline, end the other for feeding 

the material at the tail end of the feed conveyors Several test runs 

were made with this system but it wes found that the time between 

finishing one test and sterting the next was too long if the proposed 

test programme was to be completed in the limited time available. 

Interchanging of the hoppers involved the use of a hand controlled 

overhead crane, this being operated the full length of the rig each 

time a change took place. iventually it was found much quicker to 

load the conveyor by hand and to use only the receiving hopper at the 

end of the pipeline. Sufficient material was obteined to allow a number 

of tests to be carried out before it was necessary to empty the 

receiving hopper. 

5.8.2 AIR FLOW CALIBRATION 

A separate electrical control unit wes supplied for each of the 

blowers supplying the air to the model test rig. Bach blower had a 

separate control switch inside the laboratory adjacent to the rig. 

To provide air flows up to the capacity of the two blowers, two pipe 

connections (Figure 29) were used to bleed air from the system to 

atmosphere, A valve was fitted at the end of one of the pipe connections,



  

NUT FLAK#S 

9.5mm thick - up to 63.5mm Size 

thick - up to 24in Size) 

FIG 38 MATERIALS FOR STOWER MODEL | 

INVESTIGATIONS
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and bolted onto the other connection was a blanking plate incorporating 

replacable plugs. 

Tests were carried out to obtain the combination of valve and blanking 

plate setting for air flows between 500 and 1,800 ft/min (0.25 and 0.8 m?/s) 

free air delivery. This calibration made it possible to pre-set the pipe 

conditions for any required air flow. ‘The air flow recorder chart had 

linear scales of 

(4) 0 to 2,000 ft?/min (0 to 1 m/s) 

(43) © to 50 1b/in® (0 to 344 x 10° N/m?) 

5.8.3 INSTRUMENT CALIBRATION 

The air pressures and temperatures at the pipe wall were recorded on 

a very high frequency recorder (Figure 27). ‘The recorder chart which was 

7 ins (178 mm) wide, printed the three temperatures and pressures directly 

on @ linear scale. The calibration for the temperature and pressure 

readings were: 

1. Pi (Before Stower) 
ae - 3 2 Bo po. (arian Stoves) 10 1bs/in = 5 in (69 x 10° N/m 

= 127 mn) 
3. P3 (Stowing Pipeline) 

4, 11 (Before Stower) 18.75°C = 1.0 an (25.4 mn) 

5. T2 (After Stower) 18.75°C = 0.9 in (22.8 m) 

6. 13 (Stowing Pipeline) 18.75°C = 1.3 in (33.8 mm) 

Any fluctuations in the temperature readings on the chart gave the 

direct fluctuation in air temperature at the pipe wall, the zero setting 

representing the ambient air temperature. 

5-9 STOWER MODZL INVESTIGATIONS 

The objectives of the stower model investigations were, 

1. To investigate the effects of air flow on material movement from 

the stower, and to establish the optimum rotor speed for maximum 

stowing output. 

2. To observe and establish the flow pattern at the stower and in the
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pipeline downstream and to predict the minimum air flows necessary 

to avoid material build up and pipe blockages, 

59.1 MATERIAL NOVEMANT FROM STOWER ROTOR 

During the development of the prototype stowing machine the operating 

speed of the stower rotor was selected at approximately 60 revolutions 

per minute. This speed was found to produce the best results in terms 

of stowing output, the tonnage rates obtained being in excess of the 

original requirements. It was not possible with the prototype stower 

test rig to carry out any detailed study to establish the optimum rotor 

speed by examining the factors which limit the output. 

The capacity of the stowing unit is dependant on the efficiency 

of conveying the material through the stower and into the conveying 

pipeline. This efficiency can be dependant on any one or combination of 

a number of factors, which are; 

1. The volume of material metered per rotor pocket. 

2. The weight of material per rotor pocket. 

3. The size and shape of the material. 

4. The moisture content and stickiness of the material: 

5. The air velocity. 

Investigations by Broadhurst) on the significance and effects of 

moisture content in pneumatic stowing materials is discussed in chapter 6, 

Using the different materials mentioned previously, a programme of 

tests were carried out with the stower model to measure the rates at 

which these materials were accelerated from the stower rotor pockets. 

For each test,kmown volumes of material were loaded into a rotor pocket 

at the stower hopper, and film recordings were made of the material being 

fed into the air stream and conveyed out of the pocket into the conveying 

pipeline. By observing the time indication, the times to clear the rotor 

pocket of material was obtained. With the aid of an analysing projector 

it was possible to determine the time factors to an accuracy of about
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0.002 seconds. 

Observations were made for each of the selected materials for volumes 

which varied between that of a single piece and that of a full rotor 

pocket, For these ranges of material volumes tests were carried out for 

a number of air flows up to 1800 ft/min (0.8 n’/s) free air delivery. 

The recorded results of these tests are given in detail in 

Appendix 2. The test results which have been analysed and presented in 

graphical form, are now discussed. 

5.9.2 OPTIMUM ROTOR SPZED 

Figures 39, 40, and 41 show the times to clear the rotor pocket for 

weights of material representing single pieces up to a full rotor pocket. 

The maximum material weight plotted on each curve represents that of a 

full rotor pocket. The available time to clear a rotor pocket for any 

given rotor speed has also been plotted for a range of rotor speeds up 

to 70 R.P.M. By equating the available time to that required to clear 

the rotor pocket, the optimum rotor speed can be obtained. Fon example, 

referring to Figure 39, 

Air Flow 1100 f¢/min (0.5 m7/s) 

Pocket clearance time for full pocket of flakes is 0.4 seconds 

From the “Available Time" curve the rotor speed for 0.4 seconds 

is 30 R.P.M. 

This rotor speed of 50 R.P.M. is the optimum speed for metering the 

maximum weight (Full pockets) of Flakes. Any speed in excess of 

this would result in failure to clear the pocket of material and 

would in fact reduce the overall output. 

From the curves show in Figures 39, 40, and 41 the optimum rotor 

speeds for full pockets of material has been plotted (Figure 42) for a 

range of air flows between 1100 and 1800 £t?/min (0.5 and 0.8 n’/s). 

For an air flow of 1800 £0’ /min (0.8 v/s), the optimum rotor speed 

varies for the different materials between 43 R.P.H. for the Pellets
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and 57 R.P.M. for the Flakes, Tests to determine the optimum rotor 

speeds for air flows in excess of 1800 Pe /ain (0.8 m/s) were not 

carried out, but if the curves showing the rates of increase in optimum 

rotor speed against air flow continued as in Figure 42, it is predictable 

that the optimum rotor speed for air flows around 2200 £t?/min a n/s) 

is within the range of 58 to 68 R.P.M. 

Taking into account that run of mine debris because of its moisture 

content and greater specific weight would move along the pipe away from 

the stower at a lower acceleration rate than the materials used in the 

model tests, then the optimum rotor speed for run of mine debris will 

be in.a lower range than that obtained from the model experiments. A 

more detailed study of material movement from the stower using mining 

debris could provide a more accurate assessment of the optimum rotor 

speed, the results of the model tests does confirm that the speed of 

60 R.P.N. used during the final prototype stowing trials is of the right 

order. - 

Because of the wide variation in the nature, size and shape of run 

of mine debris it is very likely that further detailed investigations on 

optimum rotor speeds would not provide information which was any more 

conclusive than that obtained from the work carried out with the stover 

model, 

5.9.3 MATERIAL BEHAVIOUR 

Material blockages within the stower and first 6 ft (1.8 mn) of 

stowing pipe have been the major cause of failure in stowing installations. 

The development of the prototype stower described in the earlier chapters 

resulted in the elimination of the blockages, but though a remedy for the 

failures was apperently found, the way in which blockages occur was not 

clearly understood. To obtain some knowledge of this a series of tests 

were carried out. 

The tests involved feeding material through the stower into the
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stowing line and observing the behaviour of the material during its 

movement from the stower into the pipeline. Each of the different 

types of material described in paragraph 5.7 were used, and for each 

material, tests were carried out for a range of air flows between 800 

and 1700 £t?/min free air delivery, (0.4 to 0.8 miele To analyse the 

material movement with reasonable accuracy, films were taken of material 

flow at the stower outlet and at the other observation point 25 ft (7.6 m) 

downstream from the stower. For each test, measured volumes of material 

were loaded into the rotor pockets, and flow characteristics for different 

air flows through the system were observed. 

5.9.4 FLOW CHARACTERISTICS 

To identify the type of flow conditions observed during these 

investigations, the test results are analysed by relating the flow patterns 

to three basic types of flow conditions which can occur. These are, 

1.  SALTATION (Fig. 43) 

At relatively low air velocities and material feed rate, material 

settles on the bottom of the pipe with small particles moving over the 

material bed in short hops. A drop in the air velocity results in a 

build up of the stable bed of material which eventanniy) results in the 

blockage of the pipe. This state is known as "SALTATION" and is defined 

by Eegnoia\ |), 

2.  PSEUNO GAS STATE (Fig. 438) 

At high air velocities material is distributed evenly across the 

section of the pipe. The particles move at high speed and no material 

bed is formed. This flow condition is know as "PSEUDO GAS STATE", 

3. INTERMEDIATE STATE (Pig. 43C) 

At moderate air flows solids move along the lower half of the pipe 

with varying solid concentration. The smaller particles are more evenly 

distributed and are carried in the ae stream. In the "INTERMEDIATE 

STATE" some of the solids settle in the pipe bottom and form beds which
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slide along the pipe. 

To establish the flow characteristics in terms of those defined above, 

the pipe diameter at the two observation points was divided into tin 

(13 mm) vertical divisions. Bach division was marked along the pipe 

length, and by observation, material distribution in the pipe and the 

flow characteristics were assessed. With the equipment available it was 

not possible to measure the proportions of the material which were in 

settlement and in suspension. It is accepted that this’ method of assess- 

ment is open to criticism as to its accuracy. It is however considered 

of sufficient value to predict the possibility of material settlement and 

pipe blockages in 6 in (152 mm) diameter pipes with air flows significantly 

below 2000 ft/min (0.9 m/s). 

5.9.5 AIR FLOW INVESTIGATIONS ~ OBJECTIVES 

The significance of establishing whether air flows below 2000 ft aim 

(0.9 m/s) would be sufficient for stowing operations in 6 in (152 mm) 

diameter pipes lies in the appreciation of the financial economics of 

pneumatic stowing operations underground. 

The need for pneumatic stowing equipment which is both reliable and 

of sufficient size to operate in the restricted space underground has 

already been discussed previously, but the essential factor which will 

finally determine whether pneumatic stowing operations can be usefully 

employed is the capital cost of the equipment. At the present time the 

use of a compressor delivering 2250 £¢? /min (4.1 m/s) free air delivery 

for. dirt disposal operations rules out pneumatic stowing on economic 

grounds apart from the serious problem of physical size. A major saving 

in costs is possible if a Rootes type blower could be used. It has 

already been established during the prototype stower trials that 

pressures up to 15 1bs/in’ (103 x 10° n/n’) are sufficient for the stowing 

circuit which was 60 yds (55 m ) long. Of equal importance is the air 

volume which a blower would have to deliver. Air flows substantially
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below 2000 ft/min (1.00 u/s) would not only make the air requirements 

within the scope of a small blower, but would contribute considerably to 

reducing the size of the equipment, and cause the minimum of interference 

with the underground ventilation system. 

5.9.6 MATERIAL FLOW OBSERVATIONS 

Over the range of air flows selected, observations of material 

behaviour were carried out for full rotor pockets of material and for 

material volumes which just covered the bottom surface of the rotor 

pocket. The movement of full pockets of material is of prime importance 

as far as material stowing rates are concerned, but tests with smaller 

material volumes were carried out to observe what effects this had on 

material flow characteristics. 

The film recordings of all the tests carried out are shown in 

Appendix 2. From all the test results an assessment was made of the 

distribution of material in the pipe, and the percentage of material 

seen to be in settlement. The observations are tabulated in Figures 44 to 

47. 

In the tables (Figures 44 to 47) the two volumes for each material 

and air flow combination represents the full rotor pocket and covered 

rotor pocket conditions. An assessment of the flow characteristics are 

shown and at each of the observation points selected, the condition of 

flow in terms of thosedefined previously (5.9.4) is given. 

5.9.7 MATERIAL DISTRIBUTION 

To assess the air flows required for stowing operations it is the 

flow characteristics for maximum output which is significant. The analyses 

of the model tests has therefore been mainly concentrated on the results 

obtained with full rotor pockets of material. 

To clarify the effect of air flow on material movement, the assessment 

of material distribution shown in Figures 44 to 47 has been presented 

graphically in Figures 48 and 49. ‘he proportions of unit volume of
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material which are in suspension and in bed formation. has been plotted 

against air flow. The tests produced a scatter of results and the curves 

plotted represent the average values for the different materials examined. 

STOWER OUTLET 

At the stower outlet the effect of air flow on the percentage of 

material flowing in suspension is show in Figure 48. All the materials 

investigated moved from the stower in the "INTERMEDIATE STATE" (Figure 43C), 

and the effect of increase in air flow up to 1700 re /nin (0.85 m/s) wes 

to increase the proportion of materiel which moved in suspension. The 

Sliding bed still remained, 

Examining the curves in Figure 48 the pencils show a distinct 

difference in the distribution of material than did the other materials 

which followed similar patterns of behaviour. At the maximum air flow 

operated during these investigations (1700 ¢/min 0.85 aa eirar to 50% 

of the pencils were in suspension compared with 4 figure of 20/ for the 

other materials. 

Observations for air flows beyond 1700 sé /min(0.85 a5) was not 

possible but on the assumption that the gradient of the curves show in 

Figure 49 continue in the same menner, then it can i) seen that with an 

air flow of 2000 rt /nin (0.9 i /e) the percentage volume of material 

moving in suspension is approx. 70/5 for the pencils and between 20 and 

30 for the other materials. Considering these values as a whole, an 

air flow of 2000 ft? /min (0.9 n’/s) would maintain up to 50% of the 

material in suspension, and transportation would still be mainly on the 

pipe bottom in a sliding bed formation. 

To avoid material build-up on the bottom of the pipe, this being the 

first stage of pipe blockage, the majority of the material mst move from 

the stower in the air stream. On this basis, and from the observations 

carried out there is no evidence to Bhoy that an air flow substantially 

less than that used during the prototype stower trials (2.250 £t7/nin -
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1.1 m/s) could be used, 

The problems of moisture content, stickiness, and the continual 

variation in the fines/solids ratio of run of mine debris, will undoubtedly 

make material movement from the stower more difficult than those observed 

during the stower model investigations, and air flows below that used 

during the stower trials would not produce the required flow condition 

at the stower to prevent material build-up end pipe blockages. 

This investigation substantiates the air flow used in the stower 

trials where the required output and reliable blockage free stowing 

was achieved. 

The significence of this conclusion lies in the necessity to use a 

Rootes type blower if pneumatic stowing is to be considered an economic 

proposition. The stower triels confirmed that a maximum operating 

pressure of about 16 1b/in’ (412 x 10° N/m) was required for the stowing 

circuit investigated. Therefore the development of a Blower supplying 

2250 ee paca Gal m/e) free air delivery operating at pressures up to 

16 lb /in® (112 x 10° N/m.) is necessary before pneumatic stowing underground 

can be considered economically. 

5.9.8 DOWNSTREAM OBSERVATIONS 

During these investigations an attempt was made to observe the 

behaviour of material 25 ft (7.6 m) dowstream of the stower. 

With the equipment used, the recording on film of the materiel flow 

characteristics proved to be extremely difficult. The accuracy of the 

results relied on the skill of operating the camera by hand at the precise 

time that material passed through the range of the camera vision. At the 

stower point where the material was starting from zero velocity, the timing 

of the camera was much easier and the results obtained produced acceptable 

results. At the downstream cbservation point there was a much larger 

fluctuation in the results obtained, In the first place the material 

was travelling with greater velocity, since it was accelerating along the
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pipe, and more important the material tended to spread itself out longitud- 

enally along the pipe. The limited vision of the:camera was in some cases 

only able to record part of the unit of volume of material being conveyed. 

A concentrated study of the dowmstream conditions would require a 

re-examination of the test rig and a more accurate method of recording 

material behaviour. 

The recordings which were obtained have been examined as means of 

obtaining some indication of the flow characteristics downstream. An 

assessment of materiel distribution at the downstream point are included 

in Figures 44 to 47, und curves representing the average values of material 

in suspension and that which slithered along the bottom of the pipe is 

shown in Figure 49, 

The results for the pencils shows no appreciable difference in the 

flow characteristics over the whole range of air flows examined. The 

reason for this is probably due to the inadequacies of the equipment 

mentioned previously. The recordings are misleading in as meh as the 

material shown on the film does not represent the full unit volume 

examined, Thovalues for the pencils are therefore in doubt and are to 

be disgarded. i 

The behaviour of the other three materials do appear to follow a 

similer pattern, and although the accuracy of the values can be questioned 

there is an indication that the movement of material in suspension at the 

downstream position is greater than that at the stower exit. Confirmation 

of this requires further investigation but the problem of pipe and’s tower 

blockages experienced in stowing operations does suggest that the air flow 

requirements for the short stowing circuit considered in this investigation 

are governed by the conditions at the stowing machine. 

5.9.9 PARTICLE SETTLING POSITION - 

The work of other investigators suggests that with particular shapes 

such as flat disks, cubes,and cylinders, a settling position in the
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fluid can be assumed from which the resistance exhibited by the solid can 

be obtained, 

When considering pneumatic stowing where there is a constant flow of 

material made up from particles of various shapes and sizes, the movement 

of any particle is greatly influenced by the mechanical interference of 

particles with one another. Observations of the materials used in the 

model tests clearly shows that the particles both at the stower outlet 

and downstream did not show any common settling position. The turbulence 

within the stowing machine and conveying pipe caused the particles to 

exhibit spin whilst in motion. The different positions of the particles 

relative to the direction of flow can be observed in Figure 50. The 

other materials used during these investigations: behaved in a similar 

manner, and in none of the cases investigated was there any evidence to 

show that for the stowing circuit examined, particles settled into any 

particular position relative to the air flow. 

5.9.10 MATERIAL SIZE AND SHAPS 

A reliable assessment of the air velocity requirements in the pipeline 

downstream of the Model stower was not possible because of the difficulties 

experienced with the test equipment. This hes been discussed previously 

(5.9.8). To obtain additional information the application of existing 

data to the stower model conditions has been considered. 

The work of ther investigators has already been discussed in chapter 2 

and the guides that are available for estimating floating or mixing 

velocities include amongst other data, factors relating size and shape of 

particles, Sphericity and circularity factors have been used and the 

formulee for calculating these values are: 

Te Degree of circularity & = ie 

“where c circumference of circle heving 

same area as plene figure



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG.50 2 IN (I3mm) PENCILS -FULL POCKET 
AIR FLOW 1350 ft.3/min (0.6m 3/s)
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c = actual perimeter of the plane 

figure 

2. Degree of true Sphericity f = the 

where s = surface area of sphere having 

the same volume as the perticle 

S = actual surface area of the 

particle. 

It is obvious from these formulae that the circularity factor is 

applicable to particles which can be classified as rlane figures (i.e 

discs) and the sphericity factor is applied to other shapes which can be 

more related to spheres (cubes, cylinders etc.). 

Sphericity and circularity factors hive been considered for the four 

materials used in the stower model trials. In the case of the flakes,only 

@ maximum value, which is ars can be derived because the flakes have to 

be considered as discs which although variable in shape has a maximum 

Size of 2} in (64 mm) diameter this being fixed as the maximum stower 

material size for 6 in (152 mm) diameter pipes. Considering the Flat 

Maize,it is questionable whether particles such as these which have a 

thickness equal to helf their diameter, are classed as plane figures or 

Spheres. 

Applying both formulae for the maize, only a circularity factor of 

unity can be obtained. Cylinders such as the Pellets and Pencils can be 

related more to spheres, and the sphericity values calculated for these 

were 0.8 and 0.95 respectively. 

The application of sphericity and circularity formulae for the stower 

model materials shows that any one of a number of factors could be applied 

to all the sizes and snepes of materials possible in pneumatic stowing. 

A size factor which is based on values which are common to all particles 

irrespective of whether they are in the sphere or disc category is 

»
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necessary for materials such as run of mine debris where size and shape 

are different and constantly changing. 

5.9.11 CONVEYING AND FLOATING VELOCITIES 

Other investigators have used factors other than those discussed 

above for calculating floating or mixing velocities. Dallevalle's(2) 

formla for the initial mixing velocity states that 

6000 | */(s + 1) ee 

where Vo = Initial mixing velocity - ft/min 

Vo 

8 Specific Gravity of Solid 

dad = Average diameter of Particle - in 

Dallavalle's work considered Cinders, Carbon, Anthracite and Quartz 

particles up to .320 in (8 mm) average diameter. The specific gravities 

ranged between 1.08 and 2.65, and the average diameter value was vased on 

the average of two screen sizes. 

To apply the Dallavalle forma to the stower model materials again 

presents the difficulty of establishing the average diameter of the 

particles in question. In Figure 51 the initiel mixing velocity obtained 

from the equation has been plotted as a function of the average diameter 

for the materials used in the stower model duvestigaticns. Although 

the average diameter value for each material is questionable, the curves 

do show the initial mixing velocity over a range of average diameters up 

to a maximum value for the respective waterials. 

The curves show how the Pellets and Maize come within the range over 

which the Dallavalle equation is esteblished, whereas the Pencils and 

Flakes are outside the range. The curves for the Flakes and Pencils 

have been plotted beyond the established range of the equation as a means 

of showing how the velocities may vary considerably according to particle 

size and shape. 

Within the range of the equation the initial mixing velocity lies 

between 24 and 40 ft/s (7 and 12 m/s) for the materials considered.



“SIVINZLVN 
T300W 

YZMOLS 
YOs 

NOILYNDI 
SATIVAVTIVG 

JO 
NOILVIIIddY 

| S
°
D
]
4
 

Ss. UJ 

St 
‘
w
u
 

o 
$I 

o 
T 

T 
7 

T 
-P- 

BBLBNVIG 
B
T
I
L
U
v
d
 

3DVAZAV 
on 

$40 
$-0 

 
 

Ul” 
ATDILYYd 

30 
UILAWVIG 

BOVURAV 
= 

P 

QINOS 
40 

ALIAVUD 
DISID3dS 

= 
S 

3
Y
3
H
M
 

“UAE 
occ. 

FIlt#9/8) 0009 
= A 

ALIQOIIA 
DNIXIN 

AVILINI 
N
O
t
L
y
n
d
3
 

T 
Oh 

T 

a
M
I
v
A
V
i
i
v
G
 

“7 

 
 
 
 

  JONVE 
SIHLY2A0 

CAaHSNEVLSa 
NOILYNO’ 

S
3
x
v
i
d
 

oF ° ° 
™ co) 

© 
+r 

SA@ KLIQOT3A DNIXIN TVILINI 

  
o1 

St ya 

 



- 108 - 

Dallavalle's equation gives the air velocity for material suspension and 

velocities considerably in excess of those that can be deducted from the 

equation are necessary in order to transport the material. The forma 

does not consider material concentration such as that found in the stower 

model tests. These factors account for the apparent low values of air 

velocity suggested from the curves in Figure 51 end when compared with 

the air velocities predicted from the model tests it appears that the 

conveying velocity would be highez than the initiel mixing velocity by a 

factor as high as three or four. 

Consideration of Dallavelle's equation for predicting the air velocity 

requirement downstream of the stower model is unreliable due to its limited 

range of application end its inability to relate floating velocity to that 

required for conveying. 

(7) The work of Davies referred to in chapter 2 offers a more reliable 

method of assessing the air velocity requirements downstream of the stower 

model, In his work Davies considers Fleky and Spherical particles and 

gives a formula for initial mixing velocity which states, 

ac
y 

I
<
 

  

1) Initial mixing velocity - Vo = 

where Wr = Fluid Density 10/2? 

Via = Solid Density 1b/r?? 

V = Volume of Particle in’ 

A = Cross Sectional Area of Particle in® 

The application of the forma again depends on the ability to place 

a value on the cross sectional area of the particle. With the material 

being considered it is ain questionable which cross sectional area 

should be taken. This depends to some extent on the settling position 

of the particle in the air stream a feature which has not shown to be 

consistent as far as the stower model investigations are concerned (5.9.9). 

Considering the Davies equation, the mixing velocity has been
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plotted over a range of volume to area retios for the, stower model 

materials (Figure 52). 

The air velocities for the maximum possible values of vs varies 

between 100 and 210 ft/s (30 and 64 m/s). Considering the probability 

that the true value of the particle factor lies somewhere below the 

maximum, then a predicted value of mixing velocity for the stower materials 

can be said to be within a range of 60 to 180 ft/s, (24 to 55 m/s). In 

general terms, this supports the conclusions that air flows less than 

2250 £t?/min (1.1 o/s) which gives an air velocity of 191 ft/s 

(16.15 x 107? n/s) in a 6 in (152 mm) diameter pipe would not be sufficient 

for reliable and blockage free pneumatic stowing. 

5.9.12 STOWER OUTPUT 

Comparing the movement of materials from the stower there is no 

single corelation between rate of movement from the stower and the material 

specific weight. Examination of Figures 39 to 41 shows that the Flakes 

which have the greatest specific weight did in fact take less time to 

clear the stower than did the other materials investigated. The reason 

for this is that the volume of material passing through the stower is 

dependent on the ability of the material to compact together and occupy the 

maximum of space available in a rotor pocket. For any particular 

material, the maximum volume that can be metered through the stower is 

dependent on the combination of size, shape, and specific weight. The 

unreliability of assessing outputs on specific weight alone, is showm 

when exemining the stower model throughput rates which are show in 

Figure 53. The curves show the stower model throughput rates for the 

range of air flows investigated. The output in tons per hour have been 

based on the solid mass density of the materials and the measured weights 

of materials used. The results shows that the maximum outputs were found 

to be that of the Pellets with the Haize throughput being the minimun. 

Compsring the outputs against the specific weight of the materials for a



m/
s 

4o 

20 

220, 

  

200; 

Ye WW. PENCILS 

       
    
  

140} FLAKES 

; 
r ral 

iS 
uv 

© 120 DAVIES EQUATION wu 2g V ? INITIAL MIXING VELOCITY Yo =v waz a (Nm= WA) 
o 
z WHERE Wm = SOLID DENSITY Ib/ft? 
x S ce Wf = FLUID DENSITY Ib/ft3 
2 Vo = VOLUME OF PARTICLE in? 
¢ A = GROSS SECTIONAL AREA jn2 
z OF PARTICLE, 

80 

60 

40 

20 

‘ in 
4 O-2 OF OG oe 10 

PARTICLE FACTOR - Ya 

° a ” ra %6 as 
mm 

FIG. 52 APPLICATION OF DAVIS'S EQUATION FOR STOWER MODEL MATERIALS.



 
 

 
 

 
 

(SL3%D0d 
JOLY 

TNS) 
- 

S3LVd 
LNdHDNOYHL 

TWIYZLVW 
E
G
O
N
 

¥aMoLs 
es 

‘DIJ 

6-0 
80 

yu 
20 

30 
$0 

te 
M014 

3IV 
0002 

0061 
008i 

oot 
oog 

“
Y
e
 34 

o0s1 
00%! 

oot! 
0021 

oot ‘ 
Ol 

oz 
| 
0 og 

or, = 7
 

o
 

c
 

Da 
=x 

2
 

q 

op 
| 0” 

a
u
 

a: 
3G 
s
o
o
 

pemalice 

   



-112- 

particular air flow, there does not appear to be any consistency. This 

again suggests that the criteria in assessing material behaviour and 

outputs, will be the ability to assess the combined effects of the 

various characteristics of the materials to be conveyed. 

The true value of stowing output can only be specified by its 

association with the type, size and condition (wet, dry, sticky) of the 

material to be conveyed.



ATS 

CHAPTER 6 

OTHER PNEUMATIC CONVEYING INVESTIGATIONS 

6.1 SOWING PIPE RANGE 

The work described in the thesis is limited to a study of the 

principles associated with the design and development of the 

stowing unit and a study of the behaviour of meterial passing through 

the stower into the stowing pipeline. 

No attempt has been made to investigate the dynamics of 

pneumatic transportation in the stowing pipeline generally. Con- 

siderable work has already been carried out by other workers on the 

pneumatic conveying of material such as grain, seeds and other relatively 

small particles. These have been discussed in chapter 2. 

Many formulae exist, and a study of some of the work has been made 

in an attempt to understand the behaviour of larger material (Run of 

Mine debris up to 3 in (76 mm) in size) used for stowing operations 

underground. 

The leyout of the stowing pipe range varies according to the 

particular mining system being operated, but generally the materiel 

is produced at the roadway, and is stowed into the peck area which is 

at right angles to the roadway. 

For the purposes of this work the stowing pipe range hes been 

limited to a maximum length of 60 yds (55 m) which includes one 90° 

bend. This range would normally cover most stowing installations being 

carried out at the present time. 

P.. He Broadhurst 2 ) Mining Department, Leeds University, 

investigated the general principles associated with the pneumatic 

conveying of large size solids by pipeline. Reference to this work 

is made because the ‘investigations were carried out in the field on full 

Scale stowing installations.
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The relevent information from Broadhurst's work falls into three 

sections. These are; 

(1) Stowing materials 

(2) Material conveying round bencs 

(3) Material Movement in the pipeline. 

6.2 STOWING MATERIALS 

During stowing operations difficulties occur due to the nature of 

the matexial being handled. Blockages in the stowing unit and in the 

pipes are often due to the stickiness of the meterial. 

Broadhurst investigated the stickiness of a variety of materials 

which were representive of material likely to be hendled throughout 

the areas of the National Coal Board. The conclusions drawn from these 

tests indicated that the order of stickiness changes with different 

moisture content, end it was considered that the cause of stickiness is 

due to the nature rather then the amount of fines in the stowing material. 

From a study of the properties of soil, it elso appeared that the 

stickiness of some of the wet stowing materials is due to the stickiness 

of the minute ag particles in the fines. 

It can be generally accepted that the stickiness of a stowing 

material depends on the proportion of clay particles as well as 

the moisture content. 

Fron Broadhursts study, the method of estimating the stickiness 

of stowing materials is based on the determination of the cley content 

by means of plasticity tests. The plasticity of the materials is 

identified by a Plasticity Index (P.I.) and is obteined from the 

equation: 

Plasticity Index (P.I.) = Liquid Limit (L.L.) - Plastic Limit (P.L.) 

where 

1. The liquid limit is the moisture content at which the neterials 

passes from the plastic to the liquid state. This is the point
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where the fines start to flow when lightly vibrated. 

2. The plestic limit is the lowest moisture content at which a 

-36 mesh B.S. portion of soil can ‘be rolled into a $ in (3 mn) 

diameter thread. 

The plasticity index is the range of moisture contents over which 

the soil is plastic and is closely related to the clay content in the 

solid. 

Krynine @ states thet the cay point which characterises the 

capacity of a given soil to adhere to metallic surfaces lies between the 

liquid and plastic limits. Figure 54 shows the suggested relationship 

between stickiness and moisture content. The graph shows thet at the 

"Liquid Limit' and at low moisture content, stickiness is negligable. 

If a material with 15% moisture content is very sticky, then reading 

the graph (Figure 54) it can be seen that the stickiness will be 

noticeably less with a moisture content of 5 or 257%. This theory on the 

cohesiveness of material can be used to advantage when assessing the 

likelihood of stowing materials sticking to the metallic surfaces of the 

stowing machine and conveying pipes. 

The practical use of this theory is its application to determine the 

nature of the "Fines" in stowing materials by carrying out "plestic 

limit" and "Liquid Limit" tests. 

The information on stowing materials presented in the previous 

paragraphs represents 2 brief summary of the detailed investigations 

carried out by "Broadhurst", and is intended to indicate the importance 

of obtaining Imowledge of the probable stickiness of materials end the 

effect it cen have on the operating efficiency of stowing installations. 

Details of the "Liquid Limit" tests, and the procedures for considering 

the suitability of a material for pneumatic stowing, are included in 

BS. 812: 1967 104P, BS. 1377: 1967 236r<® 

Figure 55 shows the results of tests carried out by Broadhurst on
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Bulleroft Upton Ryhope 
Colliery Colliery Colliery 

Yorks. Yorks. Co.Durhan 

Percentage Fines 2 F 6 5 

(-36 Mesh B.S.) 

Remainder 98 94 95 
(Course Sand and Gravel Size) 

Plastic Limit (P.L.) 20 19 18 

Liquid Limit (L.L.) 31 29 27 

Plasticity Index (L.L. - P.L.) 11 10 9 

Percentage Water Added in 
wetting test 4 7, 9 
(Lower Limit of Plastic Range) 

Weight of Water for fines 

(Per 100 lbs of material) 0.62 1.74 1.35 

Weight of Water for Gravel 
(Per 100 lbs of material) 3.92 Cue 3202 

Total weight of water to 
saturate fines 4654 6.32 9-9 

Practical % Moisture 5 8 10 
(Upper limit of Plestic Range) 

Plus 2 to allow for 
degradation effects 7 10 12 

Plastic renge of moisture 4-7 710% 9-128 
contents 

FIG, 55 TEST RESULTS OF THRE@ CLAYSY STOWING MATERIALS
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three clayey stowing materials. The plastic range of moisture contents 

is derived for each type of material. Material with moisture contents 

within these ranges is to be avoided for stowing operations. 

6.3 SFFSCTS OF PIPE BENDS 

Any deviation from a straight stowing pipe effects the performance 

and overall efficiency of pneumatic stowing operations. For this 

reason it is important to have some knowledge of the effects of 

introducing a 90° bend in a stowing pipeline. 

Broadhurst, in his study of pneumatic transport of material for 

stowing operations, carried out @ series of experiments to obtain 

information on the effects pipe bends. 

(1) Losses due to Flow of Air round bends 

eer work carried out head show thet the disturbance to air 

flow at a bend can be carried downstream as much as 50 pipe diameters, 

end this disturbance produces additional pressure drop separate from that 

created by the bend itself. For this reason the results obtained by 

Broadhurst ere based on experiments using a pipe range which hed 150 ft 

(46 m) of straight pipes before the bend and 40 ft (12 m) after the 

bend. The pressure losses due to the introduction of the bend was 

taken as the sum of the loss at the bend and the loss due to the air 

disturbance in the straight pipe dowmstream of the bend. Figure 56 shows 

the totel pressure losses for various bend radii over a range of flows 

up to 2000 Een (oe n/a) These results indicate that the greatest 

losses occurred with the small bend having @ radius of 1.5 ft (0.5 m) 

and the lowest losses were produced with bends et 4 and 5 ft (1.2 and 1.5 m) 

radius. Pressure losses within a 6 in (152 mm) diameter pipe having 

different pipe bend radii ere given in Figure 57. The pressure losses 

which are related to an air flow of 2000 ft/min (0.9 nave) shows that 

there is an increase in pressure loss for bends beyond 5 ft (1.5 m) radius. 

The investigation showed that for the smallest bend the los 
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at the bend were the same as the dowmstream loss. On the larger bend 

the losses dowmstream were less than the loss at the bend. 

(2) Losses at Bends during Stowing (Air and Material) 

Because of the large variation of conditions namely, air flow, 

stowing rate, type of materiel, pipe bend redius, end roughness of 

pipe, there is no reliable information which can give the pressure 

losses at a bend during stowing operations. Information from various 

sources have suggested that a 90° bend can give pressure losses 

equivalent to a straight pipe up to 55 yas (50 m) long. To provide sone 

information relating to bend losses, Broadhurst carried out experiments 

from which pressure losses were obtained for stowing ranges approximately 

110 yds (101 m) long including a go? vend which was located about 30 yds 

(27 n) along the pipe run. Tests were carried out at stowing rates of 

86 to 111 tons/h (87 to 112 tonnes/h) using air flows between 2230 and 

A540/£t fain (11 and 21 u/s), 

For the particular stowing range chosen the equivalent straight 

pipe losses due to the 90° bend of 2 ft (6.03 un) radius was found to 

vary between 25 and 80 yds (23 m and 73 m) according to the air flow and 

stowing rates, 

These tests were selective and only give some idea of the relatively 

high ‘losses that can occur due to the introduction of a g0° bend ina 

stowing line. 

6.4 THE FLOW OF COMPRESSED AIR IN STOWING PIPES 

Broadhursts study of air flow in stowing pipes gives the basic 

expression for compressible flow with friction as, 

Ys dp +Vavk +4 fr ax /2 ie kw 0 Sas sawscev eden sane i(t) 

Because the total pressure drop in stowing is usually greater than 

1075 of the initial pressure, the compressibility effects which mean 

variations in density and velocity cannot be neglected. By rearranging 

equation (1) for the purpose of integration, and since the expression
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py? = K, an expression which contained an unknown index of expansion 

"‘n' was derived and given as: 

B/V1 = Fe/V2 = 244 PF (2 log, V2/Vi + aer/aybea? Pantene). 

Previously it has been assumed that the flow in stowing operations is 

  

isothermal. 

Making this assumption, n = 1 and Pi Vi = P2 V2 = RT and 

equation (2f becomes 

Ties Pe =.) 

Curves, Broadhurst obtained an average value of .004 

  

= ¥ rites (2 Log, W/W + 4f1/4) ... 

Using Pigott's (2?) 

for the friction coefficient (f) for a 6 in (152 mm) diameter stowing 

pipe, and calculated the pressure drop from equation (3) for a nom 

stowing range. The calculated pressure drops were sufficiently in 

excess of the experimental results to provide evidence that the 

expansion was not truly isothermal, and did in fact lie between adiabatic 

and isothermal expansion. 

For experiments carried out by Broadhurst a single variable (e') was 

obtained which took into account:- 

(i) Devievion from true isothermal flow 

(ii) Change of velocity of the air 

(iii) ‘The pipe wall, friction. 

Concluding this particular investigation Broadhurst submitted a 

suitable equation which could be used for calculating the pressure drop 

likely to occur when compressed air flows along a 6 in (152 mn) diameter 

stowing pipe and discharges to atmosphere. 

The equetion states that: 

ig ther sf x10? @UsVAl to eet eete cash =, enka) 
Where Py = Initial absolute pressure in iv/et? 

P2 = Final absolute pressure in 1/2? 

T = Average Air Temperature in °F Absolute 

oS 
Vz = Quantity of free Air Flowing in ft /min
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L = Length of Pipe in ft plus the equivalent length for each 

bend. 

6.5 PRESSURE DROPS (SOLID/AIR MIXTURE) IN PNEUMATIC STOWING PIPES 

In his study of Pneumatic Transport of Stowing Materials 

Broadhurst carried out underground trials at several collieries to 

obtain some information on the pressure losses during stowing operations. 

In his analysis of pressure loss the total pressure drop along a 

straight horizontal pipe is divided into three elements (Figure 58). 

A, = Pressure Drop required to accelerate the material 

he 
As = Pressure Drop required for air flow at the same rate 

Pressure Drop required to overcome material friction 

To obtain a suitable formula which could be applied to pneumatic 

stowing, reference is made to the work of casrarstapr 19) yn9 shows that 

for horizontal conveying: 

For any given air velocity «-t/,, = Ga constant(k) 

Where« = pressure drop ratio 3 Aps 
dr 

= Pressure Drop Solid Air Mixture 
Pressure Drop Air only 

andr = solid/air mass ratio = Ws 

From this, 

Total Pressure Drop Ap, = Ara + kis Nerina eras) 
Gasterstadt's findings,- which have been confirmed by investigations 

from other works, shows that the constant (x) approaches 2 constant 

value for high air velocities of about 90 ft/sec (27 m/s). 

Constents obtained by Hillyar Huns 0) (heceeen 0.095 and 0.14) for 

high eir velocities, and the calculated value of "k" from the results 

of Broadhurst's pressure drop tests (0.21) were sufficiently in agreement 

with Gasterstadt's work to justify the use of Gasterstadt's theory for 

pneumatic stowing operations.
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From equation (4): 

1 2 
Pressure Drop BR? = (3.1°x 10 ° SEY.) + P2 

a 2\3 we -Ponhes = (3.1 x 107% nv.) 4 pot 

and substituting in Gasterstandt's equation 

Ars = 1+ki2 [(s.1 x 10° 7.1.9) +62 aE) »| i see (6) 

Equation (6) was submitted by Broadhurst as a possible formula for 

stowing. 

6.6 CONVEYING VELOCITY IN STOWING PIPE 

From tests carried out by "Broadhurst" on the angle of friction 

for various stowing materials in 6 in (152 mm) diameter pipes, it was 

estimated that the angle of friction was probably between 31° and 39°, 

which represents a coefficient of friction of 0.65. From this investiga— 

tion Breadhurst suggests that the force required to just move stowing 

material along a horizontal pipe is about 657 of its weight. To move 

the nateriasl up a gradient, or to accelerate it, requires additional force. 

crore (18) suggests that the horizontal conveying velocity is equal to 

or greater than the terminal velocity, and Davis \eivea a@ conveying 

velocity lmown as the "mixing velocity" which exceeds the terminul 

velocity by about 10%. 

  

al Veloci 

The terminal velocity is defined as the maximum velocity of a 

free falling particle at a point where the air drag force is equal to 

the gravitational force on the particle. 

Fi: = Velocity 

In his work, Broadhurst suggests that the terminal velocity is 

approximately equal to the floating velocity, which is defined as the 

velocity of an upward stream which floats a particle and keeps it ata 

constant level. 

Broadhurst conducted a series of tests to determine the floating 

velocity experimentally. The results of these tests showed that an air
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velocity of 80 ft/sec (27 u/s) was sufficient to float most particles up 

to 3 in (76 mm) in size, but velocities as mch.ss 100 ft/sec (30.5 m/s) 

or more are required for the large pieces which occupy a greater area of 

the pipe than do the smaller pieces, 

6.7 AIR DENSITY SFFZCTS ON FLOATING VELOCITY 

From equations defined by "Burk and Prommert Wena Davies" 

(hepes 2) it can be seen that the floating velocity is approximately 

proportional to the square coot cf the particle density to air density 

ratio. This means that the floating velocity of 'x! atmospheres 

pressure will be ‘Vx times that for atmospheric pressure. 

In his conclusions, Broadhurst offers the following equation for 

a good approximation of floating velocity in a pipe with air at 

atmospheric pressure, for stowing materials. 

Va = 28.6 [S/s+1)] z Wy PEt PELiSSC. sc ac sccisecinrsassessie(l) 

where S specific gravity of the material 

Vw = Terminal velocity in water-filled pipe, 

and in this case the quantity of air required for conveying can be 

found from:- 

SP = - i 336 | °° /(S-1)] * vy stD. ft /min 

where P = air pressure at stower outlet in atmospheres, 

Va 

6.8 CONCLUSIONS 

It is not the object of the work described in this ? hesis to, 

include investigations of material and air behaviour in the stowing 

pipeline and pipe bends. It is however considered important to refer 

to the work carried out by Broadhurst and others, because any pneunatic 

stowing operations involve the technology of flow through pipes and 

bends together with the stower unit which provides the means of metering 

the material into the stowing pipeline. It is necessary to have some 

understanding of the flow characteristics in the pipeline in order to 

appreciate the requirements of the metering system.
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The work of Broadhurst has been referred to in particular 

because some of his investigations have been based on full scale 

stowing trials carried out underground with 6 in (152 mm) diameter 

pipes end bends. 

Reference has been made to equations submitted by Broadhurst 

as a means of assessing within reasonable limits the conditions for 

pneumstic conveying through pipes and bends. It is considered that the 

work veferred to in this chapter offers a good contribution to the 

subject in question, and the formulae submitted by Broadhurst and 

others are offered as a means of providing information which is 

relevant to the investigations and development of pneumatic stowing 

equipment.
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- CHAPTER 7 

ASSESSNENT AND CONCLUSIONS 

7e1 FIRST AVAILABLS STOWING EQUIPMENT 

The first machines, developed for mining debris disposal operetions 

underground, used 6 in (152 mm) diemeter pipes and for their air supply 

Rootes type positive displacement blowers having a capacity of 2000 re / 

min (0.9 we) free air delivery were used. These machines which had 

a limited air pressure of about 12 1e/in (83 x ro N/m 4) operated 

with reasonable success but problems with pive and stower blockages 

particulerly when working with sticky materials, reduced machine 

utilisation and overall output to levels below that required in 

mining systems where rates of coalface and roadway advance were 

increasing with the increase in mechenisation. In addition to the 

operating probiens being experienced, the physical size of these 

machines presented problems at the face end where good access to the 

face for men end supplies is essential. 

The Unreliability of the equipment mainly due to pipe and stower 

blockages, and the very difficult maintenance end operational problens 

due to its bulkiness, resulted in the need to investigate the design 

of smaller more reliable stowing equipment. 

7.2 STOWING BQUIPMAN? WITH 4 in (102 mm) DIANSTSR PIPES 

The Bretby Mk I Stowing Combine was developed for use with 4 in 

(102 nn) diameter pipes. The purpose of this was to reduce the size of 

the equipment, «nd because of the snaller pipe ares ea Rootes type 

positive displacement blower having a capacity of 1000 Pea (0.5 n/a) 

free cir delivery was selected for the air requirements. Previous 

investigations had show that mining debris up to 2 in (51 mn) in size 

could be transported along a 4 in (102 mm) diameter pipe.
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Initial trials with a prototype machine proved reasonably 

successful end outputs up to 30 tons/h (30.3 tonnes/h) were achieved. 

Seven of these machines were manufactured but attempts to operate these 

underground where the mining debris was particularly sticky, proved 

unsatisfactory because of the constant blockages of the stower unit and 

stowing pipes. It was also found that the machines were in general 

only achieving outputs up to 25 tons/h (25.4 tonnes/h), which was 

completely inadequate particularly for the rates of debris disposal 

envisaged for future mining systems. 

7.3 RECOMMENDATIONS FOR FURTHER DEVELOPMENT 

Investigations into fining debris disposal requirements for future 

mining systems end an assessment of the operating experience gained. with 

the machines operating with both 4 in (102 mm) and the 6 in (152 iam) 

diameter pipes concluded that if pneumatic stowing was to form part of 

a mining system, a stowing machine capable of continuous stowing at a 

rate of 60 tons/h (60.3 tonnes/h) end having the ability to handle peak 

loadings up to 100 tons/h (101.6 tonnes/h) was necessary. Moreover the 

size of such a stowing machine would have to be limited to a meximun 

height of 24 in (603 mn) this being the same height as the small stowing 

unit developed for the Bretby Ik.I Stowing Combine. 

7.4 STOWSR DEVELOPMENT 

764.1 STOWER OUTPUT 

To meet the limitations on size and to eliminate the causes of stower 

blockages, the stower test rig was designed with a straight through air 

passage which elininste the internal bends which were a feature of 

existing stowing machines, This major change in design together with the 

introduction of a "DROP" at the bottom of the stower greatly improved the 

performance of the stowing trials which were carried out. During the 

investigetions with the test rig it was also found that the shape and 

size of the inlet and cutlet pipes to the stower greatly affected the
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peercomercs and reliability of the stower. 

After subsequent trials end development during which various shapes 

and sizes of inlet and outlet pipes were investigated,stowing reliability 

was Rchieted and outputs up to 100 tons/h (101.6 tonnes/h) were recorded. 

Taking into account the stoppages that did occur during the trials due to 

jamming of the stower by foreign metallic bodies in the mining debris, and 

the varying rates of outputs recorded it is concluded that the design of 

stower finelly submitted (Figures 23 and 25) hes a capacity of 60 tons/h 

(60.6 tonnes/h) with the capability of dealing with peek outputs up to 

100 tons/h (101.6 tonnes/h). ‘These figures are based on a stowing pipe 

range of 60 yds (55 m) including one 90° bend, and mining debris having a 

density between 75 and 90 lbs/ft” (1202 and 1442 Ke/m?). 

74.2. PRESSURES LOSSES ACROSS STOWBR 

Reduction in pressure across the stower unit was also the aim of the 

trials and development programme. The straight through design of stower 

and the uniform shape of inlet and outlet pipes made substantial improve- 

ments in the pressure losses across the stower. The first trials which 

were carried out with inlet and outlet pipes having cross sections which 

changed between pipe ends produced a stower pressure loss of 7 Tbe/in” 

(48 x 10° m/e) This was considered too high and efter the trials and 

development discussed in detail in chapter 4, the pressure drop across 

the stower unit was finally reduced to a maximum of 2.5 1b/in. (17 x 10° 

Wi): This was considered of paramount importance and was achieved by the 

streamlining of the air passage through the stower, and the lowering of the 

air passage below the periphery of the rotor at the stower bottom. 

74.3 AIR FLOW 

It has been mentioned previously that the use of a Rootes type 

blower in stowing operations hes a great advantage over a compressor on 

the grounds of physical size and cost. During the trials programme the 

air supply was obtained from a compressor heving a capacity of 2,250 t°/ain
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ied m/s) free air delivery and capable of operating at pressures up to 

approximately 25 re/in” 72x 10° Tae As far as the air requirements 

are concerned it was found thet the stower capacity discussed previously 

(7.4.1) was obtained with pressures up to 13 1 /ine (90 x 10° n/n) with 

occasional peaking at 15 1v/in™ (103 x 10° Oe This pressure is on the 

limits of a Rootes type blower. 

As far as air flow is concerned all the investigations using the 

prototype stower test rig were conducted at flows of 2,250 nite 

(4.1 n/a) free air delivery. To provide some information on the necessary 

air velocities to prevent material build up and eventual pipe blockages it 

was decided to obtain information on air flows below 2,000 fe /min (0.9 ey 

by building a full scale model of the stower and carrying out a study of the 

behaviour of material metered from the stower into the stowing pipeline. 

725 STOVER MODEL 

7.5e1 MATERIAL FLOWV OBSERVATIONS 

Material movement at the stower outlet pipe and at a point 25 ft 

(7.6 m) dowmstream indicated that for air flows up to 144 ft/s (44 n/s) 

material flows in the intermediate region, where the majority of the 

solids settle on the bottom of the pipe and form beds that slide along the 

pipe. Only a small percentage of the particles are conveyed in the air 

stream, This flow condition applied to all the types of materials used 

during the stower model tests. Generally speaking material conveyance 

took place on the lower half of the conveying pipe with the solid concentra- 

tion varying with the air flow and type of material used. Measurenent of 

materiel distribution and material concentration was not possible with the 

equipment, but the assessments made from the model tests indicate that 

conveying conditions are more difficult at the stower outlet than dowm- 

stream, end air flows above 144 ft/s (12 x 10 n/s) will be necessary to 

avoid material settlement and eventual pipe blockage. The application of 

existing equations for obtaining floating velocities can only be used in a
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limited capacity because the formulae available include particle factors 

whose value for stowing debris is difficult to define. Particle factor 

values for stowing debris could only be assessed over a fairly wide 

range covering all shapes and sizes up to the limit set by the pipe 

diameter. 

7.5.2 MATERIAL CHARACTERISTICS 

In an attempt to obtain information on the effects of material 

characteristics on the behaviour and movement of solid particles, a 

study of research carried out by other workers was investigated and is 

discussed in chapters 2 and 6. It was found that the theories and 

formulae submitted were based on know particle size and shape, and in 

some cases particle factors related to spheres having the same volume 

have been suggested. In other cases particle size factors have been 

derived by considering the surface areas, perimeters, and circularity 

of irregular shaped particles. Other factors used to obtain floating 

velocities include values for the average diameter and cross sectional 

area of the particle. 

The difficulty of selecting a size factor which would satisfy the 

constently changing conditions during stowing operations meke it difficult 

to apply directly the various formulae available for estimating eir flow 

requirements, The consideration given to the ean er one of Davies and 

Dallavalle for estimating floating velocities of the stower model materials 

was only able to provide data which was proven over a much smaller renge of 

meteriey size and concentration than those being examined. 

7-505 PARTICLE SEPILING POSITION 

Other workers have carried out investigations to establish the 

settling position of solid shapes and the influence it has on fluid notion. 

Flat discs, cubes and cylinders have been considered and it has been 

suggested that with shapes such as these a settling position can be 

assumed.
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Observations made during the stower model tests clearly shows 

that there was no common settling position which-could be assumed. 

The particles travelled from the stower and along the pipes in complete 

turbulence due to the mechanical interference of particles with another. 

When considering stowing materials where shapes and sizes vary and the 

proportion of fines to solids also varies, any assessment of settling 

poetion would be extremely difficult. It is therefore concluded that the 

resistance exhibited by stowing material and an assessment of the energy 

requirements for conveying cen only be established from data obtained by 

experinentation using mining debris. 

7.5.4 OPTIMUM ROTOR SPEED 

Data to assess the optimum speed of the stower rotor was based on 

equating the times to clear material from a rotor pocket to the available 

rotor pocket clearance time determined by the rotor speed. These 

investigations which were conducted for air flows up to 1800 fe /oin 

(0.83 EN indicated that the optimum rotor speed for air flows 

around 2,000 £¢ /nin (0.9 nee) is somewhere between 58 and 68 RPM. 

These conclusions are in general agreement with the results obtained with 

the stower test rig which produced the best results with a stower rotor 

speed of 60 RFH. 

7.5.5 METSRING SFFICIZNCY 

The output efficiency of the stower test rig was assessed from the 

relationship between the measured output, and the calculeted output which 

was based on the volume of the rotor pockets and the specific weight of 

the meterial. Reasons for the apparently low efficiency of the stower 

test rig (about 605), and in other stowing operations underground as low 

as 50%, were never: fully understood. 

During the stower model investigations it was found that the maximum 

volune of material which filled a pocket varied considerably with the 

materials used. An attempt was mode to obtein dats which would provide a
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more accurate assessment of the metering efficiency. 

The meesured weights and volumes of material together with the 

percentage volume of pocket occupied by the material were compared. 

The results show that the actual volume of the rotor pocket occupied 

by material varied between 52 and 907. 

It was not possible to carry out 2 full scale investigation to 

study in detail the effects of material size, Shape, and specific 

weights on the metering efficiency, but the observations made during 

the stower model investigations indicates that the apparent overall 

efficiency of stowing operations is greatly affected by the characteristics 

of the mining debris, and in assessing the efficiency of stowing the 

naximum quantity of material that can fill ea rotor pocket should be the 

basis of efficiency and not the calculated rotor pocket volume es used 

in the past. 

An assessment of the efficiency of a stowing unit can only be besed 

on experimental data which evaluates full rotor pockets with material 

volunes, 

7.6 PRESSURE Lossus IN. PNEUMATIC STOWING PIPES 

The useful application of Broadhurst's formulee for calculating 

the pressure losses due to material and air flow in 6 in (152 m) 

diameter stowing pipes was assessed by comparing the pressure requirements 

recorded during the trials with the stower test rig with the calculated 

figures obtained fron Broadhurst's formulae. 

The complete stowing circuit used during the trials consisted of 

60 yds (55 m) of 6 in (152 um) diameter stowing pipes which included one 

90° bend having a radius of 18 in (457 mm). Air was supplied to the 

stower from the compressor through 6 in (152 mm) flexible piping 

approximately 18 ft (456 mm) long. Due to the layout of the equipment 

the flexible piping could not be straight in its entire length, and for 

purposes of calculation the bends in the line have been assessed at the
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equivalent of two 90° bends. 

(1) Pre ssure Losses in Stowing Pipe Ran,       

Considering the stowing circuit operated during the finsl stower test rig 

trials. 

Stower output = 70 tons/h 

Length of straight 6 in (152 mm) diameter pipes = 4180 ft 

Equivalent length of straight pipe for the 90° bend = 80 ft 

(ref. 6.3) 

Average air temperature (absolute) during stowing(t) = 7 + 460°R 

aoe 
Constsnt 'k' for pneumatic stowing (Ref. 6.5) = 0.21 

Quantity of free sir flowing (V a = 2250 Ft /nin 

Initial absolute pressure = P, iv/et? 

Final absolute pressure (Atmospheric) = (P,) 

= 211.8 1v/ft? 
Solid/Air Mass Ratio-is/.., = 15.4 

Broadhurst's Equation states: 

Por Pet + hile (SeigMOgpet ev ec ccey P,2)F -P, 

Solid/Air Ness ratio Ws/ pq = 15.4 

Substituting values in the formula P, - P2 = 23.2 ah as, 

Pressure Loss (Stowing pipes) = 8.5 ab/in (Geuge) 

(2) Total Pressure Loss in Stowin, 

  

The loss of air pressure in the flexible piping between the 

compressor and the stower was estimated at approximately 3 1b/in? 

(21 x 10 w/e) (reference 4-5), 

- . Total Pressure drop in circuit. 

= Loss in stowing pipe + Loss in air supply pipe 

+ Loss across the stower 

" 8.5 + 4.5 +3 

16 iv/in® (Ox 10° N/m?)



From the average curves shown in Figure 25 it cen be seen that 

the total back pressure measured during the stower trials for an output 

of 70 tons/h (71 tonnes/h) was ebout 12 1v/ie (83 x 1 n/n®) with the 

pressure along the pipe and bend approximately 9 1b/in? (41 x 107 Wino) 

Taking into account the assumptions made regarding losses in bends, and 

the relatively high value of 'k' suggested by Broadhurst the results are 

sufficiently in agreement to justify the use of Broadhurst's formulae 

for estimating pressure losses in 6 in (152 mn) diameter pneumatic 

stowing pipes. 

7.7 AIR FLOW 

The selection of the minimum air requirements to provide efficient 

conveying of material where material settlement and pipe blockages are 

non-existent, presents a more difficult problem. The work of Broadhurst 

and others has suggested formulse for calculating the floating 

velocities or irregular shaped particles, but their direct application 

to pneumatic stowing is not practical because a single value of a 

particle size factor cannot be determined for run of mine debris. 

Broadhurst has suggested that -. air velocities up to 100 ft/s 

(30.5 m/s) was sufficient to float most particles up to 3in (76 mm) in 

size. The results of the trials carried out with the stowing test rig 

and the subsequent investigations conducted with the stower model indicates 

that the air requirements for pneumatic stowing using 6 in (152 mn) dianeter 

pipes should not be less Aiea the 2,250 £t?/min (4 m/e) free air delivery 

used during the stower test rig trials. This sir supply gives air veloc- 

ities in the stowing pipe up to 180 ft/s (55 u/s). 

There is sufficient veriation between Broadhurst's results and those 

obtained from the studies carried out with the stower model to sugges 

that further investigations into conditions necessary for efficient 

conveying,is required before the formulae submitted by other investigators 

for calculating floating velocities can be used with reliability.
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7.8 FNSUMATIC STOWING CQISIDERATIONS 

The research and development which has been discussed in this thesis 

hes shown that the selection of stowing equipment for mine debris 

disposal underground must be based first on the stowability of the 

materiel in question. Simple tests should be carried out to determine 

the stickiness of the material (Ref, 6.2). The possibility of increasing 

the moisture content of the material by the addition of water may have to 

be considered. The general size of the material and the proportion of 

fines that may be present can greatly affect the stowing output in terms 

of tons/h (tonnes/h) end some assessment has to be made on the ability 

of the material to settle and compact into the stower rotor pocket before 

any realistic output can be estimated. Pressure losses in a stowing 

system can be determined by the use of formulae submitted by Broadhurst, 

but at the present time experimcntal data suggests thet the air flow 

requirenents for 6 in (152 nm) diameter stowing pipes cannot be less than 

2,250 £t?/min iA w?/s) free air delivery. This means that for the 

stowing system considered during these investigations, the use of a Rootes 

type blower is questlonanie: and the inclusion of a compressor as used in 

the stower trials is necessary, 

The use of pneumatic stowing equipment for mining debris disposal 

underground will probably be determined initially by the economics of 

such a system. At the present time the necessity to use a compressor 

for the air supply will probably dismiss pneumatic stowing operations 

because of the high capital cost involved. It is suggested that if stowing 

operations are to be competitive economically with other methods of mining 

debris disposal, it will be necessary to develop a Rootes type blower 

capable of operating at pressures up to about 17 1v/ik (117 x 10° q, a) 

with a free air delivery around 2,200 £¢ /nin (0.9 mays 

The work described in this Thesis has produced the design and 

  

gj conditions of a reliable pneumatic stowing machine for



= 138 - 

consideration in future Mining Systems. The limitations of the machine 

and the air requirements have been established from the trials and moiel 

investigations curried out. The work of other investigators, and the 

observations made with the stower model has show the importance of 

establishing the stowability of mining debris, end the limited 

investigations on material behaviour has been used to establish the flow 

conditions necessary to avoid material build up and blockages. 

Consideration of the stower for use in pneumatic stowing operations 

underground will ultimately depend on the availability of a Rootes 

type blower which will meet the air flow and pressure requirenents. 

The low pressure drop across the stower which has been achieved through 

these investigations, makes it possible to con: 

  

der the development of a 

blower which would meet the requirements of the stowing circuit 

considered,
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APPENDIX 1 

DEVELOPHENT STAGES OF PROTOTYPE STOWER
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6 PADDLES 

101: mem (4 ins.) 

TAPERED GUIDE PIECES 2 2 (15: Bins?) AT EACH END OF ROTOR AREA AT PADDLE CENTRE [Ol-94em? (15-Bins7/SQ.INS. 

(APPROX.127mm (Sins) LONG) AREA AT PADDLE ENDS 69-O3cm2 (1O-7ins?)SQ.INS. 

(a) ROTOR. 

    
(b) END COVER(OUTLET) (c) END COVER (INLET.) 

  

d) QUTLET PIPF. (e) INLET PIPE. Papeete ree eee ee 

  

STAGE |. STOWER DESIGN FEATURES. 

 



  

  

    101. mm   
AREA THROUGH FULL LENCTH 

OF ROTOR 69-O3cm2 (10-7ins?) 

(a) ROTOR. 

AREA BSG8Cme 
(13.Sins2) 
Sens 

  

(b) END COVER (OUTLET) j (c) END COVER (INLET)   

228mm (Sins)   

  

      
      
   

  

(4) OUTLET PIPE TAPERED FROM END (e) INLET PIPE. 
CO\ SECTION TO 101-6 mm. ee 
(4ins BORE. 

  

STAGE 2, STOWER DESIGN FEATURES 
 



  

  

AREA THROUGH FULL LENGTH 
OF ROTOR 69-O3cm?2 (iO-7 ins?) 

(a) ROTOR. 

  

(b) END COVER (OUTLET) (c) END COVER (INLET) 

228.@ mm _( Sins.) , 
  

  

       
(d) OUTLET PIPE TAPERED FROM END (€) INLET PIPE 

COVER HOLE SECTION TO 10I-6mm. 
      
  

STAGE 3. STOWER DESIGN FEATURES 
 



  

      
    

      

POLYPENCO LINER.   362mm.(3i
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),
 

STOWER BARREL. 

PADDLE AREA = 81-93cm? (12-7ins?) 
DROP AREA 
BELOW ROTOR PATH= 17:74 cm2 (2°75. ins?) 

(a) ROTOR. 

    

wy 
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3 S cs : $ 8s \ Nig 
\. 9 Woo 

so JI: mn (4 ins) 

(b) END COVER (OUTLET) (¢) END COVER. (INLET) 

228-Gmm._ (Sins) 
  

  

     
  

  

  
(d) OUTLET PIPE TAPERED FROM     
  

(e) INLET PIPE.   
  

  
STAGE 4 STOWER DESIGN FEATURES
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(c) END COVER (INLET) (b) END COVER (OUTLET) 

    ‘163 mm _(30 ms) 
  

  

  
  

  

  

(4) OUTLET PIPE (e) INLET PIPE   
  STAGE 5, STOWER DESIGN FEATURES.



  

(d)       
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£ STEEL INSERT IN BARREL. 

Ba 
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3 
2 

AREA B'S3er ie 
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OUTLET PIPE (¢) INLET PIPE. 

  

  

  
STAGE ©, STOWER DESIGN FEATURES 
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FLOW 
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FLOW 
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  STAGE 7. STOWER DESIGN FEATURES. 
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15
2.

4m
m 

(Gi
ns,

 

ALL STEEL BARREL PADDLE AREA « 102-58cm? (I5-9ins?) (NO POLYPENCO LINERS ) 
DROP AREA = 52-5S4cm? (8-13 ins2 ) 
(BELOW ROTOR PATH ) 

(a) ROTOR 

    

  

[S
2m
m 

(i
ns
) 

  

     
    

TO
 

¢ 
OF
 
RO
TO
R 

TO
 

¢ 
OF
 
R
O
T
O
R
 

Z 

  

TOTAL AREA=126-45em? (19-6 ins? ) 
DROP AREA = 52-54cm? (8-13ins?) 
(BELOW ROTOR PATH) 

(b) END COVER (OUTLET) (c) END COVER (INLET) 

101mm (4ins) To 
'2Imm (Sins) OIA 

304 mm ( I2ins) 

a ee Se 

  

      
FLOW 
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STAGE 10, STOWER DESIGN FEATURES 
 



APPENDIX 2 

STOWER MODEL TEST RIG 

MATERIAL FLOW OBSERVATIONS



  

a) STOWER OUTLET 

  
b) 25tt (7.6m) DOWNSTREAM 

FIG.59 'y2in. (13mm. PENCILS 
COVERED POCKET (8:6% FULL) 
AIR FLOW 80Oft 3/min, (0-4m 7/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.6o 2 in. (13mm) PENCILS 
COVERED POCKET (8-6%o FULL) 
AIR FLOW 1100 ft.°/min. 0:5m3/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.61 2 IN(I3mm) PENCILS 
COVERED POCKET (8-6 %o FULL) 
AIR FLOW 1350 ft 3/min (0-6m. ¥/s)



  
b) 25ft (7-6m) DOWNSTREAM 

FIG.62 '/2in (13mm.) PENCILS 
COVERED POCKET (8-5% FULL) 
AIR FLOW 1700 ft. 3/min(0-8m ¥s)



  

  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.63 MAIZE — FULL POCKET ; 
AIR FLOW 1100 ft/min. (0-5 m./s)



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG.64 MAIZE — FULL POCKET 
AIR FLOW 1350 ft,2/min, (0-6 m,7/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.GS MAIZE- FULL POCKET 

AIR FLOW 1700 ft. 3/min.(0-8m.?/s)



  
b) 25ft (7-6m) DOWNSTREAM 

FIG.66 MAIZE — COVERED POCKET (3:5°%o FULL) 
AIR FLOW 800 ft/min. (0-4m3/s.)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.G7 MAIZE - COVERED POCKET (3:5°/o FULL) 
AIR FLOW 1100 ft3/min.(0-5m.7/s)



  

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.6g MAIZE — COVERED POCKET (3-5% FULL) 
AIR FLOW 1350 ft. 3/min. (0-6 m.?/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG 69 MAIZE — COVERED POCKET (3-5 %o FULL) 
AIR FLOW 1700 ft. 3/min. (0'8 m.7/s)



  
b) 25ft (7-6m) DOWNSTREAM 

FIG. 70 PELLETS—FULL POCKET 
AIR FLOW 800ft.?/min.(-4m_7/s)



  

a) STOWER OUTLET 

  
b) 2stt (7.6m) DOWNSTREAM 

FIG.7! PELLETS —FULL POCKET 

AIR FLOW 1100 ft2/min,(0:5m.¥/s)



  
  

  
  

  
  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.72 PELLETS — FULL POCKET 
AIR FLOW 1350 ft, 3/min.(0°6m3/s )



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG.73 PELLETS - FULL POCKET 
AIR FLOW 1700 ft. */min. (0-8m/s)



  
    

      

  

a) STOWER OUTLET 

  
b) 2stt (7.6m) DOWNSTREAM 

FIG 74 PELLETS—COVERED POCKET (I-5%o FULL) 
AIR FLOW 800 ft.>/min. (0-4 m3/s)



  
  

  
    

  

  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.75 PELLETS — COVERED POCKET (I'5°%o FULL) 
AIR FLOW 1100 ft, ?/min.(o-5m.7/s)



  

  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG. 76 PELLETS— COVERED POCKET (I:5°% FULL) 
AIR FLOW 1350 ft. 3/min. (oem. ?/s)



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG 77 PELLETS ~ COVERED POCKET (I:5%o FULL) 
AIR FLOW 1700 ft.3/min, (0-8m.3/s)



  

  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.78 FLAKES — FULL POCKET 

AIR FLOW 800 ft.3/min (0-4m2/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.79 FLAKES — FULL POCKET 

AIR FLOW 1100 ft. 3/min.(0-5m. /s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG, 80 FLAKES — FULL POCKET 
AIR FLOW 1350 ft.?/min.(0-6m.7/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.81 FLAKES — FULL POCKET 
AIR FLOW 1700 ft.?/min.(0-8m.3/s)



  

a) STOWER OUTLET 

b) 25ft (7.6m) DOWNSTREAM 

  
FIG.82 FLAKES — COVERED POCKET( 5:'5°%o FULL) 

AIR FLOW 800 ft.?/min 0-4m.3/s



  

  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.83 FLAKES — COVERED POCKET (5:5°/o FULL) 
AIR FLOW 1100 ft.*/min. (0-5m.*/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.S4 FLAKES - COVERED POCKET (5:5 %o FULL) 
AIR FLOW 1350 ft.?/min (06 m.}/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG 85 FLAKES — COVERED POCKET (5:5°% FULL) 
AIR FLOW 1700 ft. ?/min (0-8 m 3/s



  
b) 25ft (7.6m) DOWNSTREAM 

FIG 86 1/2 IN (13mm) PENCILS - FULL POCKET 
AIR FLOW 800 ft. 3min (0-4m ¥/s)



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG.87 172 1N (13mm) PENCILS - FULL POCKET 
AIR FLOW 1100 ft.4/min (0-5m4/s)



  

a) STOWER OUTLET 

  
b) 25ft (7.6m) DOWNSTREAM 

FIG.88 172 1N (I3mm) PENCILS-FULL POCKET 
AIR FLOW 1350 ft.3/min (0 -6m%/s)



  

a) STOWER OUTLET 

  
b) 25ft (7-6m) DOWNSTREAM 

FIG.89 Y2IN (I3mm)PENCILS-FULL POCKET 
AIR FLOW 1700 ft.3/min (0:8m 3/S)



APPENDIX 3 

STOWSR MODSL TEST RESULTS
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