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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 must either be transported out of the mine or be
deposited into spece 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 &ir, feeding the rock and compressed air into the pipes
through a unit known as a stowing machine. The operation is known as
pneunatic stowing.

The aim of the wcrk 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 oflthe 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 pacsing 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 eir flow and rotor speed values for
the stowing machine.

The author holds the position of lMechanical Project Engineer at the
National Coal Board Mining Research and Development Establishment.

The N.C.B. IMK.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 tﬁeory 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 conc;usions, 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‘6 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
(liaingate end Tailgate) for the transportation of men and materials; out-
put of coal, and the supply of adequete 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, and 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
roadvay, 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 (Figurs 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 METHODS

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 lechanical 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 availsble were the German Torkret, Beien, and Brieden units, and
the English "larkham" Blastower,

The commercially available stowing machines, whilst giving reasonsbly
good service, were still large robust pieces of equipment prone to block-
ages, and difficult to meintain particularly in the confined space avail-
able underground.

An assessment of the merits of pneumatic stowing as compared with
other methods was carried out by the National Coal Board, end it was
decided to instigate a Pneumatic stowing research and development
programme taking into account the following advantagés 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 den;ity 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 DISADVANTAGES

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. Probleus are created by the airbourne dust produced during pneunmatic
stowing operations.

Other points to take into account when considering the use ¢f stowing
equipment is its bulkiness, which hinders the movement of men and materizls,
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 circumstances appertaining
to eny particular 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
essenticl 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 Nationel 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 mechénisation., 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 meant that
pneunztic stowing equipment should be designed to operate in conjunction
with either a continuous ripping machine or road heading machine.

Existing stowing equipment at this time used 6 in (152 mm) diemeter
pipes which handled materizal having a meximum dimension of 3 in (76 mm).
On 6 in (152 mm) stowing equipment a quantity of 2,250 £+ /min (1.7 n/s)
of free air provided reasonably satisfactory stowing over short distances,
up to say 60 yards (55 m). It was therefore considered that with & guantity
of about 850 ft’/min (0.4 ni’/s) the correct stowing conditions in a 3.5 in
(89 mm) diameter pipe could be maintained,

1.7 CONCLUSICNS

From these initial investigations it was thought that the opportunity
to operate efficient stowing with machinery of low pressure, up to 20 lb/inF
(138 x 1¢ x H/mz) 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 smeller in dimensions than existing units and
thus most suitable for installation in the restriction of face roadheads
or advance headings (roadways driven in advence of the cozl face).

1.8 FIRST TRIALS

After a careful study of all the information availsble at that time,
work was started to establish the materisal size to stow successfully
through 3 in (76 mu) 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) diamester pipes.

Results of these first trials indicated that with 4 in (102 mm)
diameter pipes material up to 2 in (51 mm) size could be conveyed along

pipes up to 60 yards (55 m) in length including a 900 bend, and the air
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consumption would be approximately 1,000 ft /min (0.5 m /s) to
1,200 £t /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 a4 combined crushing and stowing machine, which not only featured the
stowing unit but also included the crusher necessary to provide the sized
naterial, a blower for supplying the air, and a conveyor to feed dirt into
the crusher.

A final assessment of the investigations and field trigls 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 ¥/m ).

7. Swing Hemmer 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. Hini stower unit - as compact as possible for the stipulated output.
1.9 FIRST PROTOTYPZ STOWING COMBINE

A prototype of this machine was built by the Central Engineering
Bstablishment, and during 1962 it was subject to surface trials, followed
by underground operations at Glapwell Colliery where some measure of
success was achieved. 35ix more of these machines known as the Bretby 1H.I
Stowing Combine were built and installed underground at three other
collieries. TProbleuws of pipe and stower blockages, difficulties in
maintenance, the failure to meet the increasing rates of advance, and the

lack of machine reliability, resulted in the graduzl withdrawal from
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service of all the seven IK.I Stowing Conmbines.
1.10 ASSESSHZINT AND RECOMIENDATIONS

The FK.I stowing combines did not meet the dirt disposal requirements
at the time they were operated underground. INMeanwhile, 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 requiremesnts at an economic cost.

Experience with the Bretby MK.I Stowing equipment clearly indicated
that its unreliability, failure to meet the reguired 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 & 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 EARLIZR WORK

2.1 PNEUMATIC STOWING EQUIFMENT
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 material to the plece of deposit,
The work covered by this thesis is concerned primarily with the
development of a stowing machine &nd the efficiency of metéring 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
es wvell.
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 bvoth 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 seam mining is
inevitable. In all the available stowing machines the zir passage
through the stower units involves the negotiation of bends, a feature
which is undesirable if blockages are to be eliminated &nd 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 PIPESLINE 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 &nd Technology Index (Editions 1958 to 1968
inclusive)

2. Engineering Index (Editions 1955 to 1967 inclusive)

3. These accepted for Higher Degrees (In the Universities of Great
Britain and Northern Ireland) (Volumas 1950 to 1965 inclusive)

Additionally the reference libraries at the llining Research and
Developuent Establishment and the University of Aston in Birmingham
have been kept under review,

The search for relevent information on the subject of pneumatic
conveying was not limited to the mining industry but was extended to
cover & wide field of the menufacturing and chemical industries, where
the handling of a considerable number of different types of moterials is
carried out. The sources investiguated covered such industrial
activities a&s the transportation of plastics, powders, grain apd
foodstuffs, as well as other research carried out over the last 25
years.

Initially a considerable number of references on pneumatic
conveying were obtained from various sources, and of thece, 43
which were thought likely to contain relevant information, were
selected for further investigation. These are listedu&erippendix 3.

4 study of these selected papers provided some 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 materizls under specific conveying conditions.,
The formulae usuzally involve factors which have to be established
experimentally, and direct extrapolation for the conditions under
which pneumatic stowing operates ic not possible,

To summarise the conclusions to be drawn from the search, it is
felt that the direct application of the different theories and formulze
to pneumstic stowing is questionable. To substantiate this 0pinion.
8ix pepers asre briefly outlined; they give a general indication of
the field of investigation covercd by all the references obtained.
2.3.1. BURK A.D PLUMEE (1) - Suspension of liacroscopic Particles in
a Turbulent Gas Stiream.

BURK AXD PLUNMER have proposed the following equation for the
suspension of macroscopic particles in a fluid strean

S—g

v=K (1;- g)* L SORETN e DORE A el e S T

I

vhere v = the velocity of the fluid necessary lo cause
suspension - cn/s
8 = specific gravity of materisl suspended

¢ = specific gravity of fluid

=73
]

average diasmeter of the particles'- cm
‘K = a constant which depends on the shape of the
articles. For sphericel snd cubical particles
X varies from 47 to 51.
Boustion (1) is simplified if the fluid is air, since then ©
is usually negligible ccmpared with s. In this caese the formulze
becones :

v=K‘ (ds)* '..-0...l....'..I..l!l.lll.l'.l......(z)



where K' = X/o?

Both equations (1) and (2) apply only to the suspension of
particles in a fluid streamn. For transportation of the
particles, velocities in excess of that obtained from the formula
are required.
2s0:2¢ o M DALLAHALLB(B) - Determiﬁing Minimum Air Velocities for
Exhaust Systems.

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 lmown size and density. The materials
consisted of screened cinders, crushed carbon, anthracite, and
quartz, having specific gravities within a range qf 1.08 to 2.65
respectively. ‘The sizes of material varied between 055 ins (1.4 mm)
to .320 ins (8.1 mm).

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 £t/s (5 and 14 n/s) the velocities increasing
with an increase in size, and specific gravity.

DALLAVALLE proposed the following equation which was found to
fit his established data.

For Horizontal Pipes:-

0,398

Ao L R G e o SR

vhere v = min velocity for suspension - £t/min

s = 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 eguation (1)

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

pipes,
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2.3.3. maon wadstr(4+3:6) _ wyolume, Shape and Roundness of Rock
Particles", "Sphericity and 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* preperty of a circle, and reads :

A S R AR B S SR G e e

where £ = 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 frem 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
value of the degree of true sphericity. This is based upon the
isoperimetric* propert& of a sphere and is obtained by the
formila @

¥ = As/s
where ¥ = degree of true sphericity
As = surface area of a sphere having the sare volume as

the particle - ind
2

S = actual surface area of the particle - in

In his expression the maximum value obtained is unity, this
being the nunmerical 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 & means of expressing the shage

* Of figures having equal perimecters
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of rock particles. The resistance of submerged particles is uced as
a basis for determining the coefficient of resistance as a function
of Reynolds nunmber 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.
2,554, 'R. $0DAVIES 1) & The nonveyancs: of solid psrticles by Muid
Suspension.

DAVIZES attempts to establish a general principle for the
conveyance of sclid particles in both fluids and gases., Both
spherical and flaky particles are considered, and a general formula
is proposed for the velocity of a fluid at a point where particles
Jjust commence to rise end disperse in the moving strean,

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

is given as :

_ 128 ¥ (m-Vr)
Yo.malw o2

where Vo = initiel mixing velocity - ft/s
Wt = Mass density of the fluid - 1b/ft>

Wm = solid Mass density of the material composing the

]

perticles - 1b/ft’

V = Voluue of the particle — ir

2

A horizental cross sectional area of the particle - id

I

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 minimum
surfzce per unit volume of material.

Irregularly shaped particles fall between these two extrenes,

8)

2.0.5. SHINZD KIKKAUA( - "Research on the Pneunztic 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 jusi before clogging takes place.
The use of the gravimetric mixture ratio (Veight of conveyed particles
per unit time/weight of air flowing per unit time) and volumetric
mixture ratio (Volume of conveyed particles per unit tine/voluue of
air flowing per unit time) as a value for defining mixfure ratio is
discussed.

KIKXAWA suggests that neither of the two ratios mentioned is
suitable for discussing the behaviour of concentrated particles
ih a horizontal pipe, and defines a new concentration of particles
vhich takes into account the vertical distribution of p&rticlcs
in a horizontal pipe as well as the reclative velocity between the
air stream and the solid particles. The newly defined concentration

of particles (n) is given as 3

m= u (Vi Un/'u's Vm)
3
where Wa = specific weight of air - 1b/2%
Ua = Hean velocity of air stream - ft/s

Ws

I

Specific weight of particle - 1b/ft
Vm = Mean velocity of a particle in the transport pipe ~ft/s
M = Hean gravimetric mixture ratio
From ﬁhe results of experiments using soyabeans and tenite* particles,
KIKFKAWA derives an empirical fermula relating the "concentration of
particles" (m) to the "rate of decrease of acceleration factor" (Kyko).

The formula states :

Ko = 4 (oxp (-424m) + 900261/, 0.00261}
where K = Acceleration factor of concentrated particle
Ko = Acceleration factor of a single particle

* Thermoplastic consisting of cellulose acetate butyrate
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m = Concentration of particles factor
2.3.6. P. H. BROADHURST'?) - "he Pneumatic Tramsport of Materiels
for Stowage of Underground Workings".

BROADHUKST investigated the general principles associated with
the pneumatic conveying of large size solids by pipeline. The
relevant information from these investigations falls into three sections,
namely :

(1) Stowing Materials

(2) Convyeing material round bends

(3) faterial movement in the pipeline,

The work of BROADHURST is referred to in greater detail in Chzpter 6
because his investigations whilst limited to material movement in the
pipeline and around bends also considered the suitability of meterial
for stowing operations. The information contained in his work must be taken
into account when considering stowing equipment as a whole, and his
paper therefore offers some contribution to the investigations involving
the actual stowing machine development.

2.4 ASSESSHENT OF OTHER INVE3TIGATIONS

There have been many attempts to establish formulaee for calculating
the fluid velocities required to obtain a suspension of particles in a
gas stream. The theories and formulae submitted by the meny workers
are based on investigations which consider specific shapes such es
spheres, cubes and prisms. The size of particles considered have in

-the nain, Eeen 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
formulze presented couldlbe 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 vhich
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 formulce
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 mude to identify'this factor by
relating particle size to spheres having the same volume as the particle.
In other cases attempts have been made to obtain the particle size
factor by considering the surface areas, perimeters, and degree cf
circularity- of irregular shaped particles. For the conveyance of particles
which are basicelly of the same chape and size, it is acceptable that the
degree of circularity or the degree of sphericity can be usefully
employed. In the case of stowing msterials, where for any particulcr
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.
2.442, MATERIAL DISTRIBUTION

In stowing operations the percentage of fines‘ZEéss than 4 in
(3 naxr to rock particles Z;b to 2.5 in (63 mqi7 is dependant
entirely on the method of producing the debris (ﬂHachine Cut" or “Blown“).
IIn eny unit volume of material passing through the stowing system, the
cohcentration of particles can vary enormously according tec the
percentege of fines in the gtowing material. This'condition which
exists in pneumatic stowing mesans that the conveying state of the
material is continually chainging during stowing operations,

In the work by KIKKAVA referred to in section 2.3.5. the vertical
distribution of particles in & horizontal pipe is considered, and a

concentration of particles factor is derived, The usefulness of
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KIKZTAWA'S formula for pneumatic stowing is zgain doubiful because
the mean wvelocity of the particles must be known, and in the case of
pneumatic stowing, a value for this velocity which covers all the
different sizes &nd sheapes would bz extremely difficult to assess. The
work of KIRKAWA zlso takes into consideration a particle radius factor
which again involves the shape and size of particles to be concidered.
2.5 CONCLUSICNS

The many formulae available for determining the flow conditions for
transportation of material in horizontal pipes cannot be directly
applied to pneumatic stowing for the reasons given previously. It is
suggested that there is no single formula available for predicting
cﬁrrying or fleoating velocities for pneunetic stowing operations where the
solids/gas ratios can vary ccnsiderably within any one unit of time, In
the case of pnewmatic stowing, data must be obtained from experimental
investigations if the conditions for efficient stowing operations are to

be predicted.
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CHAPTER 3
STOVER DESIGN THEORY

Set REqUiREMENTS
The first phase of the development was bzsed on the following
requirenents,
1. Size of material to be handled - up to 2 in (51 mn)
2, Stowing rate 40 tons (40.6 tonres)/h based on a material
density of 90 1b/ft (1442 kg/m"')
3. Air supply 1000 ftB/min (0.5 mj/s) free air delivery
4. Operating pressures up to 15 1v/in (4103 x 103 I-’/ma)
5. Meximum dimensions of machine to be : height éO in (508 mm)
width 27 in (686 mn) 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 was made on the basis that
existing developments both inside and outside the Nationzl Cozl Board
had used this principle, and it was considered that there was still
considerable scope and potential in this type of machine.
3.2 DESIGH PARAMLTERS
The design perameters for a stower test rig were selected after
examining the features of existing equipment,and assessing the
reasons for the faults and failures already experienced. This design
study was divided into the following sections :
1e The air system through the machine.
2. The shepe and size of the stower rotor, which includes the
nunber 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 PHEUMATIC PRINCIPLES

- One of the faults with previous stower uﬁits 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 & fairly high proportion of the total available pressure,
resulting in insufficient energy to prevent sticky materizls =nd oversize
particles from clogging the stower and conveying pipeline. On closer
examineation of the Fk.I stower unit, one of the bad features of
design was 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 develoyment should be based on a straight horizontal zir path
through the stower, and the rotor pocket was to be designed to pass
through the conveying air allowing the materizl 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 approximztely 20 in (508 mm) meant that the rotor could not
be more than about 14 in (356 mm) diemeter. 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 diamester - in
1l = length of rotor - in
W = Width of Rotor Paddle - in

i = Number of Rotor Paddles
n = Rotor speed - rev/min

3
Mass Density of Material - 1b/ft

1

P

then swept volume of rotor pockets per revolution is given by
lﬁ (De.“da) - ml’(n-y Cul ft/rev. ..........lll....l.l.l(1)
4 2

and rotor output

=60 Enl _(Dz-dz ) - m‘l(D"’fyTons/hro ......-.....-.-.-...(2)
2240 [ 4 2

Figure 6 shows the theoretical outputs plotted for-a range of rotor
sizes and numbers of paddles, the outputs being based on Q;(ienSttH
of 100 1b/ft5 (1601 kgjﬁ?) end for a rotor speed range between 40 and
80 rpm. The thickness of the paddles was fixed at 1 in (25 mm), this
being the size necessery 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 diemeter 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/h)

These outputs are based on a material mass density of 100 1ba/f€
(1601 kg/mj). For other material densities the output values are 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 mess density that was
considered likely to be handled. This was estimated to be 60 lb/ft3
(961 kgjhf) which reduced the output figures on the chart by a factor
of 0.6

Ancther point to be considered was that the actual veiume of material
metered by the rotor would be something less than the calculated wvolume,
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 materizl to be héndled. The sizes are
to some extent determined by the means used for winning the materizl,
for example, machine cut with eithera ripping, roadheading, or tunnelling
machine, or blown by explosives with or without subsequent crushing.

The development of a machine which would meet the required ouiput
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 EQS 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 mn) or 5 in (127 mn), bearing in mind that the meximum 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 materizl size, the hub diameter could not be less than 6 in
(152 mm) o

One of the important operatingfeatures is the manner in which the
material is fed to the stowing equipment. Dué 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 sm2ll amounts between.
Because of this, it was considered that the 50 tons/h (50.8 tonnes/h)
requirement was defined as the average output. Thic meant that the
stower had to be capable of handling meterial at much higher rates than
50 tons/h (50.8 tonnes/h), and in fact, past cxperience has shown that
peaks as high as 150 tons/h (152.5 tonnes/h) mey well be necessary in
order to guarantee a consistent averasze of 50 tons/h (50.8 tonnes/h).

All the features metioned were finally considered together, teking
into account their effects on one another. The selection of rotor size
was narrowed to a tip diameter between 13 in (330 mn) and 14 in (356 mn)
with a hub size between 6 in (152 mn) and 7 in (178 um).

3.5 ROTOR POCKZETS

Figure 7 shows the initial design of rotor selected for the stower
test rig trisls. 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 cLens;LB-_ of 100 1b/ft’ (1601 kg/m)
and a rotor speed of 40 R.P.l. is approximately 120 tons/h (122 tonnes/hn).
The mass density of the qaterial to be handled during the triels varied
between 75 and 100 1b/f¥ (1202 and 1601 kg/rf ), and the actusl rotor

speed was to be determined by test rig trials,
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3.6 STOWER INL4T AND OUTLET PIPES

A study of the manner in which the air is introduced to the
stower unit, and the way the materizal 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 breekdowns in stowing operations
wvere mainly due to blockages within the stower unit and the first
6 £t (1.8 m) of piping. This particular problem had to be overcome
for successful stowing, therefore the design of both the inlet
énd outlet pipes to the stower was considered critical. There was
no aveilable information vwhich 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 tﬂe rotor pockets,
end the aperture 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 nc apparent
reason why the aperture into the stower, gnd the shape 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 mn) diameter. The pipe was positioned relative to the rotor
paddles such that the air supply was directed within the arsa 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 7).
3.8 COUTLET 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 mm) 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 7).
3.9 AIR POCK=T ZXHAUST

One Qf 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 meterial to the air 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 fged 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 tales 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 meterizl discherge. (Figure 8)
Let P = Pressure iﬁside rotor pocket at time +t.

v

Volume of rotor pocket.

t

]

Instant of time,
Po = Air at atmospheric pressure.

k

Factor derived from air velocity and orifice area.

Assuming isothernmal expension
L ]
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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

Hence PV _ (P + dP)V

Po Po

ﬂﬂ
Po

i -2/ -Po

At time ¢

= Constant

ﬂnd&%&i

when P
T

Expressing the pressures

T

vwhere W = density of the

temperature.
Factor k

The discharge losses at
&nd shape of the orifice, and
is necessary to consider this
Air velocity at the orifice
Air Volume (Discharge)
where Cd

From equation(1)loss of air

Po Po

kvP-Po dt ..ll.l..._.....l..-.(1)

kvP - Po dt

i

fPol_q dt
v

Pok t + constant cececosoasss(2)
v

0,let pressure be Pi

]
I
n

P1 = Po

2(/P1-Po - ./P-Po)

Po the time taken is given by

v /A -Po
~ Po

in terms of ft head,

= 20 ¥o 1§/1444, EDY = Po)i o soechesotn)

144 Po Wi

air at the corresponding pressure and

the orifice will be dependant on the size
as the factor can be as low as 0.6 it

= gk

= CdA ZgH 0.0..-..0.-.......-..(4)
= Coefficient of discharge

k/P - Po dt

" k\/KE:;;EEIIE; dt (Pressure difference

expressed in ft-head)
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Substituting for k in equation 4,

Cd A¢2g ooo.o-s---ouccoo--ono(s)

k

Substituting in equation 3,

144 (P 1~ Po)
P = 27 Wo W

144 Po Cd A /2 ¢

V VWo y1 Pl - P W
72 Po A Cdf2g secssene(6)

Exhaust time (T)

where V = Volume of Rotor Pocket - in’

P = Air Pressure in Rotor Pocket - lb/in2
Po = Atmospheric Pressure - 1b/in®
A = Area of Exhaust Orifice - in?
W = Air density at Eguivalent pressure = lb/f‘l:3
(Constant imbient Temperature
assumed)

The available time to exhaust a rotor pdcket is dependant on the speed
of the rotor. By equating the availeable time to equation 6 the
diameter of the orifice can be determined.

The equation can only give an approximztion 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
héad reduces down to zero during the time exhausting is taking place.

Applying the formula for & range of pocket pressures up to the
maximum of approximately 15 lb/in2 (103 x 16’N/§) gives a range of orifice
diameters between 1.3 in (31 mm) and 2.5 in (63 mm). This is based on
& reange of rotor speeds between 30 and 60 R.P.lM. 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 mm)
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 ansolute minimum. This in
itself is not difficult to achieve providing very fine clearances
between relative components can be meintained. Initially the running
clearances between the rotor and the stower barrel can be obtained
by controiling the mechined 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. Thes« 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 meéns 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 Jinclusion of adjustable plates complicates the stower
design and increases the cost of manufacture.

2. The reguler maintenance requirements were extremely difficult to
enferce underground where mzchine operators are not necessarily
technicians.

3. After the range of zdjustment 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 wunit wes held in stock as a
stendby unit. This added to the already high capital expenditure
reqﬁired 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
plate 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
vhich was extremely unlikely unless the bore of the barrel was made of
softer materisl than the rotor. Thie idea led to fitting the stower
barrel with & liner of materizl softer then tﬁ&t of the rotor tips.
This liner could easily be replaced after wear had taken place.

After investigations into the various available materizls
suitable for this application, Nylon 66 (Polypenco) appeared to meet
the requirements. This materizl was commercially available in bars,
sheets and tube. This type lylon 66 is the most universally used
polyamide for industrial and engineering purposes, It is exceptionally
tough, strong, resilient, light in weight, resistant to shock, wear
and mechanical stresses, non-brittle and has a low coefficient of
friction requiring little or no lubrication.

It was thought that the resilience of this material would provide
a means of enabling the rotor tip clearance to be kept to a minimum
for sufiicient time to give a reasonable life to the liners before
replacemsnt 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 resglts 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 particularly when considering the savings in labour and

tinme 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 system.

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 aﬁ it was
planned that specific limited trials would be sufficient to
provide the basic information, &nd 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 & S5hp 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 80 RFM. 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 bLecoming 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 £¥ /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 ¢f the size
and shape of the aperture in 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 equirment 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 i&festigated.

4.3.1. ROTOR (Figure 7)

Initially the test rig was menufactured 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 clearences 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
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experience had shown that material up to 3 in (76 mm), in size could be
conveyed down & 4 in (102 mm) diameter pipe.

4.3.3. STOWER INLET

The size of the inlet pipe was determined to & large extent by the
available 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 atgributable to the failure to eaccelerate
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 conditioﬁs, 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/h) 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/irc (69 x 10 ¥/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 vipe 3 in (76 mm) dismeter
The type of flow in the pipe is dependent on the Reynolds number. (Re)

Re=ﬁ-‘ .....'..l.l.-..l'-..ID...'O..l..........‘....l(i)
v

vhere V = Mean velocity in the pipe (ft/sec)

d

diameter of pipe (ft)
2
v = Kinematic viscosity of the air (ft /sec)
3
Blower capacity = 1000 £t /min - Free air delivery

3
. « for pipe pressure of 1 atmosphere, air volume = 500 ft /min
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Re = 00 x x_i
60 x ™ xd v

= 200 x 4 . 1

60 x T x d v

= 100/3 &%

L] . Re

10.6 dv ...I.I.....I..l.i.............'....I......C.(g)
From "Knetic Viscosity of air" chart

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

Substituting in (2) Re = 10.6 x .25 x 0.8 x 10"

e o BB = 21,250 (Flow is turbulent)
For Turbulent Flow the head loss on a pipe due to friction is given

by the Darcy Formulae:

hf = f%g_z_ ...........................................-(3)
where hf = head loss £t fluid

L = Length of pipe ft

d = Pipe diameter ft

V = Velocity ) ft/sec

f = friction coefficient dimensionless

Applying this formula to the air supply pipe between the blower and
stower, the friction coesfficient 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 and 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:

.1. ~21 Og«io g—'—il + __k_d/
‘/? Rg/f BT

where k = Hydraulic Roughness

(12)
The formula has been plotted by Professor Moody as a grarh cf

f against Re for given values of k/d.
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To dete e pressure loss in air pipe between Blower and Stower
I Straizht Pipes
For smooth rubber hose or steel pipe,

0.002 in

Hydraulic Roughness (k)

k Factor = 0.002 = 0.008
d 0.25

From the "Moody Chart of Colebrook-white Transition Formula":-—

For Re

21,250 and k factor 0.008
d

4 0.038

Substituting in equation (3)

h, = 02%6L x50 x4 £t
2 x32.2x.25% 60 x7x .25

Head loss in Pipe = 0.4L ft
This represents a pressure loss of 1.72 1b/izfa rer 10 £t length of
straight piping. (11.8 x 10° I/m° per 3 m length)

This figure will vary according to the air flow in the pipe
end 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 iﬂcluded 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 the‘pressure 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 = f-14 b, i
D 2g
Tha eq'lJiV&lent length I-I = QE -ooooo.lco.ooool-o.aooit(s)
f
where K = 1loss coefficient

(13)
The results of tests on smooth bends by WASIELEWSKI provides the

loss coefficient for bends less than 90° for R ratios
d

where R Bend radius

d = Pipe diameter

For the 45° bends in the air inlet piping

R factor = 4
d
From Wasielewski's graph.
qus Coefficient K = 0.008
Substituting in (5)
equivalent head loss = =2g gBQQQ ft

0.53 1b/in® (4 x 10° N/n°)

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 system.

The calculations show that the inlet pipe losses could be as
high as 3 1b/in® (21 x 10° ¥/n°) on the basis that the pipe layout
included 10 £t (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 umount 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 90° bend. (Figures 15 & 16) This particular
pipe run was chosen because stoéing 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 triels were carried out
using 'run-of-mine' dirt which was sized to -3in (=76 mm), and having
o  density of 72 lb/ft3 (1152 kg/mj). 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
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FIG I3 FEED HOPPER TO STOWER



FIG 14 AUTOMATIC WEIGHING MACHINE
BETWEEN BUNKER & STOWER

I e

FIG IS STOWING PIPE 90° BEND



el D o2

FIG I6 STOWER OUTLET PIPE

S




S :
" 6 PADDLES.
101-6mm (4ins.)

AREA THROUGH FULL LENGTH
OF ROTOR 69-03cm2 (10:-7ins2)

(a) ROTOR.

“,
10l bmm (4ins)
AREA B9 68em?
(13-91n82)
LY

(b) END COVER (OUTLET) (c) END COVER (INLET)

228.Gmm (Sins)

COVER HOLE SECTION TO 101-6 mm.

(4ins.) DIA. BORE.

(d) OUTLEY PIPE TAPERED FROM END (e) INLET PIPE.

FIG. I8 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 & rotor speeds of 30 and 34 rev/min
showed soﬁe improvement and outputs up to 29.6 tons/h (30.1 tonnes/h)
were recorded for pressures up to 13 lb/in2 (90 x 103 N/mz) (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 Blowe:r 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 crusﬁing does take place.

To improve the passage through the stower and to reduce the eir
losses between the rofor 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 seane,
| Further trials with this arrangement were unsatisfactory because
of continual blockages in the stower and the first stowing pipe.
Exeminations carried out each time the blockages occurred, indicated
that the 12,7 mm (% in) step created at the base of the stower by the
introduction of the barrel liner, was causing blockage within the stower.
It also eppeared 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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POLYPENCO LINER.

162 mm.(3ns)

STOWER BARREL.
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DROP AREA

BELOW ROTOR PATH: 17-74 cm2 (2:75 ns?)
(a) ROTCR. :

(b) END COVER (OUTLET) (c) END COVER (INLET)

228 Gmem  (3ins)

(d) OUTLET PIPE TAPERED FROM END (e) INLET PIPE.

COVER HOLE SECTION TO 101-6mm.
(41ns ) DIA. BORE.

FIG.20 CSTOWER 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 mm to =51 mm)
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 ft3/min
(1.1 mB/a) free air delivery. This type of compressor was capable
of operating at pressures up to 25 lb/in? (172 x 103 N/mz).

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 CONCLUSICHNS

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° N/nm° ).
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., BExamination of the
blocked pipes did not show any evidence of oversize pieces being the
cause., The material was always found to be -2 in (u51 mm) which ﬁas
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 aslug 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 ai? 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 system.

If this principle was correct it was thought that the peak
pressures of 20 1b/in° (138 x 10319Gn3 which occurred during the last
tests might well be reduced if the pipe build up and blockages could be
eliminated.

As 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 secord 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 were more acceptable are shown in Figure 235. It can be
seen that the circuler 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 STOVER DEVELOPHMENT - ASSESSMaNT

The objectives of the de&eloPment 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 limitations dictated by the available 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 resirictions underground, The introduction of Polypenco liners
reduced the outside diameter from 14 in (356 mm) to 13 in (33%0 mm),
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 & good acceleration of material away from the
stower. The final shepe which is shown in Figure 23 also simpiifies 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 any 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 4 in (13 mm) "drop"

(Figure 22) was introduced. Then further trials with 2 in (51 mm)
and 3 in (76 mm) "drops" were carried out.

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

1. The pressure drop across the stower was reduced ffom the original
7 1v/ir° (48 x 10° 1/m? to 2.5 1v/in (17 x 100 N/m')

2. The pneumatic conveying of the materiel through the stower and
along the stowing pipe system was unintefrupted, 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 INLZET 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 seﬁi—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, (%, 2 and 3 in "drops") (13 um, 51 mn and 76 mm).
The total reduction in pressure drop is of the order of 7 1b/in

(48 x 10 §/n®) and the total back pressure for en output of 80 tons/h
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(81 tonnes/h) 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 ftj/m (11 m%/s) free air delivery from a compressor capable
of operating at pressures up to 25 1b/in° (172 x 10° ¥/w’). No attempt
has been made in the study ® indicate what proportion of the pressure
drop along the stowing pipe range was attributable to the 90o bend.
4.15 OUTPUT EFFICIENCY

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 i=

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:have been between 60 and 80 tons/n
(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 hes also varied during the
trials programme but on average the material has been of the order of
80 1b/£t> (1280 kg/n’), and this figure has been used in the calculation.

From Figure 6, for a 5 paddle rotor, hub dismeter 7 in (178 mm),
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 1b/ft3 (1601 kg/ms).

For a material density of 80 1b/ft

Theoretical Rotor Output = 143 x °0/100 = 114 tons/h
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Output Efficiency = Achieved Output =70 x 100
114

Theoretical Output

= 61%

4.16 AIR REQUIREMENTS

During the early trials, a blower capable of 1000 fta/min (0.5 a /s)
free air déliver§ 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 delivéry.
4.17 CONCLUSIONS ‘

The objective of producing a design giving a throughput of 60 tons/h
(61 tonnes/h) ffee 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 performence 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 as 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
pockels 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 pipelinc 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 probleums.

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
;lear 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 finzl design of the
prototype stower. Figure 25 shows the basic design features of thc stower

which could operate with either a 5 or 6 paddle rotor,
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CHAPTER 5
STOWER MODEL INVESTIGATIQNS

5.1 STOWER MODZEL

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 tonnés/h). These requiréments 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 pipeline; and to
determine whether any further improvements were possible. A study of
material beheviour within the stowing system was therefore undertaken.
This involved the manufacture 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,
end to enable some of the tests to be recorded on film by using a high
speed cemera,

The stower unit itself was identical in internal details to the
ﬁrototype stowing machine, and to complete the stowing system € ins
(152 nm) diameter perspex pipes were used. The stower rotor consisted
of & wooden hub 7 ins (178 mm) diameter fitted with five % ins (13 mnm)
thick perspex radial paddles. The pocket shape and tip diemeter of the
rotor was also & 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 stéwer model formed
the basic component. The rig requirecments were,
1. To mount the stower model complete with its horizontal stowing
pipeline at a convenient heignt above groﬁnd 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.
% To proﬁide air to the rig and the means of controlling the air
volume over a range up to 1800 f£t°/min (0.8 ﬁ%/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 2 bench (Figure 26) and was driven
by & 0.75 hp (5.6 x 102 W) self contained power unit comprising, motor,
reduction gear, varietor, 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 variasble stower
rotor speed up to 80 revolutions per minute.

Air to the model stower was sﬁpplied through a 6 ins (152 mm)
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 AIRINLET PIPE SHOWING VHF
RECORDER FOR TEMPS AND PRESSURES



FIG 28 AIR INLET SHOWING RECORDER
FOR AIR FLOWS AND PRESSURES

N -

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 & capacity
of 1000 £ /min (0.5 w/s) free air delivery and was capable of operating
at pressures up to 10 1b/in (69 x IOJSN/mz). 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 consicsted of o
40 £t (12 m) length of straight 6 in (152 mm) diameter perspex piping,
mede up from standard 3 £t (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 & 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 grafity fed into the hgpper by'raising the sliding door.
This method of material feed was tried dﬁring the initial commissioning

period of the test rig, but was found to be unacceptable because control
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FIG 30 STOWING PIPE RANGE SHOWING
RECEIVING HOPPER AND AIR OUTLET

-

FIG 31 TEST RECORDING USING
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 en 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 tolclear the stowing pipes passing directly beneath. The conveyor
was 4driven 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
%ramework at the tail end of the coaveyor allowed a removable feed hopper
to be suspended above the conveyor, and at the feéd end a sliding gate
(Figure 32) was fitted to control the bedldepth of material passing into
the nmodel stouer.
5.4 TEST RIG INSTRULEITATION

During the investigations it was necessary to provide means 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 MEASUREMENT

Air flows up to 1800 ff’ /min (c.8 mj/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 fhe 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 fts/min (m{/s). The air flows were
registere& on a2 Kent recorder which was pésitioned 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.
5ade2 PIPQ PRuUSSURS 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 menometers were tried but the comparatively low pressures
(below 4 1b/in® (28 x 10° N/n?)) were difficult to obtain with reasonable
accuracy. It also became obvious that pressures and femperatures would
need to be recorded automatically during the testé that were to talke 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.

. Pressurc and temperature tappings were mede at points in the pipeline
approximately 15 ins (381 mm) each side of the stower model, and at a
position downstream 25 £t (7.6 m) from the stower.

5.5 HODEL TEST RECORDING

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

necessary to make provision for recording En 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 s speed of 64 framcs/sec which was
the maximum speed at which the camera could operate, and by using a
varieble 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 stowing pipe within the range
of the camera vision (Figure 26). The periphéry of the clock dial was
graduated into tenth and hundredth digits, and the speed of the indicator
finger could pe 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 REJUIREHENTS

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. Hining debris, which can include Shale, ludstone, Fireclay and
Sandstoné, 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 duct problem inside
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laboratory.

The search for suitable stowing material for the model test rig was

therefore
(1)
(ii)

(iii)

(iv)

The

success,

based on the following requirements:

The size of material to be up to approximately 2 in (51 mm)
The abrasiveness of the material to be such that it would not
scratch or mark the perspex and impeir the study of material
behaviour,

The strength of the material to be such that if pieces Jammed
inside the stower, they would either break or allow the torgue
limiter to become dissengeged without dauzge to the perspex
stower barrel or rotor blades.

The selection of several materials of different shapes and
densities. The densities being over a'range between 45 and

90 1b/£t> (721 and 1442 kg/ud) this being T e
used during the prototype stower trials.
use of rubber and plastic materials were investigated without

but eventuslly the materials which came nearest to the reguire-

ments were found to be animal foods. The selection of this type of

material

also offered the advantage of using some materizls having known

shape and size.

5.7 STOWING MATZRIAL SELECTION

Five different materials were finally selected for the model test

rig investigations, these were

1. Pellets (Figure 34) + in diameter x £ in long (3.2 mm diameter

L2

3 3
5 mm long. Density 44.9 1b/ft (720 kg/m”).

2. Pencils (Figure 35) ¥ in diameter x + in long (9.5 mm diameter

x 12.7 mm long). . Density 80.4 1bv/ft> (1285 kg/m’).

3. Penc

ils (Figure 36) % in diameter x 2 in long (12.7 mm diameter

x 19 mn long. Density 74.8 1b/ft> (1200 kg/m>).

4. Flat Maize (Figure 37) 126 in diemeter x,)% in thick (8 mm diameter



5¢2mm dia, x 9, 5mm
(gin dia. x £in)

FIG 34 MATERIALS FOR STOWER MODEL .

INVESTIGATIONS

Pn‘.NC ILS

9, 5mm dia, x
({in Aia, x 14

FIG 35 MATERIALS FOR STOWER MODEL
INVESTIGATIONS
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12, /mm dia, x 19mm

s . 35
(3in dia. x %in)

FIG 36 MATERIALS FOR STOWER MODEL
INVESTIGATIONS

FLAT MAIZE

8mm dia. x 4mm

r E
(°/16in dia. x -/32in)
FIG 37 MATERIALS FOR STOWER MODEL
INVESTIGATIONS
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X 4 mm thick). Density 84.2 1‘0/1"1:3 (1346 kg mj).
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 lb/fg

(1425 xg/n’).
5.8 MODEL TEST RIG COMMISSIONING

On completion of the test rig it was necessary to carry out some
initiel triel 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 HNATEZRIAL LOADING AND RECEIVING

Initially two identical hoppers were built, one for receiving the
‘material at the end of the stowing pipeline, end @he other for feeding
the ﬁaterial at the tail end of the feed conveyo?. Several test runs
were made with this system but it was fouﬁd that the time between
finishing one test and starting 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
overhcad crane, this being operated the full length of the rig each
tine a change took place. Dventually 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 obtezined to allow a number
of tests to be carried out before it was necessary to empty the
receiving hopper.
5.3.2 ATR FLOY CALIBRATION

A separate electrical control unit was-supplicd for each of the
blowers supplying the air to the model test rig. Bach blower had a
separate control switch inside the laboratory adjzcent to the Tig.
To provide air flouws up to the capacity of the two blowers, two pipe
connectiéns (Figure 29) were used %o bleed air from the systen to

atmosphere. A valve was fitted & the end of one of the pipe connections,



NUT FLAKAS

Smm thick - up to 63.5mm Size

/ . : - \
thick - up to 2zin Size)

FIG 38 MATERIALS FOR STOWER MODEL |
INVESTIGATIONS
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and bolted onto the other comnection was a tlanking plate incorporating
replacable plugs.

Tests vere 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 |

(i) 0 to 2,000 £t°/min (0 to 1 u’/s)

(ii) 0 to 50 1b/in® (0 to 344 x 10° N/u?)

5.8.3 INSTRUM&NT CALIBRATION

The air pressures and temperatures at the pipe wall were recorded on
& 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. Pi1 (Before Stower)

10 1bs/ix® = 5 in (69 x 10° N/m>

2, P2 (After Stower) = 127 mn)

3. P3 (Stowing Pipeline)

4, T1 (Before Stower) 18.75°C = 1.0 an (25.4 mm)
5. T2 (After Stower) 18.7500 = 0.9 in (22.8 mm)
6. T3 (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 OSTOWER MODEL 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,
5.9.1 HKATSRIAL HOVEMENT FROM STOWER ROTOR
During the development of the prototype stowing machine the operating
speed of the stower rotor was selected at approximatelﬁ 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
teét 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 Broadhurségl 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 vere ca?ried out with the stower model to measure the rates at
which these materials were accelerated from the stower rotor pockets.
For each test,known 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 materizl volumes tests were carried out for
a number of air flows up to 1800 £t°/min (0.8 w’/s) free sir 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 meximum material weight plotted on each curve represents that of a
full rotor pocket. The available time to clear a rotor rocket 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. Fo;-example,
referring to Figure 39,

Air Flow 1100 £ /min (0.5 u’/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.HM.

This rotqr speed of 30 R.P.lM. 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 shown 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 anA'1800 ftj/min (0.5 and 0.8 m%/s).

For an air flow of 1800 ftj/min (0.8 z?/s), the optimum rotor speed

varies for the different materials between 43 R.P.M. for the Pellets
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and 57 R.P.H. for the Flakes. Tests to determine the optimum rotor
speeds for air flows in excess of 1800 ffi/min (0.8 n?/s) were not
carried out, 3ut 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 ftj/min (1 w/s)
is within the range of 58 to 68 R.P.HM.

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 & more accurate assessment of the optimum rotor
speed, the results of the model tests does confirm that the spced of
60 R.P.H. 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 thet further detailed investigations on
optimum rotor speeds would not provide infonmétion vhich was any more
conclusive than that obtained from the work carried out with the stowver
model.

5.9.3 UNATERIAL BEHAVIOUR

Haterial-blockages within the stower and first 6 £t (1.8 n) 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 apparently found, the way in which blockages occur was not
clearly understood. To obtein somé'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
movenent 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 ft%/min free air delivery, (0.4 to 0.8 ms/s). 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 FLOJ 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. Th;se are,

1. SALTATION (Fig. 43A)

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 ir a
build up of the stable bed of material which éventuélly results in the
blockage of the pipe. This state is known as "SALTATION" and is defined
by Bagnozar ' %/,

2, PSEUDO GAS STATE (Fig. 43B)

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 kmown as "PSEUDO GAS STATE",

3. INTERMEDIATE STATE (Fig. 43C)

At moderate air flows solids move along the lower half of the pipe
with varying solid concentrafion. The smaller particles are more evenly
distributed and are carried in the :e.ir 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 + in
(13 mm) vertical divisions. Each 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 i& 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 settlemen: end
pipe blockages in 6 in (152 mm) diameter pipes with air flows significantly
below 2000 £t /min (0.9 n/s).
5.9.5 AIR FLOW INVESTIGATIONS - OBJECTIVES

The s:i.gnificé.nce of establishing whether air flows below 2000 ft 3/min
(0.9 m%/s) would be sufficient for stowing operations in 6 in (152 mm)
diameter pipes lies in the appreciation of the financizl 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 ftj/min (1.1 mj/s) free air delivery
for. dirt disposal operations rules out pneumztic stowing on economic
grounds apart from the serious problem of physical size. A major saving
in costs is possible if a Roofes type blower could be used. It has
already been established during the prototype stower trials that
pressures up to 15 lbs/in2 (103 x 10j K/ma) are sufficient for the stowing
circuit which was 60 yds (55 n ) long. Of equal importance is the air

volume vhich a blower would have to deliver. Air flows substantially
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below 2000 £t°/min (1.00 mj/s) would not only maks the air requirements
within the scope of a small blower, but would contribute considerably to
reducing the size of the eguipment, 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 meterial
behaviour were carried out for full rotor pockets of materiel 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 smeller
material volumes were carried out to observe what effects this had on
materizl 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 maverial in the pipe, and the percentage of material
seen to be in settlement. The observations are tabulated in Figures 44 to
a7. '

In the tables (Figures 44 to 47) the two‘volumes for each material
and air flow combination represents the full rotor pocke* and covered
rotor pocket conditions. An assessment of the flow charécteristics are
shown and at each of the observation points selected, the condition of
flow in terms of thossdefined previously (5.9.4) is given.

5.8.7 HATERIAL 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 azsessment
of material distribution shown in Figures 44 to 47 has been presented

grephically in Figures 48 and 49. fThe 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 shown in Figure 48, 4All the materials
investigated moved from the stower in the "INTZRMEDIATE STATE" (Figure 43C),
and the effect of increase in air flow up to 1700 £ /min (0.85 ms/s) was
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 disiinct
difference in the distribution of meaterial than did the other materizls
which followed similar patterns of behaviour. At the maximum air flow
operated during these investigations (1700 £t [min 0.85 & /s).up to 505
of the pencils were in suspension compared with a figure of 20% for the
other matericls.

Observations for air flows beyond 1700 ft3 /min(0.85 mz/s) was not
possible but on the assumption that the gradient of the curves shown in
Figure 49 continue in the same menner, then if can ﬁe seen vhat with an
air flow of 2000 ft{/min (0.9 m3/s) the percentage volume of material
moving in suspension is approx. 707% for the pencils and between 20 and
30/ for the other materials. Considering these velues as a whole, an
air flow of 2000 £t /min (0.9 o /s) would mednkein 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 must move from
vhe stower in the eir stream. On this basis, and from the observations
.carried out there is no evidence to.show that an air flow substantizlly

less than that used during the prototype stower trizls (2.250 ft3/min -
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1.1 ms/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 and 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 significance of this conclusion lies in the necessity to use a
Rootes type blower if pneumatic stowing is to_be.cpnsidared an economic
proposition. The stower triels confirmed that a maximum operating
pressure of about 16 lb/in2 (112 x 10316/m% was required for the stowing
circuit investigated. Therefore the development of a Blower supplying
2250 ftj/min (1.9 mj/s) free air delivery operating at pressures up to
16 1b /in2 (112 x 103 N/mz) 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) dowmstream of the stower.

With the equipment used, the recording on film of the meterisl flow
characteristics proved to be extremely difficult. The accuracy of the
results relied on the skill of operating the camera by hand at the precice
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, 1In fhe 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 ealong the pipe. The limited vision of the ' camera was in some cases
only able tolrecord part of the unit of volume of material being conveyed.
A concentrated study of the downstream conditions would require a
re-examination of the test rig and a more accurate methéd of recording
material behaviour,

The recordings which were obtained have been exzmined as means of
obtaining some indication of the flow charactefistics downstream. An
assessment of materiasl distribution at the downstream point are included
in Figures 44 to 47, and 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 much as the
materizl shown on the film does not represent the full unit volume
examined., Thewlues for the pencils are therefore in doubt and are to
be disgarded. l

The behaviour of the other three materiasls 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 stower
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 thet 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 wherc there is a constant flow of
material made up from particles of various shapes and sizes, the movement
of any particle is grecatly influenced by the mechanical interference of
particles with one another, Observations of the materials used in the
model tests clearl? shows that the particles both at the stower outlet
and downstream did not show any common settling position. The turbulencé
within the stowing machine and conveying pipe caused the particles to
exhibit spin whilet in motion. The different positions of the particles
relative to the direction of flow can be observed in Figure 50. The
other materizls used during these investigations-behaved in a similer
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 FATERIAL SIZE AND SHAFE

A reliable assessment of the air velocity requirements in the pipeline
downstream of the liodel stower was not possible because of the difficulties
experienced with the test equipment. This hzs been discussed pfeviously
(5.9.8). To obtain additional information the applicatiﬁn of existing
data to the stower model conditions has been considered.

The work of dther investigators has already been discussed in chapter 2
and the guides that are availsble 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
formulae for calculating these values are:

1. Degree of circularity ﬁ = c/C

" where c

circumference of circle heving

same area as plane 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¥/s)
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C = actual perimeter of the plane
figure
2. Degree of true Sphericity f = S/S
where s = surface area of sphere having

the same volume as the particle
S = actual surface area of the
particle.

It is obvious from these formulze that the circularity factor is
applicable to particles which can be clessified 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 circulerity factors huvé been considered for the four
materials used in the stower model trials. In the case of the flakes,only
a meximum value, which is unity. can be derived because the flakes have to
be considered as discs which although varieble in shepe has a maximum
size of 2% in (64 mm) diameter this being fixed as the meximum stower
material size for 6 in (152 mm) diameter pipes. Considering the Flat
Maize,it is questionable whether particles such &s these which have a
thickness equal to half their diameter, are cla§sed 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 éhapes 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. Dallavalle's(j)
formula for the initial mixing velocity states that

6000 [s/(s + 1)] A

Initial mixing velocity - ft/min

Vo

]

where Vo
8 = Specific Gravity of Solid

d

n

Average diameter of Perticle - in

Dallavalle's work considered Cinders, Carbon, Anthracite and Quartz
particles up to .320 in (8 mm) average diameter. The specific gravities
rangéd between 1,08 and 2.65, and the average diameter value was based on
the average of twb screen sizes,

To apply the Dallavalle formula to the stower model materizals again
presents the difficulty of establishing the average diameter of the
particles in question. In Figure 51 the initizl mixing velocify obtained
from the equation has been plotted as a function of the average diameter
for the materials used in the stower model in;estigations. Although
the average diameter value for each material is questionable, the curves
do show the initial mixing velocity over a range of average diaﬁeters up
to a maximum velue for the respective materials,

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 mey vary considerably according to particle
size and chape.

Within the range of the equation the initial mixing velocity lies

between 24 and 40 £t/s (7 and 12 m/s) for the meterials considered.
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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 formula
does not consider material concentration such as that found in the stower
model tests, These factors account for the apparent ldw values of air
velocity suggested from the curves in Figure 51 and when compared with
the air velocities predicted from the model tests it appears that the
conveying velocity would be highex ihan the initiel mixing velocity by a
factor as high as three or four.

Consideration of Dallavalle's equation for predicting the air velocity
requirement downstreag of the stower model is unreliable due to its limited
range of application and its inability to relatg floating velocity to that
reguired 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
nodel, In his work Davies considers Fleky and Spherical particles and

gives a formula for initial mixing velocity which states,

Initial mixing velocity - Vo = %‘E "} (¥n - W)
where UWr = Fluid Density 1b/ft
Wa = Solid Density 1b/f¥
V = Volume of Particle in°
A = Cross Sectional Area of Particle in2

The application of the formla again depends on the ability to place
a value on the cross sectional area of the particle. With the material
being considered it is again 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 &s far as the stower model investigations are concerned (5.9.9).

COnsi@ering the Davies equation, the mixing velocity has been
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plotted over a range of volume to area ratios for the stower model
materials (Figure 52).

The air velocities for the maximum possible values of ”ka varies
between 100 and 210 £t/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 £0 to 180 ft/s, (24 to 55 m/s). In
general terms, this supports the conclusions that air flows less than
2250 ftj/min (1.1 ©’/s) whieh gives an air velocity of 191 ft/s
(16.15 x 1072 n/s) in a 6 in (152 mm) diameter pipc 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 movemeht from the stower énﬁ 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 cdmpact'together and occupy the
maximum of space available in a rotor pocket. For any particular
material, the meximum 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 shown
when examining the stower model throughput rates which are shown 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 maximunm outputs were found
%o be that of the Pellets with the Maize throughput being the minimum.

Comparing the outputs against the specific weight of the materials for a



220p

______ Wroeiens o T s
P ) 200(
1801
160}
. =
E &
140 FLAKES
o
>
4o
s
U
S 120 DAVIES EQUATION
w g V
z INITIAL MIXING VELOCITY Yo =/ y7; % (Wm-wh)
g
z WHERE Wm = SOLID DENSITY Ib/ft?
b.S
3 ool W§ = FLUID DENSITY Ib/ft3
2 V = VOLUME OF PARTICLE In3
z A = CROSS SECTIONAL AREA |n2
z OF PARTICLE,
80}
20}
60
40
20}
O X L L L in L A
0 ~ o2 04 06 o8 -0
PARTICLE FACTOR -Ya
o 5 m 5 20 b7}

mm

FIG. 52 APPLICATION OF DAVIS'S EQUATION FOR STOWER MODEL MATERIALS,



(SL3%00d 30103 1N3) - SILVI LNIHONOIHL TVISILYA T3GON ¥IMOLS €S 'Bld
&0 80 5 w 70 90 50
- MO MY
0002 006! 008! 004l 009l e 3t oog 00| 00¢! 002! 00l
r T T T T T T T L] L] Dﬂ

102 |

1o

= i

70

o

|

)

=

i, )

v S
o
© o
Gz
T o
los &

109

02

og

107

0s

03



- 112 -
particular air flow, there does not appear to be any consistency. This
again suggests that the criferia 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.
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CHAPTER 6
OTHER PNEUNATIC CCNVEYING INVESTIGATIONS

6.1 STOWING 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 material 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.

Hany formulae exist, and a study of scme of the work has been made
in gn 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 layout of the stowing pipe runge varies according to the
particular mining system heing operated, but generally the material
is produced at the roadway, and is stowed into the pack area which is
at right angles to the roadway.

For the purposes of this work the stowing pipe range hos been
limited to & muximum length of 60 yds (55 m) which includes one 90o
bend. This range would normally cover most stoewing installations being
carried out at the present time,

P.. H. Broadhurst(a ) Hining Depariment, Leeds University,
investigated the general principles associated with the pneumetic
conveying of large size solids by pipeline. Reference to this work
is made because the investigations were carried out in the field on fﬁll

scale stowing installations.,
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The relevant information from Broadhurst's work falls into three
sections., These are;

(1) Stowing materials

(2) Material conveying round bhends

(3) HMaterial Movement in the pipeline.
6.2 STOWING MATERIALS

During stowing operations difficulties occur due to the nature of
the material being handled. Blockages in the stowing unit and in the
pipes are often due to the stickiness of the material.

Broadhurst investigated the stickiness of a variety of materials
which were representive of material likely to be handled 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 than the amount of fines in the stowing material.
From a study of the properties of soil, it also appeared that the
stickiness of some of the wet stowing materials is due fo the stickiness
of the minute elay particles in the fines.

It can be generally accepted that the stickiness of a stowing
materizl depends on the proportion of clay particles as well as
the moisture content.

From Broadhu;sts study, the method of estimating the stickiness
of stowing materials is based on the determination of the clay content
by means of plasticity tests. The plasticity of the materizls is
identified by a Plasticity Index (P.I.) and is obtazined from tﬂe
egquation:
Plesticity Index (P.I.) = Liquid Limit (L.L.) - Plastic Limit (P.L.)
where

1. The liquid limit is the moisture content at which the materials

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 mm)

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.l
Krynina(zo)states that the sticky roint which characterises the
-capacity of a given soil to adhere to metallic surfaces lies between the
liquid and plastic limits. Figure 54 shows the suggestea relationship
between stickiness and moisture content. The graph shows that at the
'Liquid Limit' and at low moisture content, stickiness is negligable,

If a material with 157 moisture content is very sticky, then reading

the graph (Figure 54) it can be seen that the étickiness will be
noticeably less with a moisture content of 5 or 25%. This theory on the
cohesiveness of material can be used to advantage when agsessing 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 "plastic
limit" and "Liquid Limit" tests.

The information on stowing materials presentied in the previous
ﬁaragraphs represents & brief summary of the detailed investigations
carried out by "Broadhurst", and is intended to indicafe the importance
of obtaining imowledge of the probuble stickiness of materizls and the
effect it can 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 23600

Figure 55 shows the results of tests carried out by Broadhurst on
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Bullecroft Upton Ryhope
Colliery Colliery Colliery

Yorks. Yorks. Co.Durhan

Percentage Fines > 6 5
(-36 lesh 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
Plesticity 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 1bs of materisal) 0.62 1.74 Je35

Weight of Water for Gravel
(Per 100 1bs of material) 3.92 6.58 8.%5

Total weight of water to

saturate fines 4.54 8.32 9.9
Practical % Moisture 5 8 10
(Upper limit of Plastic Renge)

Plus 20 to allow for

degradation effects 7 10 12
EiﬁiZ;zsrange of moisture 4T 7-10% 9-12%

FIG, 55 TEST RBSULTS OF THREZ CLAYEY STOWING MATERIALS
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three clayey stowing materials, The plastic range of moisture contents
is derived for each type of materizl. Haterial with moisture contents
within these ranges is to be avoided for stowing operations.
6.3 EFFECTS OF PIPE BENDS

. 4ny deviation from a straight stowing pipe affects the performance
and overall efficiency of pneumatic stowing operations, For this
reason it is important to have some knowledge of the effects of
intrcducing & 90o 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

Previo;s work carried out had showm that the disturbance to air
flow at a bend can be carricd downstream as much as 50 pipe diameters,
and this disturbance produces additional pressure drop separate from that
created by the bend itself. For thies reason the results obtained by
Brozdhurst are based on experiments using a pipe range which had 150 £t
(46 n) of stréight 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 total preasure losses for various bend radii over a range offlows
up to 2000 ft /mm (0.9 m /b These results indicate that the greatest
losses occurred with the small bend having a radius of 1.5 Tt (0.5 m)
end the lowest losses were produced with bends at 4 and 5 ft (1.2 and 1.5 m)
radius. Prescure losses within a 6 in (152 mn) diameter pipe having
different pipe bend radii ere given in Figure 57. The rressure losses
which are related to an air flow of 2000 ftB/min (0.9 ms/s) 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 losses
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at the bend were the same as the downstream loss. On the larger bend
the losses downstreanm were less than the loss at the bend.
(2) Losses at Bends during Sfcwing (Air =nd Material)

Because of the large variation of conditions namely, air flow,
stowing.rate, type of material, pipe bend radius, and 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 900 bend can give pressure losses
equivalent to a straight pipe up to 55 yds (50 m) long. To provide some
information relating to bend losses, Broadhurst cerried out experiments
from which pressure 1csse§ were obtained for stowing ranges approximately
110 yds (101 m) long including a 90° bend which was located about 30 yds
(27 n) along the pipe run. Tests were carried out at stowing rates of
86 tc 111 tons/h (87 to 112 tonnes/h) using air flows between 2230 end
4340 fts/min (1.1 862 2.1 0 /s).

For the particular stowing range chosen the equivalent straight
pipe losses due to the 90° bend of 2 £t (6.03 mm) 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
highhlosses that can occur due to the introduction of a 90° bend in a
stowing line.

6.4 THE FLOW OF CQMPRESSED AIR IN STOWING PIPES

Broadhursts study of air flow in stowing pipes gives the basic
expression for compressible flow with friction as,

o 0o -+ Vavk #'40% ax VT T i SR R I 1
Because the total pressure drop in stowing is usuzlly greater than
1075 of the initial pressure, the compressibility effects which mean
variations in densit; and velocity cannot be neglected. By rearranging

equation (1) for the purpose of integration, and since the expression
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PV? = K, an expression which contained an unknown index of expansion
'n' was derived and given as:

B/ = F2/Ve = B2 Li# (2 log, V2/Vi + 4f1/d}éu2 G naeldl

Previously it has been assumed that the flow in stowing operations is
isothermal. .

Meking this assumption, n =1 and Pt Vi = P2 V2 = RT and
equation (27 becomes

P‘a - P22 = ‘PRT/BJ'E(2 Loge V2/VI + 4f1/d) 9...01.&....0..-0(3)

Using Pigott‘s(zz)CurVes, Broadhurst obtained an average value of .004
for the friction coefficient (f) for & 6 in (152 mm) diameter stowing
pipe, and calculated the pressure drop from equation (3) for a knowm
stowing range. The calculated pressure drops were sufficiently in

excess of the experimental results to provide evidence that the
expansion was not truly isothermzl, and did in fact lie between adiabatic
and isothermal expansion,

For experiments carried out by Breadhurst a single variszble (f1) was
obtained which took into account:-

(1) Deviation from true isothermsl 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 droﬁ
likely to occur wﬁen compressed air fiows along a 6 in (152 mn) dismeter
stowing pipe and discharges to atmosphere,

The equation states that:

A° - B =3.1x 107 T.L.V., 62

o.-o.o.-rn-t.co---o-.oo.lo(4)

]

2
Where P Initial absolute pressure in ib/ft
P2 = Final absolute pressure in lb/ft2
T = Average Air Temperatureixon Absolute

3
Vo = 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 MIXTUREj IN PNEUMATIC STOWINLG PIPES

In his study of Pneumatic Trensport of Stowing llaterials
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 horizental pipe is divided into three clements (Figure 58).

A1 = Pressure Drop required to accelerate the material

Az

4A3 = Pressure Drop required for air flow at the same rate

Pressure Drop required to overcome material friction

To obtain a suitable formulza which could be applied to pneumatic

(16)

stowing, reference is made to the work of GASTERSTADT who shows that

for horizontal conveying:

For any given air velocity u:--1/r = Ga constant(k)
Where « = pressure drop ratio = Dps
AFe

= Pressure Drop Solid Air lixture
Pressure Drop Air only

and r

I

solid/&ir mess ratio = Mg

From this,
Total Pressure Drop APs = ﬂPa + 'kl:f,—: APa Ehesgain srnsekaky
Gasterstadt's findings, which have been confirmed by investigations

from other werks, shows that the constant (x) approachés a constant
value for high air velocities of about 90 ft/sec (27 m/s).

Constants obtained by Hillyar Russ(17)(between 0.095 and 0.14) for
high air 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

pneunatic stowing operations.
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From equation (4)t

% 2
Pressure Drop B2 = (3.1 10 5 T.L.V,:‘sz) + P2

o 2.3
ook -P2=fps = (3.1 2107 2L v 02 4 R

and substituting in Gasterstandt's equation

Bes = 14k [(3.1 x 1072 T.L.‘Fl‘sz +f22)*-P2:[ )

Eguation (6) was submitted by Brecadhurst as a possible formula for
stowing.
6.6 CONVEYIIG VELOCITY IN STOWILG PIPE

From tests carried out by "Broadhurst" on the angle of friction
for various stowing materials in 6 in (152 mn) diameter pipes, it was
estimated that the angle of friction was probably between 310 and 390,
which represents a coefficient of friction of 0.65. From this investiga-
tion Breadhurst suggests that the force required to just move stowing
material élong a horizontel pipe is about 65> of its weight. To move
the material up a gradient, or to accelerate it, requires additional force.

Croft(18)suggests thét the horizontal conveying velocity is equal to
or greater than the terminzl velocity, and Davis(T)gives a conveying
velocity known as the "mixing velocity" which exceeds the terminsl
velocity by about 107,

Terminzl Velocity

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.

Floztins Velocity

In his work, Broadhurst suggests that the terminal velocity is
appreximately equal to the floating velocity, which is defined as the
velocity of an upward stresm which floats a particle and keeps it at a
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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velocit& of 80 ft/sec (27 m/s) was sufficient to float most particles up
to 3 in (76 mm) in size, but velocities as much as 100 £t/sec (30.5 n/s)
or more are required for the large piéCes which occupy a greater area of
the pipe than do the smaller pieces.
6.7 AIR DENSITY EFFECTS ON FLOATING VELGCITY
From equations defined by "Burk and Plummer“(1)and Davies(7)
(chapef 2) it can be seen that the floating velocity is approximately
pr0portional to the square root cf the particle density to air density
-ratio. This means that the floating velocity of 'x' atmospheres
pressure will be 1/! times that for atmospheric pressure;
In his conclusions, Broadhurst offers the following equation for
a good apfroximation of floating velocity in a pipe with air at
atmospheric pressure, for stowing materials.
V, = 28.6 [s/(5+1i] % &7 T O e SRR 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:-

Va

]

336 [SP/(S-1)] z Vy STD. ft /min
wvhere P = air pressure at stower outlet in atmospheres.
6.8 CONCLUSIONS

It is not the object of the work described in this Thesis to
include investigations of niaterial zand air behaviour in the stowing
pipeline and pipe bends. It is however concidered impbrtant to refer
to the work carried out by Broadhurst and others, because any pneunatic
stowing operations invelve the technology of flow through pipes and
bends together wifh 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 orcer to

appreciate the requirements of the metering system.,
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The work of Broadhurst hes been referred to in particular
because some of his investigationé have becn based on full scale
stowing trials carried out undérground with 6 in (152 mm)ndiameter
pipes and bends.

Reference has been made to equations submitted by Broadhurst
as a means of assessing within reasonable limits the conditions for
pneunatic conveying through pipes and bends., It is considered that the
work referred to in this chapter offers a good contribution to the
subject in question, and the formulae submitted by Broadhurst end
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
ASSESSMENT AND CONCLUSICNS

7.1 FIRST AVAILABLE STOWING EQUIPMENT

The first machines, developed for mining debris disposal oPeratiops
underground, used 6 in (152 mm) dismeter pipes and for their air supply
Roctes type positive displacement blowers having a capacity of 2000 fg,/
min (0.9 m;/s) free air delivery were used. These machines which had
a lirmited air pressure of about 12 1b/ir:2 (83 x 103 Njﬁz) operated
with ressonable success but problems with pive and stower blockages
particularly 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 mechenisetion. In addition to the
operating prablems being experienced, the physical size of these
machines presented problems at the face end where good access to the
face for men end suppligs is essential.

The unreliability of the eguipment mainly due to pipe and stower
blockzges,and the very difficult méintenance and operational preblens
due to its bulkiness, resulted in the need to investigate the design
of smaller more reliable stowing equipment.

7.2 STOWING EQUIPﬁdNT WITH 4 in (102 ﬁm) DIANSTER PIPSS

The Bretby !k 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, and because of the smeller pipe zrea z Rootes type
positive displacement blower having a capacity cflOOOftj/min (c.5 mj/s)
free sir delivery was selected for the air requircments. Provious
investigations had shown that mining debris up to 2 in (51 mm) in size

could be transported zlong a 4 in (102 mm) dismeter pipe,.
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Initial trials with a prototype machine proved reasonably
successful and outputs up to 30 tons/h (30.3 tonnes/h) were achieved.
Seven of these machines were ménufactured but attempts tec 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
complately inadequate particularly for the rates of debris disposal
envisaged for future mining systems.
7.3 RECCHMMENDATIONS FCOR FURTHER DEVELOPLENT

Investigations into mining debris disposzal requirements for future
mining systems and an assessment of the operating experience gained with
the machines operating with both 4 in (102 mm) and the 6 in (152 um)
diameter pipes concluded that if pneumatic stowing was to form part of
& mining system, a stowing machine capable of continuous stowing at a
rate of 60 tons/h (60.3 tonnes/h) end having the ebility to handle pesk
loadings up to 100 tons/h (101.6 tonnes/h) was necessary. lorsover the
size of such a stowing machine would have tc be limited to a meximum
height of 24 in (603 nm) this being the seme height as the small stowing
unit developed for the Bretby Ik.I Stowing Combine.
T4 STOHER DEVELCPMENT
T.4.1 STOWER COUTFUT

To meet the limitations on size and to eliminzte the causes of stower
blockages, the stower test rig was designed with a straight through eir
passage which eliminate 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
investigztions with the test rig it was also found that the shape and

size of the inlet and outlet pipes to the stower greatly affected the
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perfermance and reliability of the stower.

After subsequent trials and development during which various shapes
and sizes of inlet and outlet pipes weré investigated, stowing reliability
was achievéd 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
Jemming 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 finzlly submitted (Figures 23 and 25) hes a capacity of 60 tons/h
(60.6 tonnes/n) with the capability of dealing with peek outputs up to
100 tons/h (101.6 tonnes/h). These fipgures are based 60 & stowing pipe
range of 60 yds (55 m) including one 900 bend, and mining debris having a
density between 75 and 90 1bs/ft (1202 and 1442 Kg/m3 Yo
T.4.2. PRESSURS LO3SZS ACROSS STOWER

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 substential improve-
ments in the pressure locses 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 pressurc loss of 7.lbs/in2
(48 x 103 N/mj). This was concidered too high and efter the trials and
development discussed in detail in chapter 4, the pressure drop acrocs
the stover unit was finally reduced to a maximum of 2.5 1b/in. (17 x 10°
NV%?). 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.

T.4.3 AIR FLOW

It has been mentioned previously that the use of a Rootes type
blower in stowing operations has a great advantage over a coﬁpressor on
the grounds of physical size and cost. During the trizls programme the

. ; . 3
alr supply was obtained from a compressor having a capacity of 2,250 £t /min
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{51 mj/s) free air delivery and capable of operating at pressures up to
apprcximately 25 lb/in2 (172 x 103 H}%ls. As far as the air requirements
are concerned it was found that the stower capacity discussed previously
(7.4.1) was obtained with pressures up to 13 lhﬂhﬁ (90 x 1031bﬁ33 with
occasional peaking at 15 lb/in2 (103 X 105 N/ma). 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 ft3/min
(1.1 mj/s) 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 cobtain information on air flows below 2,000 ffs/min (0.9 ﬁ’/s)
by building & full scale model of the stower and carrying out a study of the
behaviour of material metered from the stower intc the stowing pipeline.
7.5 STOWER MODEL
T.5.1 HATERIAL FLOW OBSERVATIONS

Haterial movement a2t the stower outlet pipe and at a point 25 ft
(7.6 n) downstream indicated that for air flows up to 144 ft/s (44 n/s)
material flows in the intermediate region, where the mejority of the
solids settle on the bottom of the pipe and form beds that slide along the
pipe. Only a small percentage of the perticles are conveyed in the air
stream. This flow condition aﬁplied to all the types of materials used
during the stower model tesﬁs, Generally speaking material conveyance
took place on the lower half of the conveying pipe with the solid concentra-
tion vaerying with the air flow and type of material used. Measurement of
materizl distribution and material concentration was not possiblé with the
equipnent, but the assessments made from the model tests indicate that
conveying conditions are more difficult at the stower outlet than down-
strean, 2nd air flows above 144 £t/s (12 x 10 n/s) will be necessary to
evoid 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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linited capacity because the formulae available include pearticle factors
whosge 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 iimit set by the pipe
diameter,
7.5.2 MATERTAL 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 known particle size and shape, and in
soﬁo cases particle faétors 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 flozting
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 air flow
requirements, The consideration given to the equétions of Davieé and
Dallavalle for estim;ting floating velocities of the stower model materials
was only able to provide data which was proven over a much smaller rznge of
materi;l size and concentration than those being examined.

7.5.3 PARTICLE SETTLING POSITION

Other workers have carried out investigations to estzblish the
settling position of sclid shapes and the influence it has on fluid motion,
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 stoﬁef'and along the pipes in complete
turbulence ﬁue to the mechanical interference of particles with another.
When considering stowing materisls where shapes and sizes vary and the
proportion of fines to solids also varies, any assessment of settling
positioﬁ would be extremely difficult. It is therefore concluded that the
resistance exhibited by stowing material and an assessment of the energy
requirements for conveying can only be established from data obtained by
experinentation using wining debris.
T7.5.4 OPTIMNUM 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 ffjfmin
(0.83 m%/s), indicated that the optimum rotor speed for air flows
éround 2,000 ftj /min (0.9 mj/s) 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 RF,
7.5.5 HMETERING EFFICIZNCY

The output efficiency of the stower test rig was assessed from the
rélationship between the measured output, and the calculeted output which
was based on the volume of the rotor pockets and the spécific weight of
the material. Reasons for the apparently low efficiency of the stower
test rig (about 60ﬁ), and in other stowing operations underground as low
as 507, were neverb fully understood.

During the stower model investigations it was found that the meximum
volune of material which filled a pocket varied considerzbly with the

materials uced. An attempt was mzde to obtein dats which would provide a
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nore accurate assessment of the metering efficiency.

The mezsured weights and volumes of materiel 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 wes not possible to carry out z 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 oversll
efficiency of stowing operations is greatly affected by the charscteristics
of the mining debris, and in assessing the efficiency of stowing the
naximum quantity of material that can fill & rotor pocket shoﬁld be the
basis of efficiency and not the calculated rotor pocket volume as used
in the past.

An essessment of the efficiency of a stowing unit can only be based
on experimental data which evaluates full rotor pockets with material
volunes.

7.6 PRESSURZ ﬁOSSES I PNEUNATIC STOWING PIPES

The useful application of Broadhurst's formulee for calculating
the pressure losses due to material and air flow in 6 in (152 mn)
dianster stowing pipes was assessed by comparing the pressure requirements
recorded during the trials with the stower test rig with the calculated
figures obtaﬁned from Broadhurst's formulae,

The complete stowing circuit used during the trizls consisted of
60 yds (55 m) of 6 in (152 nm) diameter stowing pipes which includsa oue
900 bend having a radius of 18 in (457 mm). Air was supplied to the
stowsr from the compressor through 6 in (152 mm) flexible piping
approximetely 18 £t (456 mn) long. Due to the layout of the equipnment
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 930 bends,

(1) Pressure Losses in Stowing Pipe Range

Considering the stowing circuit operated during the -finsl stower test rig

trials.

Stower output = 170 tons/h

Length of straight 6 in (152 mn) diameter pipes = 180 ft

Bquivalent length of straight pipe for the 90° bend = 80 ft

(ref. 6.3)

Average air temperature (absolute) during stowing(t) = 75 + 460°F
= 535°F

Constsnt 'k' for pneumatic stowing (Ref. 6.5) = 0,21

Quantity of free é.ir flowing (v‘,‘) = 2250 £t /min

Initial ebsolute pressure = P1 1b/ft2

Final absolute pressure (AtmosPheric) _ = (Pz)

= 211.8 1b/ft>
Solid/Air Mass Ratio.Ws/ = 15.4

Broadhurst's Equation states:
1.62 2)-;-

'P1 =B, =19 kTE' (3.1 x 1072 T.L.V, N S

Solid/iir lMass ratio 'Js/wa = 15.4
Substituting values in the formula P, - P2 = 23.2 lb/in2A‘os.. :
Pressure Loss (Stowing pipes) = 8,5 .lb/ina (Gauge)

(2) motal Pressure Loss in Stowing Circuits

The loss of air pressure in the flexible piping between the
compressoxr and the stower was estimated at approximately 3 lb/ina

(21 = 103 H/mg) (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
) 111/.-1,:12 (110 = 100 II/mz)

]
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From the average curves shown in Figure 25 it can be seen that
the total back pressure measured during the stower trials for an output
of 70 tons/h (71 tonnes/h) was zbout 12'113/:1112 (83 x 10 I.'/ma) with the
pressure along the pipe and bend approximately 9 1b/in2 (41 x 103 H/mz).
Teking 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 Breoadhurst's formulae
for estimating pressurs losses in € in (152 mn) diameter pneunatic
stowing pipes.
T -AIR FLOYWS

The selection of the ninimum air requirements to provide efficient
conveying of material where material settlement and pipe blockages are
nbn—existant, presents & more difficult problem. The work of Broadhurst
and others has suggested formulsze for caleulating the floating
velocities or irregular shaped particles, but their direct application
to pneumatic stowing is nof 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 te 100 ft/s
(30.5 m/s) wes 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 subseguent investigations conducted with the stower model indicates .
that the air requirements for pneumatic stowing using 6 in (152 ) dianmeter
pipes should not be less s Ehie 2,250 ftjfmin (1.1 nJ/s) free air delivery
used during the stower test rig trials. This sir supply gives sir veloc—
ities in the stowing pipe up to 180 ft/s (55 n/s).

There is sufficient veriation betwcen Broadhurst's results and thoge
obtained from the studies carried out with the stower model o sugges
that further ihvestigaﬁionsinto conditions ncecessary for effiﬁient
conveying, is required before the formulze submittied by other investigators

for calculating flosting velocities can bs used with reliability.
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T.8 FIEUMATIC STOWING CQISIDEZRATIONS

The research and development which has been discussed in this thesis
has shown that the selsction of stowing equipment for mine debris
disposal underground must be based first on the stowability of the
materizl in question. Simple tests should be carried out to determine
the stickiness of the material (Ref. 6.2). The possibility of increasing
the noisture 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 meay 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 realiztic output can be estimuted. Pressure losses in a stowing
systen can be determined by the use of formulae submitted by Broadhurst,
but at the-prcsent time experimecntal data suggestse that the air flow
requirements for 6 in (152 mm) diameter stowing pipes cannot be less than
2,250 £t>/nin (4.1 ms/s} free air delivery. This means that for the
stowing systen considered during these investigations, tﬁe use of a Rootes
type blowef is éuestion&ble, and the inclusion of a compressor as ussd in
‘the stower trizcls is necessary,

The use of pneumztic stowing equipment for mining debris disposal
underground will probably be determined initially by the economics of
such a system. At_the present time thg necessity to use a compressor
for the air supply will probably dismiss pneumatic stowing operations
because of the high capital cost invelved., It is suggested that if stowing
operations are to be competitive economically with other mcthodé of mining
debris disposal, it will be necessary to develop & Rootes type blower
capable of operating at pressures-up to about 17 lb/iﬁ (117 x 10539%3)
with a free air delivery. around 2,200 fts/min (0.9 mj/s).

The work described in this Thesis has produced the design and

operating conditions of a reliablc pneunctic stowing machine for
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consideration in future Mining Systems. The limitations of the machine
and the air requirements have beén established from the trizls and model
investigations curried out. IThe work of other injestigatoré, and the
observations made with the stower model hes shown the importance of
establishing the stowability of mining debris, and the limited
investigations on material behaviour has been used to esteblich the flow
conditions necessary to avoid materizl build up &nd blockages,

Consideration of the stower for use in pneumatic stowing operztions
underground will ultimately depend on the aveilability of a Rootes
type blower which will mcet the &ir flow and pressure requirements.
The low pressure drop acréss the stower which has been achieved through
these investigations, mzkes it pocsible to consider the development of a
blower which would meet the requirements of the stowing circuit

considered.
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APPENDIX 1

DEVELOPHMEZNT STAGES OF PROTCTYPE STOYER



TAPERED GUIDE PIECES .
AT EACH END OF ROTOR AREA AT PADDLE CENTRE [01-94cm2 (15:8ins?)SQ.INS.

(APPROX. 1I27mm (51ns) LONG) AREA AT PADDLE ENDS 69:03cm2 (10-7ins?)SQ.INS.

(@) ROTOR.

(b) END COVER(OUTLET) (c) END COVER (INLET)

(d) OUTLET PIPF. (e) INLET PIPE.

STAGE |. STOWER DESIGN FEATURES.




" 6 PADDLES.
101 6mm (4ins.) i

AREA THROUGH FULL LENCTH
OF ROTOR 69-:03¢cm? (10-7ins?)

(a) ROTOR.

b “Q\ \:L\(\é\
<
L 57

101 bmm (41ne)
AREA 83 68Cm? _
(13.91n82) =
INE GO

(b) END COVER (OUTLET)  (c) END COVER (INLET)

228-Gmm (Sins) :

(d) OUTLET PIPE TAPERED FROM END (¢) INLET PIPE.

COVER HOLE SECTION TO (01-6 mm.
(4ins.)DIA. BORE.

STAGE 2. STOWER DESIGN FEATURES




\‘\ \ P
~ 6 PADDLES.
101:6 . (4ins ) 3

T e \\_

AREA THROUGH FULL LENGTH
OF ROTOR €9:03¢m2 (iO-7ins2)

(a) ROTOR.

®
%%
1016 mm ('dins)
\AREA 89-68em!

{ (13- 8inst) ™

N

(b) END COVER (OUTLET) (c) END COVER (INLET)

' 228-6mm [ 9ins) !

==
o
R
“\
\b\.’o JI',l
'3
e
(d) OUTLET PIPE TAPERED FROM END (e) INLET PIPE.

COVER HOLE SECTION TO I0I-6mm.
(4ins.) DIA. BORE.

STAGE 3. STOWER DESIGN FEATURES




e

3\

o P

£ 6 7

/ &| PADDLES \ POLYPENCO LINER.
O N
-._*Y\ _:-'_F‘__
=
=T

STOWER BARREL.

PADDLE AREA = 81-93cm2 (12-7ins?)
DROP AREA
BELOW ROTOR PATH: 1774 c¢m2 (2°75 ns?)

(@) ROTOR.

ke
1616 mm(4ing)

AREA 89 6BemT _
2 4I3_S1n9f_l___".

(b) END COVER (OUTLET) " (¢) END COVER. (INLET)

228 - Grem. (3ins)

(d) OUTLET PIPE TAPERED FROM END (¢) INLET PIPE.

COVER HOLE SECTION TO 101-6mm.
(4ins ) DIA. BORE.

STAGE 4 STOWER DESIGN FEATURES



(12.1ins?)

(b) END COVER (OUTLET)

762w (30 ms)

(a) ROTOR.

PADDLES

AREA B1-83¢
(12-71n8?)_

POLYPENCO LINER

STEEL INSERT IN BARREL.

(c) END COVER (INLET)

(d) OUTLET PIPE

(¢) INLET PIPE

STAGE 5, STOWER DESIGN FEATURES.



6
PADDLES
AREA B1-93em?
(i271ns?)

(a) ROTOR

AREA BL93CrR\
(1271n8?)

7o2mm (3108 ) |

(b) END COVER (OUTLET)

762 mm (30 ins)

(d)

OUTLET PIPE

()

(27ms?)

(c) END COVER (INLET)

A04.8mm(12in8)

INLET PIPE.

STAGE 6, STOWER DESIGN FEATURES

STEEL INSERT IN BARREL.




PADDLES ™

AREA 81:93cm?
s| (127in82)

POLYPENCO LINER

STEEL INSERT IN BARREL

127 mm
(§1n.)

(a) ROTOR

(1871n8?) (1271ns?)

;Ti-Zml‘n{Smsz !

(b) END COVER (OUTLET) ' (c) END COVER (INLET)

762 mm (301n8) - L 304.8mm (12in8) _j

FLOW FLOW
P— -

(d) OUTLET PIPES. (€) INLET PIPE

STAGE 7. STOWER DESIGN FEATURES



AREA 126-45em?
(56 m's_‘), :

7

(b) END COVER (OUTLET)

762 mm [ 30ins)

(d) OUTLET PIPE.

FLOW

POLYPENCO LINER

PADDLE AREA +«102:58¢m2 (15-9ins?)

DROP AREA +* 17 - 74cm? (2:75ins?)
(BELOW ROTOR PATH)

76:2mm (31n8) )

(1271n8%)
i *

(c) END COVER (INLET)

1304-8mm (12 1n3)

l

* _FLOW !

(e) INLET PIPE.

- STAGE &, STOWER DESIGN FEATURES



ALL STEEL BARREL

PADGCLE AREA « 102-58¢n? (15-9ins2) (NO POLYPENCO LINERS )
L Ll S

DROP AREA = 52-54c¢m? (8-13ins2)
(BELOW ROTOR PATH )

(@) ROTOR

152mm (G1ns)
TO ¢ OF ROTOR

TO ¢ OF ROTOR

TOTAL AREA-126-45cm? (19:6ins? )
DROP AREA = 52-54cm? (8-13ins2)
(BELOW ROTOR PATH)

(b) END COVER(OUTLET) (c) END COVER (INLET)

101-bwmm(dins) To
127mm (Sins) DIA.
% 304 mm [ 121ns)
GEA 2
< & /
~ N - § :
e R \ .-E.T
! FLow FLow
(d) OUTLET PIPE (2) INLET PIPE

STAGE 9. STOWER DESIGN FEATURES
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(b) END COVER (OUTLET)

(d) OUTLET PIPE.

N 165 1mm (b3 1n8)

' TOTAL AREA 182-3%cm? (28-27ins?)
DROP AREA 100:26cm? (5:54 ins2)

() END COVER (INLET)

(¢) INLET PIPE.

PADDLE AREA.102 58cm? (15-Qins2)
DROP AREA = I00-26em? (15-54ins2)

STAGE 10, STOWER DESIGN FEATURES



APPENDIX 2

STOWER IMODEL TEST RIG

MATERIAL FLOW OBSERVATIONS



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.59 Y2in. (13mm) PENCILS
COVERED POCKET (8'6%, FULL) ’
AIR FLOW 800 ft */min. (0-4m /s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.c0 Y2 in.(13mm) PENCILS
COVERED POCKET (8-6°/0 FULL)
AIR FLOW 1100 ft.’/min. (0-5m¥/s)
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a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.61 Y2 IN(13mm) PENCILS

COVERED POCKET (8-6°o FULL)
AIR FLOW 1350 ft.*/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)
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a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG.63 MAIZE — FULL POCKET .
AIR FLOW 1100 ft3/min. (0:5m%s)



a) STOWER OUTLET

) 25t (7-6m) DOWNSTREAM

FIG. 64 MAIZE — FULL POCKET
AIR FLOW 1350 ft */min (0-6m. %s)
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a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.65 MAIZE - FULL POCKET
AIR FLOW 1700 ft.3/min.(0-8m.>%/s)



a) STOWER OUTLET

b) 25t (7-6m) DOWNSTREAM

FIG.66 MAIZE — COVERED POCKET (3:5% FULL)
AIR FLOW 800 ft */min. (0-4m3/s)



a) STOWER OUTLET

Yoy -raae

Sl

b) 25ft (7- 6m) DOWNSTREAM

FIG.67 MAIZE - COVERED POCKET (3:5% FULL)
AIR FLOW 1100 ft.3/min.(0-5m.%/s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.68 MAIZE — COVERED POCKET (3:5% FULL)
AIR FLOW 1350 ft.*/min.(0'6m.%/s)



a) STOWER OUTLET

b) 25tt (7-6m) DOWNSTREAM

FIG 69 MAIZE — COVERED POCKET (35% FULL)
AIR FLow 1700 ft.*/min (08 m.?/s)



a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG.70  PELLETS —FULL POCKET
AIR FLOW 800 ft.?}/min.(0-4m7/s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.7I PELLETS — FULL POCKET ;
AIR FLOW 1100 ft 3/min (0:5m."/s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

F1G.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) 25ft (7-6m) DOWNSTREAM

FIG 74 PELLETS—COVERED POCKET (1'5% FULL)
AIR FLOW 800 ft.>/min. (0-4 m3/s)



a) STOWER OUTLET

b) 25tt (7-6m) DOWNSTREAM

FIG.75 PELLETS - COVERED, POCKET (15% FULL)
AIR FLOW 1100 ft */min.(0-5m.%/s)



a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG.76 PELLETS— COVERED POCKET (I'5% FULL)
AIR FLOW 1350 ft. */min. (0'6m.¥/s)



a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG 77 PELLETS -~ COVERED POCKET (I'5% FULL)
AIR FLOW 1700 ft.>/min. (0-8m.3/s)



a) STOWER OUTLET

b) 25ft (7. 6m) DOWNSTREAM

FIG.78 FLAKES — FULL POCKET
AIR FLOW 800 ft.¥min (0-4m?¥/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) 25tt (7- 6m) DOWNSTREAM

FIG. 80 FLAKES - FULL POCKET
AIR FLOW 1350 ft.¥min.(0-6m.>/s)



a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG.81 FLAKES — FULL POCKET
AIR FLOW 1700 ft.*/min.(0-8m.%/s)



a) STOWER OUTLET

b) 25tt (7-6m) DOWNSTREAM

FIG.82 FLAKES — COVERED POCKET(55% FULL)
AIR FLOW 800 ft. ’/min 0-4m?/s



a) STOWER OUTLET

b) 25ft (7- 6m) DOWNSTREAM

FIG.83 FLAKES - COVERED POCKET (55% FULL)
AIR FLOW 1100 ft*/min. (0-5m.%/s)



a) STOWER OUTLET

b) 25tt (7- 6m) DOWNSTREAM

FIG.84 FLAKES — COVERED POCKET (5'5% 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.3/min (0-8m¥/s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG 86 12N (I13mm) PENCILS - FULL POCKET
AIR FLOW 800 ft. ¥min (0-4m ¥s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.87 1/2IN (13mm) PENCILS - FULL POCKET
AIR FLOW 1100 ft.%min (0-5m3/s)



a) STOWER OUTLET

b) 25ft (7. 6m) DOWNSTREAM

FIG.88 !2IN (I3mm) PENCILS - FULL POCKET
AIR FLOW 1350 ft.3/min (0-6m3/s)



a) STOWER OUTLET

b) 25ft (7-6m) DOWNSTREAM

FIG.89 Y2IN (13mm)PENCILS- FULL POCKET
AIR FLOW 1700 ft.3/min (O-8m 3/s)



APPEIDIX 3

STOWER MCDEL T=25T RESULTS
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