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SUMMARY

Aim of Research: +to develop and evaluate an apparatus for the
investigation of the air-settling characteristics of silica dusts of
size dangerous to health, to examine its use for the investigation of
coertain factors connected with dust suppression and to examine other

appropriate applications of the apparatus.

l. A brief account is given of the supergedure of the *Mechanical
Theory' by the 'Solubility Theory' of silicosis, and mention is made
6f some practicéi problems éssociéted with the measurement of dust
suppression and health hazarde.

2+ The preparation of graded silica particles and fine mineral dusts,
including sizes dangerous to health, by sedimentation from water or
ethanol is described.

3e¢ An apparatus for the examination of the air-settling
characteristics of fine silica, consisting of a dust chember imto which
the dust is injected and dispersed and incorporating a pair of
compensated photo~electric cells comnected in opposition and to a
mirror galvanometer, is describeds. A beam of light traverses the dust
c¢loud and is picked up by one cell; the other cell picks up the beam
uninterrupted by dust. The presence of dust in the chamber thersfore
produces a differential current vwhich is measured by the galvanometer.
4, Using the prepared silica dusts in the apparatus, a technique has

been developed which gives the following information from settling



curves obtained by plotting galvanometer readings (converted to a
percentage basis) against timei

. 1. Settling Factors, which for the majority of dusts, are
approximately propdrtional to specific surface and to rates of settling
6f the dust cloudse Settling Factors may be used to compare different
dusts or the effect of various factors on any particular dust.

2. A measure of the average terminal velocity of a dust under
the turbulent conditions obtaining in the dust chamber. The terminal
velocity, if the average particle size of the dust is knoén, gives an
indication of the extent of aggregation of the particles in the dust
cloud, modified by the fact that the measured terminal velocity, being
affected by comvection and diffusion, is lower than that which would
be observed under calm conditionse

Particles of the size ca. 1 and 1-3 microms show considerable
aggregation in the chamber but the larger grades (3-5 and 5-10 microns)
show a much lesser degree of aggregation. »

5« An account is given of the preparation, measurement and use in the
dust apparatus, of aqueous sprays of known droplet size as dust
suppressing ﬁgents and the following conclusions drawm:

1. Suppressing efficiency as measured by the Settling Factors does
not ‘change very markedly over the droplet size range 30-110 ﬁicrons;
the smaller droplets are slightly more effective but dust reduction is
less than 50%. Dusts with particle size ca. 1 micron undergo the

greatest reduction.



2. Under similar conditions the use of aqueous sprays containing
various commercial wetting agents brings about a greater degree of
reduction (60-70%).

3. Wi’bh wafér sprays only, little or no aetual wetting occurs,
and reduction is presumsbly due mainly to the 'sweeping' action of the
d;scending spray droplets. With sprays contaiﬁing wetting agents, the
effect is augmented by increased wetting of the dust particlese
‘6e Two other factors connected with dust suppression, namely, the
effec{ of increased relative humidity, and of mixing mineral dusts
with silica, were investigated.

Increased relative hmidity has no effect on the rates of
settling of fine silica.

The rosults obtained by mixing silica with certain mineral dusts
of known specific surface do not confirm reports which state that the
rates of sedimemtation of certain mineral=-silica mixtures are greater
+than the rates for the separate constituents of the mixtures.

7. The apparatus has also been applied to the measurement of the
specific surface of small amounts (ca. 0.05 g.) of dust. By plotting
Settling Factors against the known specific surfaces of the prepared
dusts a calibration curve is prepared by means of which the specifiec
surface of an unknown dust may be determined (accuracy, ca.*5%). The
method is independent of the known decreased light extimtio{by '
particles under ca. 1 micron in size -~ a defect inherent in the usual

light extinction methods of surface measuremente.



Certain dusts, however, settle unexpectedly slowly, leading to

overestimation of specific surfacee. Such ancmelous dusts contained

less than 50% by weight of fine particles, the balance consisting of
| particles with a dismeter at least 5 microns grester. It is
suggested that the effect is due to deaggregation of the aggregated
small particles by the largere.

From the work completed it is suggested that two types of
dispersion are related to every dust. One which depends on the
method of dispersion and one which depends on the size and
distribution of the particles and is inherent to the dust.

8o The South Wales method for the evaluation of health hazard is
discussed and figures given by this method compared with Settling
Fagtors for dusts of similar specific surface. The South Wales:
figures and the Settling Factors are almost iden'iical, but the
Settling Factors for anomalous dusts are considerably higher, and

. it is suggested that the Settling Factors give an equally effective
end, in some cases, better measure of the health hazard, since they
teke account of dispersion in air,

S« - An eaccount is given of the methods of specific surface and
perticle size measurement used in the research.

10¢ -+ Suggestions are made in a general discussion for future work,



INTRODUCTION

.~ Lung disease caused by the inhalation of excessive quantities of
air-borne dust, claimed 3,779 viectims from the mining industry of this
country in 1947, In the first six months of 1948 the number of
certified sufferers was 1,584 (1). The magnitude of these figures
indicates how serious is the positioﬁ from the point of view of both
manpower and financee |

While many types of dust when inhaled eventually produce disease,
the most dangerous is silica, the inhalation of which, pure, over a
period of years causes the characteristic "Classical Silicosis", The
disease mainly developed by miners, and caused by inhalation of coal
and rock dust, is termed "Coal-Workers' Pneumokoniesis", and is
considered by many medical authorities to be a modified silicosis (2).
The exact relationship between them, however, is not yet clear.

It was originally thought thaet silicosis was czused by the
abrasive action of the sharp silica particles in the lung tissue, but
this theory was displaced when it was shown by Gardner (3), that fine
carborundum powder, having a hardness greater than that of silica, was
inective in the lungs of animals. It was also shown by Kettle (4),
by qoating silice perticles with iron oxide, and by Denny, Robson and
Irwin (5), using elumina as the coating, that an initially pathogenic
~silica dust may be rendered hamless. It may be mentioned in passing
that the latter was the precurser of the aluminium treatment for the

alleviation and prevention of silicosis (6).



The "Mechanical Theory" was therefore superseded by the
ﬂSoluEility Theory". ‘This theofy, which is supported by a large emount
of,experimenﬂal data, attributes the deleterious effect of silica 1o a
toxic action which is produced in the lung tissue by solution of the
silica particles in the lung fluid, causing irritation followed by
fibrosis and noduler fibrosis, which, in severe cases, incapacitates
the lung. This toxic action is thought also to be a deterrent to
vigorous phagocytic action (the normal body mechanism for the immobil-
isetion and/or removal of particles from the lungs) end may thus lead
40 excessive accumulation of dust, with eventual breakdown of the lungs
or cardiac failure. The presence of silica in the lungs seems also to
increase susceptibili%y to tubercular infection, and when infection of
this type sets in the disease is rapidly fatale

Much work has been carried out in recent years, notably by King
and collaborators, on the solubility, in certain fluids, of the silica
contained in mine dusts, and on the attendant effect of vérious factors
which depress this solubility, and while it is true that, in general,
the ﬁigher the percentage of silica in a siliceous dust and the greater
its solubility, the greater is its toxicity, many variations from this
generalisation occur, and are stressed by King (7).

- The practical view is therefore taken in the mining industry that
all dusts are dangerous, and should be eliminated as far as possible.

It is accepted generally that the most dangerous dusts, ignoring

composition, are those of particle size less than 5 microns (8,9,10,11).



The lower limit of toxicity is less certainj but toxicity appears to
increase as particle size decreases, the most pathogenic particles
being those below 1 micron and down to about 20 Angstrom units when
toxicity ceases (12). Van Wijk and Patterson (13), have determined
the proportions of particles of various sizes removed from the air
by breathing, and have found that at 5 microns removal is almost
complete; at 2 microns, 80%; and at 0.2 microns, 25%. Below 0.2
microns, the percentage réﬁoved falls repidly. |

The finemess of a dust is‘also important in determining time of
suspension in the atmosphere. The finer a dust, the longer is it
likely to be airborne and hence the longer is it available for
inhelation. This is apart from initial concentration in the
atmosphere which, if high, also increases the dust available for
inhalation and must also be taken into accounte

Thus, apart from research into the medico~chemical aspects of
silicosis, considersble work has been carried out, particularly
within the last ten years, on the many practical problems associated
with dustbdiseaseo

Not the least of these has been the development of methods of
dust suppressione It is self-evident thaet if it were possible to
prevent the formation of dust or to remove completely the dust
suspended invthe mine atmosphere, then dust diseases would no longer
oexiste

The most importent preventative and suppressive measures are



those bf wot cutting with water or wetting solutions, foam, water
infusion and spraying with various liquids and the investigations on
the most effective means of application and of measurememt of dust
reduction have been confined almost exclusively to pratical mining
conditions. From a consideration of the difficulties involved in
obtaining reliable figures from measurements carried out in mine
chembers, they cannot always be viewed with complete confidence.
Dﬁst concentrations fluctuate considérably within very short time
limits =and make it difficult and sometimes impossible to standardise
conditionse. Measurement of dust concentrations must be carried out
using one of the "snap" sampling devices such as the Konimeter (14),
the Owens Jet Dust Counter (15), the P.R.U. Hend Pump (16), or the
Thermal Precipitator (17), or by gravimetric sampling (18), with the
full knowledge that the "snap" samplers are not comparable with one
another, and tend also to give individually erratic results, due
mainly to the very small volume of the sample takem (19,20). Also,
the fluctuations in dust concentration previously mentioned may
materially affect even the gravimetric method, unless sampling is
carried out over a considerable period of time. Particle size
distribution varies from mine to mine, and even within one particular
mine, and it is often impossible to say whether figures presented for
reduced dust concentrations produced by suppressive medsures are, in
fact, due to the reduction of all the dust in the atmosphere or merely

to the reduction of any particular fraction, which, if composed of



large particles, leaves the atmosphere potentially =s dangerous. This
latter point is encountered particularly with the P.R.U, Hand Pump
which samples a fixed small volume of air. The dust particlesrin the
pample are deposited on a small round of filfer paper, giving a spoi,
the light density of which gives a composite measure of the number and
size of the particles in the samples It is therefore impossible to
say whether the spot is composed of a great number of fine particles
or of a much smaller number of large ones. It has, however, been
noted, on one occasion at least, that dust less than 5 microns in
size, was suppressed in approximately the same proportion as the total
dust concentration (21).

Tt is well substantiated that application of suppressive measures
such as wet cutting during working, reduces greatly, but does not
completely inhibit, the subsequent dispersion of dust to the
atmosphere (22, 23, 24, 25) but the same certainty, however, does not
exist of the reduction of dust already airborne, by, for example,
the spraying of the suspended particles with water and wetting
solutions (26).

It is improbable that it will ever be possible to reach the
ideal state, and some investigators have therefore laid down figures,
based on arbitrary standards, to increase the margin of safety over
{the incidence of pneumokoniosis. Bedford and Warner (25), for example,
consider that the number of particles less thamn 5 microns in size

should not exceed 660, and of these, not more than 600 per ¢.c. of
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air should be coal, and not more than 60 stone. Other workers have
suggested similar standards (27), and the following have been adopted

by the National Coal Board (i);"850 coal (650 anthracite) particles
between 1 and 5 mierons, or 450 rock particles between 0.5 and 5 microns,
per cecs of air. Atmospheres containing dust in amounts greater then
these standards are considered to be potentially dangerous.

A matter which has evoked considerable research in recent years,
and allied to the measurement of dust concentrations, is the endeavour
t0 obtain a measure of the "health hazard" of dusts. This is an attempt
to obtain data relevant to dusts obtained from mine atmospheres, which
will plece them in order of 'bhe danger likely to be associated with
them in the production of dust disease. It involves mainly the
measurement of original comcentration in the atmosphere, and an ex-
amination of the fineness of the dust. For the determination of
fineness, many methods have been produced, among the more important of
which are the microscopic, liquid sedimentation, permeability, and
light extinction methods. Since one of the aims of the evaluation of
health hazard is to facilitate comparison, it is readily appreciated
that simplicity of expression is of prime importancee

The routine methods linked with the arbitrary dust concentratioh
standards suffer from the various disadvantages pertaining to the uss of
snap samplers already mentioned, and in addition, are often unsuited to
high dust concentrations. The gravimetric method is more suitable for

obtaining a representative sample of dust which may then be examined in



11

the laboratory. It is increasingly accepted that the most suitable
measure of the collected material is the determination of surface area,
a view stressed by the acceptance of the solubility theory, since both
rate of solution and solubility inerease with increase in area of the
particles. The most suitable method for the measurement of the surface
of small smoumts of material is comsidered by many workers to be the
light extinction methéd, and the most recent work on health hazard
using this method, is contained in the Eleventh, Thirteenth and Six-
teenth Reports of the Coal Dust Research Committee (28). A method is
here described for obtaining a measure of the surfabe area of the
particles less than 5 microns contained in a dust, expressed as a
weight percentage of the particles less than 5 microns contained in a
"normal dust". Normal dusts are described as those which are found,
by experience, to give a regularly increasing specific surface as the
weight percentage of particles less than 5 microns which they contain
increasese

The initial aim of the work described in the following thesis has
been to develop an apparatus and techmique for the laboratory investi-
gation of the settling characteristics of silica dusts of known and
sherply graded sizes, which are of importance in the production of
dust diseasee. This entailed the initial preparation of silica dusts
having the required graded sizes, The most satisfactory means for the
separation of fine silica into graded fractions was found to be a

modification of the liquid sedimentation method of Cummings (29).
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The use of the apparatus in the investigation of certain aspects
of dust suppression is described, and is followed by an account of
.experimenis on the rapid determination of the specific surface of
small amounts of dust, and a discussion of the anomalous behaviour
to which this gives rise. Finally the application of this anomalous
behaviour to the estimation of the health hazard is considered from

its effects on the rates of sedimentation in air of small particles,.
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SECTION 1

The Preparation of Graded Particles

(a) Introduction

" The work described in the following sections requiredthe
preparation of considerable quantities of particles of small, known,
sharply graded size, and below a maximum of 10 microms.

The methods for the separation of particles of differing sizes
in a composite mixture are usually variations of the following:

1. Ait or liquid Elutriation.

2. Adr or Liquid Sedimemtation.

In elutriation, the fluid is mobile and carries with it
particles whose sizesdepend on the rate of flow of the fluid. 1In
gsedimentation, the fluid is static and the particles settle out under
gravity at retes which depend on their size.

An investigation was carried out on the two methods considered
most suitable, nemely, air elutriation and liquid sedimentation. The
intention was to separate the particles into four closely graded
fractions, nemely, €1, 1-3, 3-5, and 5-10 microns.

(b) Experimental
1, Starting Material

The starting material was pure Loch Aline sand (99.85% Si0g,
density 2.65 ge/cec) ground for several days in a porcelain ball mill
after extraction with concemtrated HC1l, and finally sieved through a

200 B.S. sieve.
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2. Air Flutriation

The basis of the air elutriation apparatus is a container to hold
the composite dust, through which passes a curremt of air which
removes particles below a size which deﬁends on the velocitf of the
air flow, These particles then pass up a column where they are
fractionated by the air stream and into a container for collection.
Roller's apparatus and also that designed by Gonell, use this
principle, an account of both being given by Carey (30).

An apparatus was built based on Roller's type and may be seemn in
Fige. 1. It consisted of a glass elutriator column 5' high and 2"
diameter, to the foot of which was attached a glass cone into which
the dust fell from a reservoir fitted with a vibrator. Air was blown
at constant pressure through the cone and carried the dust up the
elutriator tube and into a Soxhlet thimble where it was collected.

Various modifications were tried out to eliminate {the main
difficulties which arose in practice. Briefly these were:

l. The maintenance of a constant preSSure air flow.

2+ The elimination of fluctuations and eddy currents.

3. The prevention of dust adhering and collecting at various

intermediate point2 in the tubes.

All the modifications, consisting mainly of improved methods of
introducing the dust, the air, and variation of methods of agitating
the dust, and finally a fractionation through cyclone tubes, failed to

eliminate the defects. These were shown by microscopic examination
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of the starting material to be the retention of small particles in
the large aiz‘e‘d fractions and vice versa. The fraotionation proved
to be extremely wide and was not clear-cut.'

The method was therefore abandoned.

3. Liquid Sedimentation

The basis of this method is the calculation by means of Stokes'
Law of the velocities of fall under gravity of particles of known
density and known particle dismeter, in a liquid of known dengity and

viscosity. The law may be stated thus:

2 g
v d.(o--.F).sg or. t = lsﬁk x 4:;
18.0.10 @‘—S’),d.s

where t = time in seconds.
M) = viscosity of the liquid, (cegss.)e
h = distance of fall of particle, (cms).
O- = density of particle, (g./c.c.)s
P = " " liquid, "

d

i

dismeter of particles, assumed spherical, (Ac).

]

g = acceleration due to gravity, (c.g+8.).

Davies (31), has calculated that at 20° C. for particles of density
Re65 gsfo.c. and diemeters of 50, 80 and 100 microms, settling in
water, the law is appliceble to within 1, 5 and 10% for these sizes
respectively. A

Times calculated by the author for a settling depth of 10 cms, of

water at 15° C, are as follows:

Particle Dismeter/
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Particle Diameter. Times
10 microns | 2142 min.
S " 1l hr. 24.6 min.
3 3 hr. 53.0 min.
1 micron 35 hr. 14.0 min.

E;EerimentéJ.Method.

Modification of that due to Cummings (29).

The éround sand available initially weighed 1,258 gs It was sus-
pended in water containing 0.06% of Dispersol wetting agent, in a 30
litre glass tank to & depth of about-lz cme The level of the suspension
was marked and 10 cm. measured downwards =nd marked, The tank was theg
covered and surrounded by an insulating wall of air and corrugated
cardboard to minimise heat fluctuations. The suspension was alloweéd to
stand for the calculated period (35 hr. 14 min.), when the supernatant
1liquid above the 10 cm. mark, containing particles less than 1 micronm,
was drawn off into a suction flask through a glass tube which was bent
at the tip so that the suspension was removed in a horizontal direction.
This reduced the possibility of including in the <« 1 micron fraction
particles above this size. The procedure was repeated until no particles
could be observed in suspension after 35 hre. 14 min., the material less
than 1 micron being bottled in suspension and allowed to stand while
the procedure was continued for other fractions. Seventeen rebetitions
were required to remove zll the material less than 1 mieron in size.

- This procedure was repeated for each of the size grades stated,
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it being essential to remove all the material less then the stated size
before continuing the separation in order to avoid contamination.

The next stage was the removal of the particles from suspension.
For pérticles over 1 micron it was sufficient simply to allow the
suspension to stand until the particles settled out. This also acted
as 8 final fractionation. The clear supernatant liquor was then
removed by suction, as previously described, and the resultant wet
particles transferred to a vacuum desiccator to dry.

For the smallest grade (< 1 micron) settling requires a very
long time (measured by weeks) and even then particles in rapid
Broﬁnian motion do not settle out. Experiments were therefore carried
out on filtration through beds composed of naphthalene, 2 method
suggested by Briscoe (32) fof the sampling of airborne dust. The aim
was to filter off the fine particles and to remove the naphthaiene by
sublimation. Several methods were tried to produce an efficient filter
bed using sieved sizes of naphthalene compacted in gooch crucibles by
application of a standard pressure, natiithalene crystals in alcohol,
sucked through a gooch to form a bed etc., but none of these methods
sufficed to filiter completely the fine material and the method was
abandoned .

“KI'he < 1 micron grade was finally obtained in the same manner as
the others though a longer time was required; it being understood also

that many very fine particles would not be included in the sample.
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Details of the weights of dust obtained of each grade are given
in Table l. and photomicrographs are shown (Plates 1-4) to illustrate
the eamparative sizes and shapes of the parficles.

The method described proved to be very efficient ard gave clear-
cut fractions as may be seen fram the photomicrographs and fram the
specific surfaces determined by the Lea and Nurse Air Permeability
method (33) described in Section 6. This is shown in Table 2. together
with figures for average particle diameters, calculated fram the
experimental specific surface, assuming sphericity of the particles.

From Table 2. it may be seen that the calculated particle
diemeter is véry close to the average nominal size of each group.

The agreement is considered to be remarkably good, confiming that
+he results obtainedlby the Lea and Nurse method are comparable with
those obtainable by sedimentation proceduress.

At this stage a quantity of a fine commercial silica dust became
available and has also been used. (Suppliers: Messrs. Colin Stewart,
Winsford, Cheshire). Their finest material, DRC., had a specific
surface of 20,700 sq. cm./g. and a density of 2.61 g./c.c. and
analysis showed 7.3% iron and aluminium impurity estimated as oxide,

the remainder being silica.

4. :Ehs Separation of Mineral Dusts into Graded Fractions

For some of the experiments envisaged a supply of mineral dusts
of known size was required. The minerals chosen were calcium sulphate

(anhydrous), calcium carbonate and dolomite (CaMg(CO3)2 source: Duror).



Plate 1 Plate 2

ax Silica 1-3 4x Silica
Plate 3 Plate 4
3-5 .x Silica 5-10 M Silica

MAGNIFICATION X 1000

— ¢ I3
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Teble 1

Figures for the Separation of Fine Silica .

into Graded Fragtions

<l 1334 3=54 5=10.4 >10.u

Weight (g.) 48.4 49,0 111.8 159.1 85740
4 3.8 349 849 12.6 68.1

Total weight initially 1,258 g

" finally 1,225 g. = 97.3%

Table 2

Speeific Surface oLgraded Silica by the Lea and Nurse

Air Permesbility Method (Porosity = 0,5873)

<lxu 1-3« 3=54¢ 5=10.«
Specific
Surface 29,800 10,400 6,000 3,400
(sqe.cm. /g.)

Mean Diemeter ' : o
Calculated («) 0.78 2,16 3.76 6446
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The dolomite was ground to pass a 150 B.S. sieve; and the calcium
éulphate and calcium carbonate were orﬁinary bench chemicals.
The aim was to separate each mineral into two fractions, namely

< 5 microns and >5 microns, the separation being checked by specific

surface measurementss,

Experimental Method

The method used was similar to that used above for silica except
'tha'b,‘as less material was required, a 3 litre beaker sufficed for
the sedimentation and that a non-aqueous medium had to be employed
because of the slight solubility of these minerals in water. Initially
kerosene was tried, but proved to be unsuccessful, since rapid
flocculation of the mineral particles occurred. This is explaiﬁed by
Dalla Valle (34) as being due to the low adhesion-tension between the
particles and the kerosene. Ethanol was then tried. amd found

successful. Figures for these dusts are shown in Table 3.



2).

Izble 3

Specific Surfaces of Mineral Dusts (Porosity - 0.5873)

Caleium Sulphate Calcium Carbonate Dqlcmi'ba
Specifie - _
Surfgce 17,000 2,600 11,000 2,700 13,700 900
(sq.cme/g.
Mean Diemeter .
Calculated (’“) 1.3 8.6 el 802 1.7 2542
2.06 2480 285

Density (g«/cec.)
F:.gure obtained from subsequent experiments w:lth the Dust

Apparatus as there was not enough of this dust availa.ble for spec:Lf:Lc

surface determlnatlon by the Air Permesbility mthod. o

AL
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SECTION 2

1. The Development of Apparatus ahd Experimental Method
(a) Introduction |

Aklarge part of the experimental work of this thesia was the
development of an apparatus for the examination of the air settling
characteristics of silica particles of sizes important in the study
of the silicosis pfoblmn. |

Several workers have used dust chambers fitted with various
devices for the measurement of the factors influencing the settling
of dusts., For example, Drinker, Thomson, and Fin (35) used a 1,600
cu. f£t. cabinet and followed the sedimemtation of the dusts by means
of a Tyndallameter; a device which measures the light reflected from Coaticrec)
a dust cloud when a beam of light is passed through it. Berkelhamer
(36) used a similar method. First and Silverman (37), on the other
hand, like Davies (31), measured the sedimentation by collecting
samples of the settled dust at various times as sedimentation
progressed on slides which were then examined under the microscopes
This latter method is very slow and tediouse

The aim was to design a more compact apparatus for reasons of
space and to reduce the amount of material required pef examination,
This latter point is essential when airborne mine dusts are comsidered,
since sampling where concentrations in the mine atmosphere are low,

often produces weights as low as Q.1 ge
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(b) Experimental
Photoelectric Dust Sedimentation Apparatus

The design of the apparatus is based upon that used by smellie (38),
+o0 measure the dispersibilities of mine stone dusts and further
developed by Cumming, Rumford, and Wright (39), for experiments on the
dust produced by various types of tetryl. Thgse suffered from two
defectss: their accuracy was not great and the weights of dust required
were 1 ge and 10 ge. respectively, both quantities large when only =a
limited quantity is available.

By the inclusion of a lens, lens wiper, improved photoslectric
cells, a fan for dispersing the injected dust, and a new method of
analysing the results, the performance of the developed apparatus has
been greatly improved. Accurate results may now be obtained with as
little as 0.05 g. dust. For extremely fine dusts (< 1 micron) this

weight could probably be reduced even further.

2+« QConstruction of the Apparatus

The apparatus shown in Fig. 2, is made from copper and brass, all
interior polished surfaces being covered with black matt paint +to
reduce light reflection. It consists essentially of a dust chember (B),
of 12,167 c.c. capacity with removable base (M), into which is set the
dust injection system (D), which is shown in Fig. 3. A lamp housing
(F), attached to the dust chamber, conmtains a 40 watt lemp the light
from which is transmitted through the chamber by a lems (G) which

concentrates the beam and makes it more nearly parallel. The lens may
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be cleaned while the apparatus is in use by means of a wiper (I), with
a felt surface which may be rotated over the surface of the léhs.
Opposite the lens is fitted a selenium type photoelectric cell (Jl),
and opposite the lemp is fitted a similar and campensating cell (J2),
balanced with the first. The cells are connected in opposition,'
through a small variable resistance (0=-400 olm.), for coarse adjust-
‘ment, to a mirror galvanometer (57 olm.), and are housed in cylinders
to ‘exclude stray light from the observation window (C), in the front
of the chember. Each cell is masked by a wall (L), containing a slit
(25 x 3 mama), plaéed close to the active surface. A zero reading is
obtained on the galvanometer by use of a fine adjustment (K),
consisting of a thin strip of blackened foil (6 mem. wide) which may
be rotated in the path of the light beam. The circuit diagrem is
given in Fige. 4. Opposite the dust injector, fitted through an
aperture in the roof is a three bladed fan (E), made from blackened
aluminium sheet, and set in motion before the injection of a dust,
For injection of the dust a compressed air and drying train is
fitteds The air may be diverted to a pressure flask (P), (approx.
600 c.c. capacity) fitted with a2 manometer (Q), and connected to the
dust injector. There are two openings in the roof to act as outlets
for the air blast, which pass to a pressure flask to trap amy dust
blown over by the initial blast. For humidity experiments this f£lask
contained a dry bulb thermometer and the air continued through =

further flask conteining a wet-bulb thermometer.
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3+ Method of Operation

A weighed quantity of the dust to be examined (0.1 g. in the early
experiments but later reduced to 0,05 g.) previously dried in vacuum,
is placed in the injector tube, the apparatus meanwhile being brought
to the required humidity (usually zero) by passage of air. A suitable
zero is obtained on the gélvanometer by use of the fine adjustment and
the dust cylinder placed in the injector. The rubber tube from the
injection system to the compressed air line is then compressed and air
admitted to the flask until the pressure stands at 16 inches of mercury.
A stop=clock is started and the fan switched on 5 seconds before
injection of the duste It is switched off 2 seconds after injection.

Readings of the galﬁanometer are taken at 10, 20, 30, 60, 90 and
120 seconds and therecafter every 60 seconds until 600 elapse, the lamp
being switched on only during the tsking of readings. This precaution
minimises fatigue of the photo-cells and reduces to a minimum convection
currents caused by heat from the lampe. The lens is cleaned between
readings after the first 90 seconds.

From the galvanometer readings together with the appropriate times,
it is possible to produce a settling curve characteristic of the dust
injected.

The cheamber is thoroughly cleaned before each experiment.

4, Presentation of Results
The basis of the method is the obscuration of light by the cloud

of suspended particles measured by the indicating photo-cells It has
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been shown that the light cut off by a homogeneous suspension of
particles in a liquid when a parallel beam of light is passed through
it is related to the specific surface of +the particles, the mean
projected area of a particle of any shape when in turbulent suspension
or randam motion being equal to one quarter of the geometric surface
of the particle (40). This will be enlarged upon in a later section.
It seems reasonable thet this should also apply to particles
suspended in air as in a dust chamber. Since mean projected area is
proportional to surface area and hence to specific surface and
concentration, the galvanometer reading which is a function of the
light obscured, should also be a function of specifie surface and
concentration. Therefore, concentration being kept constant, the
galvanometer reading should then be a function of specific surface,
and itshould be possible to obtain an expression representative of the
dust injected, which could be used to compare different dusts or
different effects on one duste

On this reasoning the graded dusts were examined in the apparatus.

Differing and distinctive curves were obtained using 0,1 g. of
each dust, but it was found that two discrepancies arose. First, the
curve for a particular graded dust, while recognisable from its height
and shape, was not comstant and it was therefore impossible to obtain o
figure répresentative of the dust. Secondly, though the curves for
5=10, 3=5 and 1-3 micron dusts were in sequence and appeared as might

be expected, those for DRC. and <1 micron dusts, instead of following
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the same pattern as the others, appeared of different shape and could
not be compared with them. This is shown in Graph l. It may be seen
that the initial readings for dusts smaller than 1-3 miérons are very
much lower than would heve been expectede This is due to the: fact
that the light extinguished by small particies, while increasing with
dimishing size of particle, eventually becomes less than the proJjected
areg of the particles would lead one to expect when the particles
reach a size approaching that of the wavelength of the light passing
through the suspension (41, 42). This point is illustrated effectively
in Graph 2, which shows the durvesAobtained by plotiing galvanometer
| readings at 60, 120 and 300 seconds against the specific surfaces of
each dust (0.1 g. dispersed). It mey be noted how, at 60 seconds,
galvanometer reading increases with specific surface until 10,400 sq.
cm./é. is reachede At this point, galvanometer reading begins to
decrease as specific surface approaches that of DRC. and <l micron
silica (20,700 and 29,700 sq. cm./g.) respectively. The effect is
similar at 120 seconds, but at 300 seconds much of the 1-3, 3=5 and
5;10 micron silica has settled out and the curve continues to increase
after 10,400 sq. cm./ge as the relative concentrafion of fine to large
particles increases sufficimntly to mask the decrease in light extinc=-

tione TFurther mention of the phencmenon is made in a later section.

Se. The Determination of Settling Factors

Continued investigation has developed a method which eliminates

both of the above objections simultaneously since it depends on particle
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size or specific surface only in so far as this is linked with rate of
sedimentation,

The method is to calculate the percentage reduction in galvanometer
readihg as sedimentation proceeds, taking the reading at 10 seconds as
100%. From this the percentage galvanometer figure, representing the
proﬁortion of dust remaining suspended in the chamber at a certain time
is obtained. By plotiing these figures against the appropriate times
as before, a séttling curve is obtained for each of the graded dusts
representative of the settling characteristics of the dusts. These
curves are draﬁn for 5-10, 3=5, 1-3, <1 micron gilica and DRC. in
Graph 3, It may be observed that the curves are in their expected
order. By taking from the smooth curves percentage galvanometer readings
at 100, 300 and 600 seconds and averaging them it is possible to obtain
an empirical 'Settling Factor' apparently approximately proportional to
the settling characteristics of each dust as measured indirectly by
its specific surface. Settling Factors and appropriate specific
surfaces are shown in Table 4.

The Settling Factor thus gives an indication of the fineness of a
dust and a comparison of the abilities of dusts to remain suspended in
aire It should therefore be possible to use it 1o compare methods of

reducihg dust in an atmosphere,

6. The Measurement of (1) the Effect of Initial Dust Concentration on

the Settling Curves and (2) the Error of the‘Apgaratus

It was found possible to determine both the above simultansously.
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Table 4

Specific Surfaces and Settline Factors

for DRC. and Graded Silica

5-10,: 3-54 1-34 DRC.. -
14 21 33 49
3,400 6,000 10,400 20,700

Table 5

Settling Factors for Various Weights of DRC.

Weight of
DRC. (g.)

% Galven-
ometer
Readirg @
(sec.) 100

300

600

Settling

Factor =

04025 0,05 0410 0420
77 74 76 74
49 47 40 a7
33 28 32 29

<lu
56

129,800

Maximum
Difference
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1. The normal galvanometer reading o€+time curves for four different
'weighfs of DRC., namely 0.025, 0,05, O.l and 042,g. show considerable
variation as may be seen from Graph 4. A factor in the cause of
this variation is thought to be the speed of the fan which altered

- considerably during current load sheddinge These curves oconverted to
a percentage basis as previously described, are shown in Graph 5. It
is epparent from this 1étt§r graph that, using the above weights of
dﬁ.s‘b, initial concentration has little effect on the percenfage rate
of settling. This is as might be expected.

2. From these curves it is also possible to deduce a figure for the
error to be expected from the apparatuse Figures taken from the
curves are presented in Table 5, It is concluded fram these figures
that & feir error for the Settling Factor could be put at ¥ 2 or 3;
which error méy safely be Qonsidered applicable to all the dusts
eznept‘S-lo micron silica since variation tended to increase as particle
size decreased from 3=5 mierons to <1 microne The 5-10 micron dust,

however, gave curves which were sometimes erratice

2+ Further Development

(2) Theoretical A
Theoretically it should be possible to calculate a value for the

average rate of sedimentationvof a closely sized dust as terminal

velocity (abbreviated later to TJV.), by applicé:l;ion of Stokes' Law

if its average particle size is known. For sedimentation in gésés
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Stokes' Law is expressed as follows:

.
— d.@-f.g
180 (0F

where F is o constant which depends on 'd' and allows for the effect
of 'slip' in gases and the o‘ther' symbols have the significance stated
in Section 1, The 'slip' effect occurs when the particles approach
in size the value for the mean free path of the gas molecules.

Values for F as given by Davies (31) are shown in Table 6.

However, while the equation applies to the sedimentation of‘
particles in calm air (within certain limiting diesmeters), calm air
conditions very seldom obtain and most certainly not in the dust
chamber or in a mine atmosphere. There, the particles are subject to
more or less randam movements caused by convection currents and by
diffusion. These factors suffice to keep the particles evenly
distributed throughout the cloud, while their overall concemtration
gradually diminishes by the removal of particles which settle out
whnever they reach a stagnant layer which occurs near the floor and
other solid surfaces. It is this diminution in concentration which
is measured by the Dust Apparatus, and the smaller the particle, im
general, the slower will be the reduction in concentration.

Davies has studied the problem mathematically and has produced
theoretical means which, when c,oupled with experimental data, will

give a measure of:

1. the divergenceof the sedimentation of the particles from

calm conditions and,
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2+ the average terminal velocity of a dust dispersed in an air
chember as opposed to that calculable by Stbkes‘ Law from a knowledge
of the average particle diameter assuming calm conditions.

It is appropriate at this point to include the theoretical proof
by Davies.

‘Considering a cloud of particles uniformly distributed and
sedimenting in an air chamber.

Supposing in time &+t all particles within a distance of V&4
of the floor seittle, where V= T.V.

If the nmumerical concentration of perticles in the fluid is C per
unit volume, then the number falling out per unit area of the floor is
ovs t.

As a result, the mean concentration of particles in the fluid is
- reduced from C to (¢ =&8¢) per unit volume.

Let h be the height of the chamber.

Then the diminution of total particles is AhdC, where A is the
area of a horizomtal section.

And ¢ is equal to the total mumber of perticles which have fallen
out, so that;

- ahSc = acvdt
Whence, rate of change of concentration is
dc/dt = - 0V/h and ¢ = Cgexp. (-Vi/h)
Where G, is the initial number of particles per unit volume

and C is the average number of particles at time t.
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From the 2bove equation the number of particles in the chember at
time t was:s
CAh = C,Ahexp. (- Vi/h)
Hence, the number reaching the floor up to time t is:
Cohh - CAn = Cgah [1 - exp. (-vt/n)]}
So that the number per cm.?® on the base ﬁp to time t fromthe
beginning of the experiment is:

N = Coh [1- eXpe (-V'h/h)] R )

From this equation:

dNt/dt = CoVexpe (-Vt/h), so that when t = 0,
aNg/dt =CV.

When Nt is plotted against t, this is the slope of the straight
line through the origin of the curve when turbulence is absent and is
the tangent et the origin to the cﬁrve when turbulence is present.

When t—>0Othe curve becomes horizontal and Ny = Coh : which is
again the value which would hawe been obtained in calm conditions.

Therefore, in calm air, two intersecting straight lines would be
produced, and in turbulent air, a cﬁrve which would approach the
values obtained under calm conditions at t = O and where t becomes
large compared with h/V. This is illustrated in‘Fig. 5e

It is expected that as particles become largér so will they
approach most closely to calm air sedimentation as turbulence will
have less effect than on the smaller particles. Curves drawn Nyx+

for graded particle groups should therefore show the difference
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between celm and turbulent settling.

(v) Experimental

1. The Effect of Turbuleme‘

The procedure described has been carried out for 5-10, 3=5, 1-3
micron silica end DRC. and the curves obtained are shown in Graph 6.

To obtain these curves which show the progressive departure
with décreasing size from calm settling, experiments were carried out
using 0405 ge dust ezch times Co was calculated, assuming complete
dispersion, from the average particle diameter, which was itself
" ealculated from the experimentally determined specific surface. Ny
was calculated from a knowledge of Co, h (the height from roof of the
chamber to point of measurement), percerrbége galvanometer reading,
and the volume of the chamber.

The procedure is illustrated below for 1=3 micron silica.

Specific surface 10,400 8QeCle/ge
Average particle dizmeter 2,16 .«
Volume of chember , 124167 cec.

h 11.5 cm.

Determination of Cg @

Volume of 2.16 particle 5.278 x 10712 ¢ ¢,

i

Weight (vol. x 2.65)

i

14,05 x 1072 g,
No. of particles in 0,05 g« = (0.05 x 10%%)/14.05.

No. of particles per ce.ce (Co)= (0,05 x 1012)/(14.05 x 12,167)
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Co = 293, 900

and »
N = L(Z C.R. at time 4)/200] x Cq x 11.5

where G.R. = gaivanometer reading.

The N; figures for DRC., 3-5 and 5-10 micron dusts were converted
proportionally to the same initial nmumerical basis as the 1-3 micron
gradee Thus, 0.05 g. 1-3 micron silica produceé in the chember 293,900
particles per c.c. 0.05 g. DRC. produces 2,325,000 particles per €.C.,
which is approximately 10 times 293,900. Therefore, in order to permit
the plotting of the figures for these two dusts on the same scale for
comparison, the original N; figures for DRC. were divided by 10. The
procedure for the 3-5 and 5-10 micron d lica was similar except that
the original Ny values were multiplied by 5 and 30 respectively.

The curves in Graph 6. show that the 5-~10 micron grade approximates
most closély to calm air settling, while it may be observed that DRC.

shows a very great departure.

2. The Calculation of Terminal Velocity

From equation 1. it may be seen that:
t/ loge (1 - Ny/Goh)™ = nAV,
showing tlhat a straight line should result, passing through the origin,
when t is plotted against the log expression. Fram this, it should be
possible to calculate the average terminal velocity of the dust dispersed
in the chember by measuring the slope of the line and equating with h/A,
of which h is known (1l.5 cm.). In practice, the lines are sometimes

broken and curve downwards to the origin owing to the settling out of the
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larger pérticles. On these occasions the maximum and minimum slopes
are taken to give the terminal velocities of the maximum and minimum
perticles in the dust, and the average slope‘to give the average
terminal velocitye

Davies calculated Ny by counting and measuring the particles
deposited on a slide on the base of the chember and, while this is
probebly the most accurate method it is very slow.

ﬁsing the Dust Apparatus, it is unneéessary to calculate Ny,
and the logg expression may be derived from the percentage galvanometer
readings since Ny and Co occur in the expression as a ratio. Nt may be
calculated only if C, is known and this entails the prior knowledge of
specific surface or average particle diameter.

The technique has been applied to 5-10, 3-5, 1-3 micron silica
and DRC., and the curves obtained are shown in Graph 7.

Both DRC., and 1-3 micron dusts give a single straight line while
the curves for 3=5 and 5-10 micron dusts are broken, each in one place.
Figures calculated for these dusts are presented in Table 7.

It may be noted from these figures that the actual terminal
velocity of DRC. is greater than the value calculated from Stokes!
Law, which seems to indicate that this dust is aggregated to a —
considerable extent during sedimentation. The aggregation is probably
greater than is indicated by the average particle dieameter calculated
from the experimental terminal velocity owing to the effect of

turbulence in decreasing the rate of sedimentation.
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Teble 7

Caleculated and Exp_r:.mental Terminal Velocities
for Graded Silica

Dust Av. Particle T,V. calc, T.Ve from Graph Av. Particle Dia,
Diam. calc. from Stokes' _ appropriate to =
fram Sp oSurf. LaWa . v v Vl v
(M) (cm./sec.) 1 »12 12
DRC. 1.09 0.,0108 - 0.0227 - 1.58
1=34 2416 040402 - 0,0427 - ReR3
354 3476 0,1171 041085 0.0572 3.62 2463
5=10x 6446 0.3414 042210 061210 5420 3.88

T&Ne - Terminel velocitye.
V3 = TJ&Ve of maximum sized particles,

'V12 - Avefe.ge T;v. of groupe.
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The figures for 1-3 micron dust show a similar trend but to a less
extents

3=5 and 5-10 micron dusts, on the other hand, give experimental
terminal velocities below the calculated values indicating that
aggregation, if it occurs, is not sufficient to mask the effect of

turbulence.

3. Conclusions
An apparatus has been developed which is suitable for the
examination of the sedimentation of dusts of size up to between 5
and 10 microns,.
| From experiments with the apparatus it is possible to obtain
three items of information: .
le A 'Settling Factor' which is apparently representative of the
settling characteristics of the dust dispersed, and which may be
used to compare different dusts, or the effect of various factors
on the sedimentation of an individual dust.
2+ A rough qualitetive guide +to the effect of turbulence on the
sedimentation of a particular duste.
3. An estimation of the average terminal velocity of the particles
in a dust, which, in turn, for a dust whose average particle diameter
is known, indicates the extemt of aggregation of the particles in
the cloud.
From the work completed it also appears that two types of

dispersion are encountered:
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l. One which is variable and depends on the weight of dust injected
and on the speed of the fan, and which varies to a greater extemt for
the smaller closely graded dusts than for the larger or more widely
graded dusts. This is considered to be due to the removal of some of
the dust injectéd by the blades of the fan and on the rodf of the
chamber. This is indicated by the varying curves obtained by plotting
actual galvanometer reading against time.

2. One which depends only on the size range of the dust injected and
apﬁears to be constant for a particular dust. Thus, the curve
percentage galvanometer reading o time for any dust is constant and
indicates that the particles of the dust are broken dp into similar
proportions of discrete and aggregated units each time it is dispersed.

This point will be enlarged upon later.

Mooy - caeldnohomnothowsy |
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SECTION 3

The Investigation of Certain Factors Connected with Dust Suppression.

‘1. The Effect of Increased Relative Humidity on the Sedimentation of
' : Graded Silica

(a) Introduction

This investigation arose owing to information received on the
incidence of pneumokoniosis in two coal pits in Stirlingéhire. These
pits, A and B, lie within a few miles of each other and work approxi-
mately the same geological strata, Pit A is comparatively free from
cases of‘dust disease, only two certified cases up to 1950 having been
reported. From B, however, a much greater number of the workers have
been certified. While little information on comparative quantitative
dust concentrations is available, it is evident to the naked eye that A
is much dustier than B. In addition, A is a dry pit and humidity
conditions are greatly less than saturated, whereas B is very wet and
recent measurements of humidity made by the staff of the Mining Depta,
Royal Technical College, Glasgow, gave a value of 100% relative humidity
at the bottom of the upcast shaft. In all the working places the air
is completely saturated, end in many'a distinct mist may be observed.
The strata are naturally damp and in meny of the road-ways water is
found in pools on the floor.

The problem was to determine whether fine particles might be

preferentially maintained in suspension in the atmosphere because of

increased humidity.
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Tt was considered, therefore, that by examining graded silica dusts
at both OF% and 100% relative humidity in the Dust Apparatus, data would
be obtained indicacﬁing whether or not increased relative humidity had
any effect on the sedimentation of the finer silica particles.

Drinker, Thozson and Fin (35), in a paper on the stability of dust,
fume and smoke‘clouds, exsmined, =mong other things, the effect of
increasﬂé humidity on silice particles of median size 1 to 3 microms
and ranging from 0.5 to 30 microns, but could draw no positive
conclusions fram their resultse.

Bedford and Warner (25), in a comprehensive survey of coamparative
humidity and dust conditions in certain South Wales collieries, state
that collieries having a high incidence of pneumokoniosis are generally
reported as being deeper znd drier than those of low incidence. This
statement does not agree with the reports mentioned on A and B, but
should be tzken zs the generzl rule. Their experiments, however,
indicate that while there is a tendency, according to particle counts,
for the drier mines o be the dustier, there is no evidence to show
that dust concentrations within a mine vary inversely as the atmospheric
humidity. They suggest, rather, that reduced dust concentrations in

wet pits are due to the removal of dust by adhesion to wet surfeces of

the cozl and rock.

(v) Experimental
The method wzs to obtain settling curves for the five groded silico
dusts (0.1 g. injected) at both OF and 100% relative mzidity and to
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compare them. Any increase or decrease in settling rate would immediately
be obvious from the settling factors.

0% relative humidity was obtained by blowing dry air through the
chamber for about 20 minutes, checking with the wet~dry bulb
thermometers.

100% relative humidity was obtained in a similar mammer using water-
saturated aire

The normal G.Re.o time curves obtained are shown in Graphs 8 and 9.

- These curves suggest that the initial dispersion at 100% relative
hunidity is decreased greatly for DRC. and <1 micron silicarbut
decreased to a lesser extent for 1-3 and 3-5 micron silica, and not at
all for 5-10 micron silicae It is thought that this is due mainly to
increased removal on the dampvfan and roof of the chamber.

The % Ge.Re X time curves are drawn in Graphs 10 and 11 and show
that no significant difference occurs between those at 07 and 100% relative
humidity, for any duste.

Settling Factors taken fromthese gurves are given in Table 8.

The figures for 5-10 micron silica are slightly erratic but not,
it is considered, enough to alter the conclusion. This error is
thought to arise owing to the decreased sensitivity‘of the indicating
photo-cell at the low impulses transmitted by this dust.

New photo-cells were subsequently obtained and the settling factor

for 5-10 micron silica found to be 5, the others being substantially

unaltered,
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(c) Conclusions
It is concluded that increased humidity in the dust chamber is
without effect on the sedimentation of silica dusts of particle size

1 micron to between 5 and 10 microns, apart from decreasing the initial

dispersionof the smaller dusts.

2+ The Effect of Sprays on the Sedimenmtation of Graded Silica

(a) Introduction

Silicosis and pneumokoniosis are diseases of the lungs caused, as
previously stated, by excessive inhalation of dust, which is considered
+to0 be most dangerous at particle sizes below about 5 microns.

Owing to the high rate of disablement in the mines, especially in
South Wales, considerable research work has been carried out on methods
for the removal or reduction of air-borne dust. Coamplete removal is as
yet impracticable and various methods of dust reduction have been
devised, some heving considerable success. They fall into two general
classifications.

A. Methods for the prevention of dust becoming airborne.
B. Methods for the removal or reduction of dust already airborne.

Most of the experimental work has been confined to group A, and
has included water infusion, the spraying of loading banks and drill
tips with water and wetting solutions etc., wet cutting, and so on; and
as much as 50 to 70% reduction of dust dispersed has been obtained (43).

Experimemts in group B have included the spraying of airborne dust

concentrations with weter and wetting solutions and a similar degres of



reduction claimed (26).

In addition, the effect on sedimentation of mixing certain
mineral dusis with silica has been reported (35, 36, 37). This is
dealt with in the next part of this section.

According to the literature, while it is well established that
wetting of the coal or rock before and during working reduces
greatly the dust subsequently dispersed to the atmosphere (45, 25),
the evidence regarding the removal of dust actually airborne by, for
example, spraying and other means, is not s conclusive. Little work
has been carried out under sirictly controlled laboratory conditions.
The use of welting agents appears to reduce the amount of water
required to give minimum dispersal of dust but there is no conclusive
evidence that wetting agents might give more effective reduction of
dust already airborne (26). In one case which has been reported,
however, reduction of airbornme concentrations in an experimental mine
gellery were found to be 76% for water sprays and 88% using wetting
solution sprays (46). It is unnecessary to comment ﬁpon the small
difference between these two figures.

This second part of Section 3. isconcerned with group B and, in
particular, the reduction of airborne silica dust by sprayihg.

The trend in recent years in the design of sprayers has been o
enable the production of as small dropleis as possible. This has more
recén‘l:ly given way to sprayers based on the main requirement that the

droplets emitted should be fairly uniform and contain the proportion
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of about 507 of droplets 15 to 25 microms in size (47).

The mode of action of the spray droplets on the suspended dust

par-picles is no‘ known, the general opinion being that the droplets

wet the dust particles and by increasing their weight and size cause

them to settle more rapidly. The view has also been expressed (48)

that a sweeping action caused By the passage of the spray dropléts

brings down particles which are thought to be too small to be effi-

ciently wetted.

The initial preferencefor very small droplets was presumably due

to an assumption that the smaller the spray droplets, the more easily

would they wet the dust particles. This accepts the view that, as a

liquid droplet decreases in size so will its surface tension decrease.

This hes been shown theoretically to be true, but only for droplets of

very minute dimensions (49) and is therefore not applicable to droplets

of the size nommally emitted from sprayerse.

The work in this part of Section 3. attempts to throw light on

four points:

1.

2

3.

4.

the effectiveness of water sprays for the redﬁction of
airborne silica dust,

the optimum size of spray droplet related to size of
silica dust particle,

the éffect of sprays of wetting solutioms,

+he mechanism of the action.
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(b) Experimental
The work required; 1, silica dust of known, small c¢losely-ranged
particle size; 2, a means of observing the sedimentation of these dusts
in air; and 3, a means of producing spray droplets of measured sizes.
1 and 2 have already been described, 3 follows.

le The Production and Measurement of Small Spray Droplets

Two basic types of sprayer were developed; A, a commercial plunger
type and B, made fram glass on the perfume sprayer principle. They are
shown in Fig. 6.

Fram'each {type two spray jets containing droplets of different
size range could be produced: Ay, by normal operation, A3, by slow
operation, B1, by normal operation, and Bz, by normal operation with
the air bleed hole closed. '

The measurement of the droplets emitted by the sprayers presented
a difficulty for two reasons. First, when the droplets were collected
on glass slides previously coated with paraffin wax, for microscopic
examination, it was found that the mmaller droplets evaporated so
quickly that exsct measurement was impossible. Second, the droplets on
the slide were not spherical but hemispheroidal. While it is possible
to introduce 2 mathematical factor for conversion to spherical diameters
(50), it was considered that a direct measurement teclnique was more
desirable.

The method used was suggested by Doble (50), and used later by

Dimmock (51) and consists of collecting the spray droplets in the dust
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chember in a shallow petri dish containing a small quantity of a
mixture of liquid paraffin and kerosene (4 : 1 by volume). In this
liquid the spray droplets, which are immiscible and penetrate the
surface, retain their spherical shape , do not eveporate, and may
easily be measured amd counted microscopically.

A total of sbout 200 droplets was measured in several different
fields for each spray aﬁd the results are given in Table O.

In the following experiments the sprays are inﬁected into the
chamber through an aperture near the top: of the front side of the

chember. The aperture may be plugged when not in use.

2. Water Sprays

Initial experiments were carried out using sprays A; and Bj. Ca.
0.28 ge of each was separately injected at 30, 180, 300 and 420 seconds
into dispersions of each graded dust (initial weight 0.1 g.) giving a
total weight of ca 1 ge spray.

Settling curves for spray A, with curves for the unsprayed dusts
for comparison, are drawn in Graph 12, Curves for sprayed 5-10 micron
silica were erratic and have been omitted.

The curves show that no significant effect has been produced by
the injection of the sprays.

The quantity of water injected was then increased by a factor of
five and ca 1.4 g~ of sprays A} and By injected as before, giving a
total weight of ca 5.6 ge Curves were again drawn, and those for DRC.

are presented in Graph 13.
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Teble 9

- Bize Fregquency of Spray Droplets -

Freguemz ﬂ
Spray A ‘?31 Ay Bg
10-50u 3 79 14 90
50-100. 46 15 38 8
100~2004 21 6 41 2

Mean Droplet

Size () 74 39 110 30
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They indicate no dust reduction using spray A} but a small amount
“with épray Bl, namely, a differenceof 10 in Settling Factor (about 26%).
The curves for the other dusts were similar to those in Grapﬁ 12, |
It may be observed that in these experiments the sprays werse
injected intermittently, so that it might be concluded that the effect

of each spray injection would have disappeared before the next ﬁas
introduced. Consequently to produce an increased effect, sprays A
and By were injected continuously for a short periode The dusts were
dispérsed in the usual way and an initial galvaenometer feading
obtained. Ca 0.28 ge of spray was then injected every five seconds
for periods which depended on the size of the dust particles, being
greater with the smaller dusts and also coinciding with the initial
high readings of the galvanometer. A final galvanometer reading wus
obtained after the sprays had been injectede The procedure was
repeated without spray injection and the figurés obtained are shown
in Table 10,

Because of this method of imtroducing the sprays it was impossible
to obtain settling curves on this occasion. The figures presented are
consequently not comparable with those cbtained from previous and later
curves, being a percentage reduction in galvanometer reading during
spraying over a certain period compared with percemtage reduction in
galvanometer reading without spraying during the same time interval.

The figureé in Table 10 show that only with DRC. and <1 micron

silica is there any increased reduction of dust, as measured by the
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Table 10

Conjbinuous Spray Injection

G.Re @ Total wh.of Spray % Reduction in GeR.between times stated

Dust sees. = Ay cad By - No Spray Ay By
- 3. |
DRC. 10 & 129 11.5 47) ‘ 4 86) 79
. 300 52) 53 74) 74  73)
- - 59) - 76)
<lu " 12.9 - 48) 70) -
o a7) 48 70) 70
13« 1208& 647 548 66) 75) 63
L 3000 0 o Co 76)' 71 - 70) 73 . ,
3-54 60 & 5.0 4.5  170) 71) 69)
ool 180 - R : 74) 72 70) -T1 72), 71
5-10. 10 & 248 - 64) . 63) -
L & e f H
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percentage galvanometer readings, dﬁe t0 the effect of sprays. It
smounts to about 20 - 257 between 10 and 300 seconds. It may aléq be
noted that because of thé longer time available for injéction, a
greator weight of water was introduceds For the other dusts, the
results indicate no reduction, with the possible exception of 1-3
micron silica and spray Bj.

Since it appeared that continuous spraying might be effective
and that more than 1.4 ge spray per injection in intermittent spraying
would be necessary, the following compromise was adopteds

Ca 2.8, 5.6, and 8.4 g. respectively of sprays Ay and By were
introduced separately in igections of 248 ge into each dispérsed dust
at 30 seconds, 30 and 60 seconds, 30, 60 and 90 seconds, producing
three curves for each dust. The settling curves for DRC. and 3-5
micron silica are shown in Gréphs 14 and 15, 16 and 17. Settling
Factors taken from these curves and from the curves for <1 and 1-3
micron‘silica are presented in Table 1l.

It is again obvious from thése figures that reduction is not large
but is greatest for DRC. and <1 micron silica. A tendency towérd
greater reduction with spray By may also be observede

The mammer of injection of the above sprays means that spray
particles in the chamber from the first injection still exist during
subsequent injections. This produces a sudden increase in the
galvanometer readings teken immediately after injection and accounts

for the occasionally erratic nature of the figurese. It is also
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Table 11

Increasing Weights of Sprays Ay and B on Graded Silica

Dust

Spray
Injections
Settling Factor
Reduction

% Reduction

Dust
Spray

Injections

Settling Factor:

Reduction

% Reduction

39

10

20

DRC .
Ay
2 3 1
38 36 29
11 13 - 20
22 26 40
13,
Al-
2 3 1
38 29 35
1 4 =2
- 12

51

10

21

<1

54 41 43 32 39
2 15 13 24 17

3 26 23 42 30

3=5n
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considered that the true dust reduction after injections 2 and 3 is, in
fact, greater than that observéd experimentally being partially

obscured by the presence of spray particles in the initial stages of

the experimentse

Conélusions

Sumning up these experiments, it appears that dust reduction, as
measured by percentage reduction of the Settling Factors, is not
great, but is greatest for the smaller dusts and with an intense
injection of water sprays Ay and By, of which By has slightly the

greater effecte An explanation is later suggested for these resultss

3« The Effect of Spray Droplet Size

‘To determine whether droplets of sizes both larger and smller
than Al (74 microns) and By (39 microns) would be more or less
effective in reducing dust, sprays A; (110 microns) and By (30 microns)
were, in addition, used in the following experiments. -

Ca 8e4 go of A1, Ag and By was introduced in injections of ca
2.8 go at 30, 60 and 90 seconds into dispersions of DRCe., < 1, 1-3 and
3-5 micron dusts. Owing to the time involved; spray Bp could be
injected once only (c_:_g 2.8 ge at 30 seconds) as the qﬁan'bi'by of water
ejected per operation of the sprayer was very small.

Curves for these experiments are shown in Graphs 18, 19, 20 and 21,
and figures from the curves given in Table 12.

The figures and the curves show ﬁhat appears to be a gradually

increased reduction of dust as the droplet size of the spray decreased,
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egoin more noticesble with DRC. and « 1 micron silicas.

. : /
It is advisable to note o this point that while the Settling v

Factors have an error of X 2 or 3, when they are converted to
percentage reduction the error is considerably increased and by
amounts depending on the dust of the order times 2y le5, 3 and 5,

for DRC., <1, 1-3 and 3-5 micron dusts respectively.

4, ¥etting Solution Sprays

Three wetting solutions were used as spray Ay which was easiest
to manipulate. The injection of the spray was standardised at ca.
844 Ze (28 ge pér injection) at 30, 60 and 90 seconds as in previous
work .

The solutions were as follows: concentration 1% by weight in
eache .

1. Non ionie¢: Lissopol N, (ethylene oxide condensates)

2. Cationic : Lissolamine A. (cetyl trimethyl ammonium
bromidees)

3. Anednic : Lissopol A. T. (probably a long chain sodium
sulphonate.)

Suppliers: Imperial Chemical Industries Litd.

The results obtained are shown in Table 13. and the curves in
Graphs 22, 23 and 24, with those for water sprays for comparison.
< 1 micron silica has been omitted as it shows effects similar to
DRC., but less in extent.

It m=y be observed that the use of wetting solutions has produced

an increase in dust reduction over that obtained using water sprays.
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Table 12

Water Sprays A, A2, B and Bz on Graded Silica

‘Dust DRC. <l 1=3.w 3=5.u
spray A A By By Ag A3 By Bp A Ap By Bg Ag A3 By By
Settling o S o
Factor 40 36'26 24 50 41 39 38 31 34 24 24 16 21 16 9
Reduction 913232 6151718 2-1 9 9 5 0 512

7 Reduction 18 26 46 50 10 26 30 32

Table 13

6

-~ 37 27 25 5 25 60

Wetting Solutions Sprays on DRC., 1-3 and 3~5« Silica

Dust DRC. 1-3
Wetting
Solution Ni1 1 2 3 Nil 1 2
Settling
Factor 36 16 17 19 29 11 11
Reduction 13 33 32 30 4 22 22

% Reduction 26 66 64 60 12 66 66

10

23

69

3=5
Nil 1 2

20 5 7
1 16 14

5 79 69

13

64
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Reduction of DRC., increased about 2.5 times from 13 to 323 1=-3 micron
silica about 5.5 times from 4 to 22; and 3-5 micron silica ébout 15
times from 1 to 15, There is no evidence that one wetting agent is
more effective than enother. Tt is also apparent that the percentage %
reduction in Settling Factor for each dust is comparable when wetting
solution sprays are uséd, but, as was previously indicated, the
reduction with water sprays decreases as the particle size of the dust

jincreases.

(¢} Conclusions

1. The Effectiveness of Water Sprays

‘The reduction of graded silica dusts by spraying with water is
greatest with dusts about 1 micron in size and decreases as the
particle size of the dusts increase, varying from about 5 to 50%
depending on the spray and weight of water used. It is thoughf;

however, that dust particles in repid Brownian motion are probably

unaffected by the sprays. This is suggested from observation during
the experiments, the flattehing of the latter portions of the fine

dust curves, and from the smaller reduction obtained with < 1 micron

silica compared with that for DRC., (1.09 micron).

2« The Optimum Size of Spray Droplet

There is no evidence that any particular size of spray droplet
is the most effective in reducing dust of any particular size, but

results indicate a tendency for dust reduction to increase as the

dropiet size of the sprays decreases. Again, while reduction is not
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large, it is most noticesble with DRC., amounting to between 18 and

50

3e The Effect of Wetting Solutions.

“Wetting solutions appear greatly to increase the reduetion of’
dust, and by a greater percentage for the larger dusts, over that
obtained with water sprayse Thus, from 26 to 644 12 to 66 and 4
to 497: for DRC., 1-3 and 3~5 micron dusts respectively.

The various wetting agents are equally effective,

4., The Mechanism of the Action

Using weter sprays it may be considered that the mechanism is
mainly the mechanical action of the sprays on entry inte the chamber,
reduction being caused by the impact and sweeping action of the spray
droplets as they are injected and seitle out. This would explain the
greater effect of the sprays on 1 micron pafticies while it is un-
likely that particles in rapid Brownlan motion would be affected.

Also, it might at first be thought that the larger spray droplets
would be the more effective; but it must be remembered that, in
addition to the greater numbers of small droplets in a fixed weight
of spray, the smaller sprays are injected with greater force owing to
the type of sprayer useds

It is obvious, however, that while this might explain the effects
observed with water, it cannot explain those ocbserved with wetting

solutions, which produce a greeter reduction to all intents similar

for each dust (64=70%).
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It must be concluded, therefore, that vfatting occurs. If this
is true it is impossible to exclude the possibility of we'btihg by
water sprays. Therefore, it is considered that both actions occur

but that the welting is greatly increased with the wetting solutions.

5 Practical Considerations

It must be em;bhasised that the above conclusions are based on
experimental data obtained with a dust chamber having a capacity of L
12,167 cece and it would be necessary to exercise caution in trans-
lating them to practicel mining conditionse : ' {

Among the more obvious items which would require to be
considered are, 1le the greater turbulence which undoubtedly exists ;

in a mine chamber, 2, the differing types of dust particle which

night be encountered in a mine (coal particles are notoriously
difficult to wet), 3, the féct that dust particles in a mine
atmosphere are probably already wet and surrounded by a £ilm of
moisture, and 4, the much lower dust-concentrations encountered,
except in the vieinity of loading banks, drill tips etc., as com=

pared with those of necessity used in the Dust Apparatus.

3« The Effect on the Sedimentation of Silica of Mixing with Certain

Mineral Dusts

(a) Introduction

From time to time, as mentioned in the previous part of this

section, various worksrs have investigated the use of mineral dusts

as modifying agents in the sedimentation of silica With a view to
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increasing the rate of sedimentation and hence reducing the amount in
the mine atmosphere available for inhalation, Dod and Lewis (44),
give an account of experiments carried out in Kalgoorlie and state
that they have been able to remove almost all the suspended siliceous
dust from a mine chember in a comparatively short period of time,
(ca. 15 mins.), after it had been produced by shot~firing. The basis
of their method wes to teamp the explosive charge with a mixture of
limestone and magnesite. They attribute the removal of the siliceous
dust to the newtralisation of the electrostatically charged particles
of silica by oppositely charged mineral and subsequent flocculation.
Berkelhamer (36), followed this work with experiments in the
laboratory using a dust chamber, but failed to correlate the charges
of various minerals with their effects on the sedimentation of
silica, The most important effect obtained was that the addition of
calcined gypsum to quartz of small particle size increased the rate of
sedimentation of the mixture over that for either component. Limestone
gave a similar effect, but with some other dusts the miﬁures settled
more slowly then either component. Berkelhamer wes unable to suggest

an eq:plana'tion ufor these results.

First and Silverman (37), then investigated the settling
characteristics of silica-calcium carbonate (pure limestone) mixtures
and came to the conclusion that no significant acceleration in the

settling rate of the silica mixtures occurred, as measured by light-

field microscopic techniquee.
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In on ottempt to elucidate further the conflicting ovidence

presented above, experiments were undertaken with the Dust

Apparatuse.

(b) Experimental
The three minerals used were calcium sulphate, dolomite and
caleium carbonate, sedimented from alcohol as specified in Section 1,

each into two fractions, nemely, >5 and <5 microns, with specific

surfaces as follows:

DS < S
calcium sulphate, 24600 17,000
dolemite, 900 13,700
calcium carbonate, 2,700 11,000 sqecla/ge

The silica dust used was DRC., specific surface 20,700 sqe em./g.
Settling curves wers obtained in the usual menner for each dust
using 0.05 ge material, and also for mixtures of the dusts with DRC.,
in the proportion of 1l:1 by weight. These curves are shown in
Graphs 25, 26 and 27. Terminal velocities were calculated from the

curves in Graphs 28, 29 and 30.

Resulis

le > 5 micron Mineral=S8ilica liixtures

The results are shown in Table 1l4. The figures in brackets are
the averages of the figures for the compohen'ts of the mixtures; that

is, values which might theoretically have been expected.
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The experimentsl results, however, show thot the setiling rates
of the mixtures are aciually less than those calculated, as indicated
by the high Settling Factors and the low terminal velocitiese

Considerable speculation arose on the reason for the phenomenon
and it is later in this thesis explained by effects related, not to
the chemical composition of the minerals, but to the altered particle
size distribution on mixing with fine silica, as similar figures may
be obtained by mixing DRC. with 5~10 micron silicae. Sec Table 154

This is enlerged upon in the following sectione

2+ < 5 nicron liineral~3ilica Liixtures

The figures for these experiments are as shown in Table 16,

It may be observed that the Settling Factor colculated for the
calcium carbonate-silica mixture from the average of the Settling
Factobs of its components is comparable ith the experimental value.
Those calculated for dolamite and calcium sulphate-silica mixtures,
while not identical with experimemtnl velues, are nevertheless not
sufficiently different to warrant the assmuimption thet en incresse in
the rate of sedimentaution has occurred, although the discrepancy is
only just outside the experimental error. Furthermore, an examina-
tion of the terminal velocities of the mixtures shows that the
experimental values are very close to the values calculated for the
components of the mixtures. The differences between experimental
and cnlculzted volues prove to be 0.0015, 0.0071 and 0.0084 cm./sec .,

for calcium sulphate, dolomite and calcium crrhonate mixtures



Tebls 14

>5 Mineral -+ DRC. ¥ixtures

Dust Seitling
' Fagtor

DRG. 52
CaB0s> 5 3

= " $7RC, 51 (28)
Dolomite > S5« S

" +DRC. 39 (29)
Cal05>5x 4

LI " 53 (28)

“Tsble 15

Average T.V.
(cm./sec.)

0.0227

0.2182

0.0224 (0.1205)
0.2093
0.0358 (0.1160)
041480 )

0.0160 (0.0854)

S5=104 Silicea -+ DRC. ¥ixtures

Dust ) Sstiling

Factor
DRC. 52
5-10 5
IEC . 4 510

{(1:1 by wt.) 46 (28)

Average T.V.

0.0227

0.1210

0.0302 (0.0718)

il
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Table 16

< 54« Mineral -+ DRC, Mixtures

Dust Settling
, Faetor
DRC. 52
CaS0y <5« 50
" " 4+ DRC. 42 (51)
Dolomite <5.u 45
u "4+ DRC. 41 (48)
Ca.COB; S 39 |
" ".4DRC. 45 (45)

Average T.V.

0.0227

040240

000219 (0.0234)

~ L

0.0266

0.0318 (0.0247)

0.0301

0,0297 (0.0213)

~
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respectively, and indicate no unusual settling characteristicse

(c) Conclusions

1. The effect of mixing certain mineral dusts of > 5 micron
particle size with silica of average particle size ca. 1 micron is
to produce mixtures which settle more slowly than would be
expected from a consideration of the settling characteristics of
their camponentse.

This effect occurs also when 5-10 micron silica is substituted
for the mineral dust in the mixtures, 5-10 micron silica having a
particle size comparable with those of the minerals.

It is clear, therefore, that the effect is due, not to
peculiatrities inherently associated with the chemical constitution
of the additive compound, but rather to effects caused by the
alteration in the particle size distribution of the dustis.

2. Hixtures of these mineral dusts of particle size <5
microns with silica of ca. 1 micron average particle size, settle
at rates intermediate between those for their components. The
experiments carried out have not confirmed reports which s-té.te
that these minerals increase the rate of settling of their mixtures

with silica over the rates for the separate componentse
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SECTION 4

The Rapid Determination of Specific Surface using the Dust Apparatus
(a) Introduction

The specific surface of a powder or dust is the swmation of the
areas of all the particles contained in unit weight of a
representative sample, usually expressed in square centimetres per
gramme .

A knowledge of the specific surface of a dust is considersd of
great importance in the study of silicosis and pneumokoniosis as it is
related to rate of solution, absorbtion and sedimentation etc., and
therefore an examination of the propertie§ of a range of dusts must
include the determination of their specific surfaces which give
single figures representative of the overall fineness of the
appropriate dusts.

The optical methods of specific surface measurement usually
depend on the estimation of the light cut off by a homogeneous
suspension of the dust in a liquid when a parallel beam of light is
passed through it. It has been shown that the mean projected area
of a particle of any shape when in turbulent suspension or random
motion is equal to one quarter of the geometric surface of the
particle (40). Heywood (52), has evolved the following equation for

the estimation of specific surface by this method:

I, = Ige ~S0%/4
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where, Ip = intensity of the light tramsmitted through the
- (suspension
I, = intensity of the light transmitted through the
€ = concentration of dust (g./c.c.) (pure liquid
8 = specific surface (sq. cm./g.)
X = length of light beam (cm.).

The eqﬁation, however, brezks down for very small particles
approé&hing in size the wavelength of the light used (41, 42). For
these particles (there is conflicting evidencs availeble as to their
exact size, but it is thought to be about 1 micron), extinction of
light bgcomes less than would be expected from a simple geometric
consideration of the particles. This fact has already been
demonstrated in Section 2. and is an inherent drawback, leading to
underestimation of the specific surfaces of dusts containing large
numbers of particles of minute size,

The method of deriving results with the Dust Apparatus nullifies
this objection as the initial galvanometer reading becmmes immaterial,
only the relationship of the others to this initial reading being of
importance when the figures are converted to percentages, and the
results depend only on the overall rate of sedimentation of the
particles.

Previous experiments suggested that the Settling Factors as

obtained with the Dust Apparatus were approximately proportional to

the specific surfaces of the dusts they represented, and it appeared
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that it might be possible, by calibrating the apparatus using dusis
of known specific surface to produce a curve; Settling Factor @
Specifie Surface, which would enable the apparatus to be used for

the rapid determination of specific surface.

(v) Experimental

l. Calibration of the Apparatus end Initial Results

Since the apparatus had been fitted with new photo-cells the
settling curves for the graded dusts were repeated using 0405 ge
material. Settling Factors obtained from these ¢urves are shown in
Table 17 and the calibration curve, obtained by plotting the
Settling Factors against specific surface, in Graph 31,

Thirteen dusts of various specific surfaces were then made up
by mixing known weights of the graded dusts, their specific surfaces
calculated from the weights used, followed by the determination of
their Settling Factors from the settling curves obtained using the
apparatus. By means of the Settling Factors it was then possible to
read off from the calibration curve, figures for the specific surfaces
for comparison with the calculated values.

The results obtained are given in Table 18.

It may be observed that very good agreement is usually obtained
between celculated and experimental values. Three results, however,
and possibly four, appéar to be anomalous giving excessively high
experimental resulis. These are Nos. 6, 10 and 12 and possibly No.3,

whose experimental values are between 25 and > 100% higher than
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Table 17

Repeat- Figures for Graded Dusts

(new photo-cells }

5=10. 3«5« 1=3 DRC. <l
Settling , o o
Factor 4,7 2043 3840 53.6 6043
Specific v
Surface 3,400 6,000 10,400 20,700 29,800

(sg.cme/ge)
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Table 18

Calculated and Experimental Specific Surfaces of Mixed Dusts

No. % Composition by Specific Settling Specific % Error
. Weiglrt Surf.(calc.) Factor Surf.(exptl.)
1 DRC. 75: 1-3« 25 18,125 51 18,200 0.4 high
3  DRC. 75: 3=5.4 25 17,025 54 21,400 25.6 "
5 DRC. 75: 5-10 25 16,425 a7 15,200 7.4 low
2 DRC. 25: 13 75 12,975 44 13,200 1.7 high
11 DRC. 1-3: 3-5: 10,175 38 10,400 2.2 "
5-10« 25 each ,
4 DRC. 253 3=54« 75 9,675 35 - 9,500 1.8 low
7  1-34 75: 3-54« 25 9,300 31 8,500 7.1 M
9  1-3w 75: 5-104 25 8,700 32 8,700 o
6 DRC. 25: 5=10« 75 7,875 50 17,500 >100 high
8 1-3a 25: 3-54 75 7,100 24 6,800 4.2 low
13 DRC. 3: 3-54 97 6,460 21 64100 5.6
10 1-34 25: 5-10475 5,300 31 8,400 > 60 high

12 DRC. 3: 5-10« 97 . 4,135 35 9,500 >100 "



72

calculated.

The experimental values are obtained from the Settling Factors
determined from the smooth cﬁrves drawn through points obtained by
averaging percentage galvanometer readings from duplicate experiments.
Hence, thé Settling Factor obtained in any instance is not
necéssarily the average of the Settling Factors of the duplicate

experiments.

e The Investigation of Anomalous Results

It may be observed that Nose. 6, 10 and 12 were made up of DRC.
257 + 5-10 micron 75%, 1-3 micron 25% + 5-10 micron 75%, DRC. 3% —-
S-iO micron 97?& resﬁectively. That/is, each mixture containedAa
small weight of fine particles combined with a larger weight of
coarser materiale The only difference between these mixtures and those
which gave satisfactory determinations of specific surface is in
particle size distribution.

The anomaloqs results make it appear that the small particles in
these dusts had an excessive effect in the sedimentation out of
proportion to their weight. This effect is manifestea in a slower
rate of sedimentation and hence the high specific surface, since, in
the method of estimation, rate of sedimentation is linked with
specific surface. The phenomenon has also been noted in the mixing of
mineral dusts > 5 microns in size with DRC.

Additional mixtures when made up gave similar resulté when the

size range was wide and when the weight of small particles was half or
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less than half the total weight of the mixture. This is illustrated
in Table 19,

It may be observed from the figures in Table 19. that Nos. 14
and 18 give comparable calculated and experimental valued; 4.2% low
and 3.9% high respectively, and while their size range is wide the
percentége of small particles by weight is large. Nos. 15, 16 and
17, and 16 in particular, give, on the other hand, excessively high
figures. While their size range is also wide the percentage of
small particles in 16 is small (3j) and in 15 and 17, 50%. The
experimental figures for the latter two dusts are closer_to the
calculated values than is that for Ho. 16.

From the results quoted it is interesting to compare graphs of
the variation in calculated specific surface with percentage com=
position with those of the variation in experimental specific surface
with percentage composition by weight of the constituents of the
mixturese

The curves for DRC.,4+ 5-10 micron, 1-3 ¥ 5-10 micron and 1-3 +
3=5 micron mixtures have been drawn in Graphs 32, 33 and 34.

fhe calculated values give curves of a straight ‘line form when
plottéd against percentage composition. ‘The curves obtained,
however, for the experimental specific surfaces for DRC.- 5~10 micron
and 1=3-4 5-10 micron mixtures nise initially, for small percentages
of the smaller constituent, greatly =bove the calculated values.
They eventually approach the straight line somewhere beyond 50[; of

{he smaller constituent. The experimental curve for the 1=3 - 3-5



No.

14
15
16
17

18

% Gomposi‘tionv
- by Weiglht

'DRC. 90: 5-10m

DRC. 503 5-10«
1=-34 3: 5-10u
1=3u 50: 5=10x«

1-34 90: 5~104«

10

50

50

10

T4

Table 19

Specific Settling Specifiec
Surf.(calc.) Factor Surf.( exp‘tl .)

18,990 . 51 18,200
12,150 45 14, 000
3,815 20 5, 900
7,000 33 8,900
9,720 37 10,100

ae—v'

% Error

4,2 low
15.3 high
55.0 !
27.7 "

3.9 "
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nicron mixture is, within experimental error, close to the calculated
CUIVEe

The divergence betwesn experimental and calcﬁlated curves is much
greater for the mixtures containing DRC., than for those containing
1-3 micron silica, and it appears, thereforse, that the wider the size
distribution the wider the divergence.

This point is further illustrated from the results obtained from
the examination of several commercial silica dusts, and also of two
mine dusts. Particle size analysés were carried out using the
Andreasen Pipette (Section 6.) and are tabulated in Table 20. Tt
should be noted that these dusts were not originally'of an airborne nature.

Specific surface measurements were also made as previously using
the Lea and Nurse method and the figures obtzined are shown in Table
21l. with comparative results obtained with the Dust Apparaius} |

Even greater discrepancies are shown than for the smaller syn-
thetically prepared dusts and this links up with the again greater
range of particles, which extends fram <1 micron’to > 100 microns.

A further reason for the wider discrepancy is the fact that these
dusts confain a considerable proportion of material >10 microns in
size which is suspended for too short a time to be recorded by the

apparatuse.

3. The Effect of Particle Size Distribution on Rete of Sedimentation

As has been previously shown, it is possible ﬁmn\the'settling

curves to obtain figures for the average terminal velocities of the
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Table 20

Particle Size Analyses of Industrial Dusts

S5 Sa
19.4 6ol
3062 4744
26,1 22,5
131.3 11.0
56 ,6.0'
640 449
14 2.1

Wy

7.1
53.4
16.6
10.0

3.3

7.0

246

Table 21

Vg

1647
52.7

Re6
17.8
”2,6

5.5

2.1

Mine Mine
Dust 1 Dust 2

4.3 ¢]

33.5 40

13.6 4.2
6.3 047
1.8 0.2

3¢l 2.0

Camparative Values for Specific Surfaces

Mine Dust 1

Mine Dust 2

of Industrial Dusts

Permeability

Air

3,220
3,109
3,538
2,825
5,480

4,489

Dust
Apparatus

20,560
23,200
22,000
29,400
25,200

26,600

37.4 5240

4

.9

SRR OBE R W

1N(

(sq.cm./g.)
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dusts dispersed in the apparatus. When these are calculated for
mixtures 1 to 13, the figures set down in Table 22 are obtained.
The terminal velocities of the mixed dusts are calculated from the
slopes of the curves drawn and annotated in Graphs 35, 36 and 37,
Average particle dizmeters calculated from the terminal velocities
are also given.

It may be observed that, as has previously been stated, the
average terminal velocities (V;5) for the individual graded dusts
show that the rates of sedimentation of DRC., and 1-3 micron silica
are greater than would be calculated from the average particle
diameters obtained from their true specific surfaces. From Vi, the
average particle diameters are 1.58 and 2.23 microns as against
actual values of 1.09 and 2,16 microns respectively. This difference
would, in actual fact, probably be even greater but for obscuration
by turbulence in the chamber. The infsrence is that both these dusts
exhibit a considerable degree of aggregation when dispersed in the
chamber, the aggregation being relatively greater for the smaller
dust (DRC.).

3-5 and 5-10 micron silica, on the other hand, give average
terminal velocities which are considerably less than calculable from
Stokes' Law. Average diameters of 2.63 and 3.88 microns as against
actual values of 3.76 and 6.46 microns respectively are produced,
indicating an overall slower rate of sedimentation. The inference

is that aggregation is considerably less, if it exists, and is
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Teble 22

Terminal Velocities of Mixed Dusts

Av.Particle TeVe. calg. TV. fram Ave Particle

Diame calce fram . Graph Diameter
from Speci- Stokes' Law Vi2 appropriate
fic Surface (cm./sec .)_ to vy,
()
DRC. 1.09 040108 0.0227 1.58
1-3 .4 2416 0.0402 0.0427 2423
3=5.4 3476 0.1171 0.0572 © 2463
5=10.4 6«46 0.3414 0.1210 3.88
1 1.25 0.0145 0.0178 1.39
3 1.34 0.,0166 . 0.0187 © 1.43
5 1.38 040176 040269 1.70
2 1.74 040260 00244 1.69
11 2.23 0.0428 0.0414 2,19
4 234 0.0471 0.0240 1.61
7 2,43 0.0493 040439 2427
9 2.62 0.0579 0.0425 2.24
6 2.87 040690 0.0206 1.57
8 3.19 0.0858 0.0464 2.34
13 3.51 0.1028 0.0447 2.06
10 © 3.80 01196 0.0324 1.98

12 5.48 042460 0.0152 1.36
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certainly not great enough to obscure the retarding effect of
turbulence.

An examination of the figures for the mixed dusts, however,
shows that: 1. Nos. 1, 3 and 5 have average terminal velocities
slightly greater than calculableAfrqm Stokes' Law, and these
dusts contain 75% of DRC.

24 Nos. 2y 11 and 4 contain 25% of DRC., and give
slightly lower terminal velocities than caléulableo No.1l3
contains 3% of DRC.

3. Nos. 7, 8 and 9 have slightly lower terminal
velocities and contain either 25 or 757 of 1-3 micron silica.

l., Suggests that the large amounf of DRC. is the overriding
fector and aggregation still occurs sufficient to mask the effect
of turbulence,

2., Suggests that the large amount of constituent other than
DRC. is the overriding factor and insufficient aggregation occcurs
to mask the effect of turbulence.

3es Suggests that the aggregation of the 1-3 mieron silica is
masked by the larger material so that the composite dust shows to
a slight degree the effect of turbulencs.

Dust Noe 11 contained a graded range of particles and the
terminal velocities (experimental and calculated) are very close
together, suggesting that the aggregation balances the effect of

turbulence.
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Dusts Nose. 6,10 and 12, on the other hand, have experimental
terminal velocities very much lower than calculated and this
suggests that the small emounts of fine particles have been
considerably de-zggregated. This, coupled with the effect of

turbulence, suffices to reducé the overall rate of sedimentation
by a large amount.

Thus, recapitulating:

No. TV, Particle TJV. Particle
calculated. Diameter experi- Diameter
(cm./sec .) () mental.
6 0.0690 2487 040206 1,57
10 0.1196 3480 0.0324 1.98
12 042460 5448 0.0152 1l.26

These dusts give anomalously high specific surface determinations.
It would appear, therefore, that there may be considerable
variation in the dust producing power of finely divided materials
as méasured by their terminal velocities and this power may or may
not be mezsured by specific surface determined by standard methods
(e.go air permezability). Hitherto it has been generally accepted by
workers in this field that, exclusive of other comnsiderations such
as composition, specific surface, and in particular, the surface of
the particles < 5 microns contained in a dust, gives a reasonable
estimation of the danger likely to be associated with +the dust.
These experiments show that the presence of much large material in

a dust containing very fine particles may modify considerably the
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overall rate of sedimentation of the dust. It is apparent that the
more slowly a dust settles the longer is it évailabla for inhalation

and is therefore potentially more dangerous.

(c) Discussion

Two main reasons are thougﬁt to explain the phenomenon related
above:

l. The inclusion of large particles (10 micfons) in excess
weight (not‘necessarily excess numbers) in a dust containing a
proportion of very small ones (1 microm) increases the inherent dis-
persibility of the small ones. That is, a small closely graded
group of particles has a disperéibility inherent to it, and probazbly
depending on electrostatic forces developed among the particles, so
that, on dispersion, it disperses in aggregates, the aggregation
being greater as the particle size decreases. Proof of this inherent
diéfersibility peculier o each dust, has been in evidence throughout
the work with the Dust Apparatus, which has given constant percentage
settling curves for each separste dust.

The alteration of the particle size distribution of a dust by
the inclusion of sufficient particles of widely differing particle
size alters the inherent dispersibility and causes greater dispersion
of the small particles to an extent which, in many cases, obscures
the rapidity of the sedimentation of the larger particles. The
average terminal velocity is therefore less than would be expected

by calculstion from the now greatly reduced specific surface
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meésured by air permesbility.

~Since specific surface as determined with the Dust Apparatus
depends on rate of sedimentation, when fhis occours an overestimation
of the specific surfzace is obtained.

2+ A further, and, it is comsidered, lesser cause of the
effect, is thought to be increased turbulence in the chamber caused
by the settling of the larger material affecting the settling of
fhe small particles., Evidence for thié is obtained from a consider=-
ation of the properties of Mixture 12, This mixture is made up of
DRC. 3%-+ 5-10 micron silica 977% and gives an experimental terminal
velocity far below the calculated value. Values for Ny (the number
of particles settled up to time t) were calculated for the mixed
dust from the known figures for percentage composition and specific
surface of the constituents. These values were then converted to
comparative 1-3 micron numbers [Section 2, 2(b)J from which were
subtracted the figures for Nt for 5-1Queilica alone. Values were
thefefore,obtained of Ny for DRC., as affected by the addition of
5-10 micron silica, assuming that the sedimentation of the 5-10
micron material is unaffected by the presence of DRC. It may be
observed fram Graph 38 that the effect appears of considerable
magnitude and is of a fluctuating nature. Graph 38 shows Nt values
drawn proportional to time for DRC. as affected by 5-10 micron
silica, compared with those for DRC. alone.

The limitations of this evidence are realised by it is included

éu(f /



GRAPH33

e——e DRC:ALONE..

o—o DRC.A_-,. APFECTED BY
5-10, SILICA .

"n ~° hd
o
L 4 /
- 1000000 e
s L

°

/ [ 4
A} /
’ o

[ ]

Ll

[

. S0 100 150 200 250 366 350 400 @50 500 S50 600,
Time 1N DeconDs.




83

to illustrate the complexity of factors which may affect the

sedimentation of dusts in air.

(d) cConclusions

The Dust Apparatus has proved effective in estimating the
specific surfaces of a limited range of dusts, namely, those whose
particles are under about 10 microns and are within a limiting
range of about 5 microns.

Dusts above 10 microns settle too fast for measurement in the
apparatus, and dusts with a wide range of particles give erron@ously
high values due to factors affecting the sedimentation of the dusts
which depend on the particie size distribution.

The accuracy of the estimation depends on the specific surface
of the dusts but is usually better than 107 for those dusts within

the range specified above.
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SICTION 5

The ¥valuotion of 'Uewlth Hazard!

Acceptance of the solubility theory of silicosis stresses the
importrnce of the surfoce arecs of dusts of similor composition as
a measure of their pethogenicity, and since the upper limiting
size of 5 microns is generally accepted, the surface area of
particles below this size in a dust is of even greater significance.

The most recent attempt (28), to obtain a suitable comparstive
measure of the health hazard to be associated with dusts, aims ot
obtaining as much intermediate information as possible (e.g., nass
concentration of total zirborne dust, specific surface of total

dust, mess concentration of the dust below 5 microns and a campara=
tive measure of the surfice arez of the dust below 5 microns); but
a composite figure is nlso obtuined which is defined as the surfrce
area of the particles below 5 microns, expressed as a weight
percantage of the particles below 5 microns contained in a "normal
dust”es '"HNormzl dusts' being defined agnin, for convenisnce, as
dusts whose specific surfuces are approximately proportional to the
weight percentzge of particles below 5 microns which they contain.
After collaction of the somple by the gravimetric method, the
usts are evaluated in the laboratory by means of a photoelectric
light extinction method, the dust being dispersed in alcohol.
Several estimations were originally corried out, using different

L
]

1iquids, to determine the most suitoble, i.e., giving most complete

. T8 TR R faliel 1y O et ar ng D
lispersion . Thus, of three cusis (53), the following vilues for
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dispersing power as measured by varistion in specific surface in
different liquids shown in Table 23 were obtained. Specific
surface may be used as a comparative measure of dispersion as,
if there is aggregation or flocculation of the particles, the
obstruction of the light beam will be erroniously low, resulting
in an erroniocusly low value for specific surface.

The results quoted show that dispersion of the dust depends on
the liquid used and, according to other figures ebtained by the same
workers is also comstant for a particular dust in e particular
liquid. This tends to confirm previous remarks (Section 4) regarding
the inherent dispersibility of particuler dusts with air as
dispersing mediume.

Thus, it is apéarent that when maximum dispersion of the éust is
aimed at and achieved, using alcohol, it does not necessarily
represent the original dispersion of the dust in the air, or even
the subseguent dispersion if the dust is resuspended inair. It
appears that while the South Wales method or any specific surface
method will give, within experimental error, the maximum external
surface of the dust particles, it does not necessarily bear an exact
relationship to the surface of the dust which, depending on its
dispersion, will find its way into and be trapped by the lung.

Two factors are involved. If a dust is dispersed in an
aggregated form it will settle more rapidly than it would if it were

not aggregnted, and less will hence be available for inhalation.
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Table

23
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*‘»‘The-Specifié Surfaces of Dusts Dispersed. in Various Liquids-

-Liquid-

‘Water-

Water + 1% Perminal

Alcohol

Alcohol fweter 50/50

Petroleum ether
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2

5,090
74560
- 8,260
6,070

4,730
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If the dust is aggregated it will depend on the size of thé
aggregates whether it is eventually retained in the lung or expired.
As Ven Wijk and Patterson state (13), there is a natural tendency
for the larger particles to deposit in the large air passages of
the lungs and for the smaller ones to deposit in the smaller
passagese The large particles are therefore more easily expelled
by the physiological dust expulsion mechanism of the lungs. It is
conceivable that this will apply to large aggregates. The oppbsite
might be true however of small aggregates. Removal of ﬁarticles
below 0.2 microns from the atmosphere by the lungs is under 25%
according to Van Wijk and Patterson, but if these particles aré
aggregated, then the aggregates larger than 0.2 microms will be
removed in greater proportion (13). When finally ingested these
aggregates will probably act as single particles. It is obvious,
therefore, that the mechanism is too complicated to say with »
certainty>exactly what happens. It appears, however, that disper-
sioﬁ of the dusts should be taken imto account in any estimation

of health hazard.

Since it Has been shom (Section 4) that the dispersion of a
dust depends on its particle size distribution, it Wﬁll therefors
also determine the amount of dust which will be suspended in the
atmosphere by agitation of the dust already deposited on roadways
etc., and raised by the removal of coal and rocke

When the figures for health hazard, appropriate to dusts of
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known specific surfece, by the South Wales method are compared
with Settling Factors for the same sgpecific surfaces read off
from the calibration graph opposite pagé'7l, the results shown in
Table 24 are obtainede

It may be observed that for dusts dispersing 'normally" the
Settling Factors place them in the same order and indeed abéve
4,000 sq.cm./ﬁ. specific surface, with figures almost identical
to those obtained with the South Wales method. The Settling
Factors for specific surfaces under 4,000 are apﬁarehtly unduly
low but this is not a disadvantage as 3,000 represents an average
particle diameter of cas 7.5 microns; particles which are thought
to be relatively unimportant from the point of view of health
hazard. The dusts which give high Settling Factors owing to unduly
high sir-dispersion would not give high figures for the health
hazard with the South Wales method which is directly linked with
specific surface determinéd by the light extinction method.

| It is consideréd, therefore, that the Setiling Factors give a

better indication of health hzzard; as, for normal dusts, the
results are perallel to those of the South Wales method, but for
a dust with gbnormally high dispersion the Settling factor
records the fact with a high value and therefore indicates the

greater hazard to be met from increased possibility of inhalation,
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. Table 24~ - oo iliyn

el e Ui

Comparison of South Wales and Dust Apparetus Figuir

Specific Surface South Wales o Settling itk
(sqecme/ge) Method Factor

AT R DRE

3,000 - 12

';4,000 ‘ o 15 0 o o nan ugeg Thrihmrmd
6,000 3 20
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1000 -3
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SECTION 6

General Discussion and Sﬁggestions for Future Work

| cm—

1. Photoelectric Dust Sedimentation Apparatus

It is proposed to suggest modifications which, in the light of
experience, would improve the accuracy of the apparatuse

The photo-cells are of the selenium layer type and with
persistent use, fatigue occurse. The effect of this has been mini-
mised by switching on the lamp oniy during the taking of readings.
Long-term fatigue, however, also occurs and necessitates renewal of
the cells after sbout six months of continuous usee Furthermore,
according to some workers (53), this type of cell does not give an
entirely linear response to light intensity and while this effect is
small and is considered negligible in the present circumstances, it
is a basic defect; It is therefore worth considering the use of
valve type photo-cells such as those produced by Radio Electronics
Ltd., Merton Road, London.

AIn spite of the precaution of intermittent use of the lamp, some
heating occurs which causes excessive turbulence in the chamber. It
is suggested that in any future apparatus a heat filter should be -
incorporated in the lamp housinge. A transparent contéiner filled
with water would be ideal but would necessitate rearrangement of the
lamp to keep the lens in focus. Since in the present apparatus the
lemp is fixed, it would not be possible to make the necessary

ad justment without extensive alteration. Also to reduce turbulence,
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t+he chamber could be thermally insulated from the atmosphere.
Terminal velocity determined under these conditions would then
give a more accurate picture of the aggregation of the particles
suspended in the chamber as there would then be less reduction in
velocity owing to turbulence,

The apparatus described was intended for use exclusively in
the laboratorye It is thought, however, that the arrangement
provides a éonvenient basis for the development of an apparatus
for use underground, which, if coupled to a recording device,
would enable a continuous picture of underground dust concentrations
+0 be obtained. The arrangement envisaged is basically similar to
the present apparéius, but incorporating, instead of the dust chémber,
a box, open at top and bottom through which the mine atmosphere
would circulate freelye. The dimensions of ‘the box would have to be
determined by experiment and would probably be considerably greater
than thosé of the present chamber. It would be necessary also to
hoﬁse the photo-cells in cylinders of a gas-tight nature. In order
t0 make the apparatus portable it would be necessary to actuate the
lamp by battery.

It would, of course, be impossible to differemtiate between
concentration and size of particle by this arrangement but a useful
record of the fluctuation of dust conditions would be produced,
thereby showing immediately when certain fixed standard were

exceeded.
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2. The Suppression of Airborne Dust

(a) Mineral Dusts

It has been shown that mineral dusts of the type examined are
useless for the suppression of airborne silica, whether the minerals
are less than 5 or greater tlan 5 microns insize, and indeed, the
> 5 micron material increases the dispersion of admixed finely
powdered silicae. This point suggests that, owing to the likely
increased suspensién in the atmosphere of dangerous material, it
would be unwise to use minerals greater than 5 microns in size for’
dusting in mines. Stone (mineral) dust is used in mining for the
main purpose of diluting the airborne concentration of coal dust
and thereby decreasing the possibility of the propagation of
explosions. > 5 microm mineral dust would therefore be expected,
when mixed.with fine coal and subsequently disturbed, to allow of
the suspension in the mine atmosphere of more discrete and probably
finer coai particles.

Two factors are involved. Firstly, to reduce the danger of
lung disease, aslittle dust as possible should be suspended in the
atmosphere. Secondly, to reduce the denger of explosion, any dust
in the atmosphere should contain a certain additionél proportion of
incombustible dust. These requirements are mutually conflictinge.

The use of < 5 micron mineral would not increase the dispersion
of its mixture with a similar size of other material but would still

be efficiﬁious in the prevention of explosions.

/
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Skinner and Grahem (54), express concern at the high proportion
of particles less than 5 microns in meterisl used for dusting in
mines, as they consider that it is unwise from a medical aspect to
overburden the atmosphere unduly with perticles of a size believed
to be a danger in the production of lung disease. This is
particularly so when it is observed that many of the stone dusts
which they exsmined contained as much as 40j of free silica. These
dusts were mainly produced fram shales. The limestones, gypsum and
precipitated calcium carbonate which theyimention contained a very
much lower proportion (mostly under lﬂ) of free silica.

The opinion of the author is, théfefore, thaf for dusting in
coal mines the stone dust should be as fine as possible, but if
economically feasible, those meterials containing a high‘proportion

of free silica should be replacede.

(b) Spraying

- The experiments have shown that the most effectiye reduction
of airborne silica dust is likely to be obtained using sprays of
wetting solutions. From the results obtained with water sprays it is
concluded that, within the renge of spray sizes msed, the most
effective average droplet size is approximately 30 microns. Whether
droplets smaller than this size would be more effective should be
determined. It is suggested, also, that to obtain maximum removal
of zirborne dust the greatest quantity =and intensity of spray

compotible with safety and comfort under the prevailing conditions
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is reguired. Sprays should also be ejected from the roof verticzlly

dovmwards to make use of the inheremt gravitational direction of the

dust and to enhance the sweeping action of the spray dropletse
Further work should be carried out on suspended silica dust

of size less than 1 micron and on other materials of verying size

(eegs coal) to determine the effect of sprayings Further data are

also required on the effect of concentration of suspended dust on

its reduction by sprayinge.

3e The Measurememt of Specific Surface and the Health Hazard

The apparatus provides = convenient and rapid means for the
measurement of the specific surface of small amounts of dust below
5 to 10 microns in size but has the disadvantage that dusts having
a small percentage of fine particles coupled with a wide range of
parficles are seriously overestimatede. For the estimation of health
hazard, however, this fact includes high up in the assessment of the

relative danger of a range of dusts, those dusts which show a slow

rate of settling owing to more complete dispersion.

The original calibration of the apparatus, based as it is, on
the sedimemtation of closely ranged dusts is seen, therefore, at high
specific surfaces, to be artificial. It is ‘o be expected that if
the apparatus were calibrated using dusts of knowm specific surface
but having widely ranged sizes, the specific surfaces of closely
ranged dusts such as DRC., would, owing to aggregation, be

underestimateds
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The study of dispersion would provide an interesting extension
of the present work. It has becn observed by many workers that as
a group of particles is reduced in sizé, so does its ability to

H

disperse deqéase. It has not, however, been previously stressed
that the inéiusion of larger particles in a group of very small
ones would considerably increase the time of suspension in the
atmospheres The explanation of the effect is probably bound up
with the electrostatic properties of the particles and, if so, is
additional evidence for the theory sdvenced by Boning (55), thot
electrostatic charges developed within a group of small perticles
derive from their mutual collision and depend on their sizes. A
profiteble future line of research , therefofe, would be the study
of the electrostatic properties of graded silica and this might
develop into a major study of fundamental significance.

Additional adventages of the Dust Apparatus for evaluating the
health hazard are enumerated belows

l. Great rapidity. A setitling curve may be obtained in
approximately 30 minutess The apparatus therefore lends itself to
routine worke.

2. 0405 ge of dust is sufficient. |

3o Independence of the decreésed light extinction of particles
less than 1 micron in sizee J o |

4, Sedimentation in eir rather than in a liquid is a closer

simuletion of practical mining conditionsae
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SECTICN 7

Experimental Methods of Particle Size Determination

in the Sub~Sieve Range

Three established methods of particle size"meésurement, based
on different principles, have been made use of in this thesis.
.They were chosen with due regard to the purpose for which they were
requirede. Tﬁo of these methods give the particle size distribution
of a collecfion of small particles and the other an estimate of the
"overall fineness of specific surface of the material. It is
possible, if necessory, to calculate the latter from the former but
not vice versa.

No attempt is made here to review methods of partiéle measure=
ment which would be outside the scope of this work. The purpose
of this section is to record the experimental techniqués adoptede

The three methods were as follows:

Specific surface: Lea and Murse, Air Fermeabilitye.

Particle size distribution: Andreasen Pipette,

Microscopee

1. Lea and Nurse Air Permeability Method (33)

(2) Introduction

The basis of this method is the measurement of {the rate of
flow of air through a bed of a known weight of the maferial, packed
t0 a fixed depth in a cylinder of constant dimensions. The

apparatus used mey be seen in Figs. 7 and 8, which are sélf-explanatory.
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A measure of the specific surfaces of various grades of
powdered silica and other materials was required for checking the
size grading of the particles and for the correlation of results
obtained with 'l}he Dust Apparatus. It is stressed that the figures
obtained using this method are not absolute, but are individually
comparative, and comparable also with values obtainable by
sedimentation methods (56).

Specific surface is calculated from the following equstion:

14 £3am
S = o(1-€) CLhp

..0".....00......1

where, 8 = specific surface (sq.cme/ge)
O~ = density of material (ge/c.c.)

€ = porosity of packed bed = volume of pore space/
total volume of bed

cross-sectional area of bed (sg.cme.) [5.289 sq.cm.)

b
1]

C = constant of flowmeter (c.ges.) [3.951 x 1076 Coges.)

depth of bed (cm.) (1.011 cm.}

[
]

hy = difference in level of manometer (cm.)
hy = n wooom " flowmeter ( " )
The figures in the large brackets give values of the constants
for the apparatus used.
& , the porosity, is calculated from the demsity of the powder
and the volume filled by it in the following manner:
S = volume of pore space/tota‘l volume of bed

= volume of pore space/5.348
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and, volume of pore space = total volume of bed - real
volume of powder

= 5,348 - weight/density.

. 5,348

A factor not taken into account in the specific surface results
on graded silica which follow is the slight decrease in density of
the silica (quartz) which occurs during prolonged grinding and is
thought to be due to the formation of a crypto=crystalline layer on
the surface of the particles (57, 58), However, allowing for a
decrease in density of 0.05; i.e., from 2465 to 2.60 g+/CoCoy the
error in specific surface would, in any event, be less than 2% and
is considered small enough to be neglected.A

Theoretically, values for specific surface calculated from
equation 1. should be independent of the value of,éf s In actual
fact, however, there is some variation depending on the value of &
used. This variation is discussed at length by Lea and Nurse in
their later publication (56), and also by Keyes (59), who has
developed a correction of the original equation based on his own
results.

The procedure therefore adopted was to carry out all determine
ations using a constant value for the porosity funetion. This
value is obtained fromthe approximate average of the weights of the

largest and smallest sizes of the powders whose specific surfaces

it is proposed to estimate, which, When compressed in the
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permeability cell, give a suitably packed bed.

The porosity must be carefully chosen when a range of powders
is to be exsmined, beczuse a porosity suitable say for 5=10 micron
silica might require a weight which if used of < 1 micron silica
would have a volume which would be impossible tb compress into the
permeability cell. Conversely, a suitable weight of < 1 micron
silica might be such that if taken of 5-10 micron silica would have
e volume which would not completely £ill the cell. The porosity
most suitable must therefore be found from a weight of material

determined by trial and errore.

(b) Experimental

The densities of the powders were determined using a 25 c.Ce
pyknometer with distilled water (ethanol for water soluble dusts)
as displacement liquid, and evacuating the bottles to displace air
from the small particles.

A weight was then chosen which gave a suitable bed of both <1
and 5-10 micron silica, and the porosity calculated. This porosity,
used throughout, had the value 0.,5873.

For powders of different densities, a factor was calculated
which when multiplied by the appropriate density gave the weight of .
the particular powder to be compressed into the cell to give the
above porosity: for example:-

S = 0.5873 total volume of bed = 5,348 c.c.

S, 0.5873 = volume of pore space/5.348
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volume of pore space = 045873 x 5.348 = 3.139 c.c.

Real volume of powder = Total volume of bed = Volume of pore
space

= 5,348 = 3,139 = 2.209 cec.

Weight required = 2.209 x T (demsity of powder)

The appropriate weight of powder, previously dried in vacuum,
wés wéighed into the permeability cell containing a No.l. Whatman
filter, and compressed carefully with the plunger. The plunger wes
then withdrawn slbwly with a slight initial rotary mdtion, the cell
connected to the zpparatus and dry air passed through it. Readings
of hy and hy were teken for five differemt rates of air flow, and
the average values used inthe specific surface equation 1. Duplicate
determinetions were carried out, and the results obtained ma& be seen

in Tasble 25.

2e. Andreasen’Pipette Method (60)
() Introduction

A measure of the relative weight proportions of fine and large
particles in certain ungraded commercizl powders was required to
confirm that anomzlous results obtained with the Dust Apparatus were
due to the wide size distribution and relatively large amount of
large particles contained in the powders. Since a camparatively
large quantity of these powders was available the Andreasen Pipette
method was considered as most suitable.
(b) Apperatus

The apparatus consists (Fig. 9) of a vessel of ga. 600 c.c.
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Table 25

Porosity 045873

Material Density Weight Specific. Mean % Varietion
(ge/cece) (ge)  Surface ‘ -from Mean
| (sq.cmr./g.) | |
s;lk; 2465 5.8475 .ggzggg 29,805 1.5
1-3.4 n i %&igg 10,355 0.9 (11,300)
35 oo " z;gg‘g | 5,979 1.3 xf 54600)
5=104 " " gzigg 3"371 - x‘ '3,000)
DRC. 2.61 5.7566 zg: iﬁg 20, 7'30 0.4
CaS0,> 54 2496 6.538'6v E:Séz 2"’6424 0.3
"< ‘ . " ﬂ:ggg 16,980 0.3
Cal03>54  2.80 6.18-52; gzgig 2,728 0.2
D;lgmi‘&e 2.85 6-'2956' ggg 903 3.3
"<5. n " g: ggg 13,675 1.1
53 2464  5.8384 2:2122 3,220 0.2
A " " g:gﬁg 13,109 2.0
W, 2465 5.8475. g:gg 3,58 2.3

continued over page/
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Toble 25 (cont.)

Material Density Weight Specifié Mean %Va’riation

Surface -from Mean
W, 2.65  5,8475 2,865 2,824 1.5
o 27ee
n]/;i:z . 2478 6.0?60 gzﬁg 5,479 041
"2 275 6,0680 2:232 1,488 1a7

534 S4 etce are trade symbols for commercial dust samples

supplied by Messrs. Colin Stewart, Winsford, Cheshire.

x
The figures in brackets are the values obtained by
calculation from the nominal average size of these dusis and

show good agreement with the experimental values.
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capecity to hold a suspension of the powder in a liquid, calibrated
in ecm. from a line about 4 cm. above the base to a height of 20 cme
A device for sampling at the zero mark, portions of 10 c.c., is
fitted through the neck and is provided with a two-way stop-cock,
so that the sample may be withdrawn by suction and discharged into
a dishe For very accurate work the epparatus is thermally
insulated from the roam.

(c) Experimental

The method was modified slightly to suit the requirements.

A weight of the powder to be analyssd, sufficient to form a
suspension having the solid in proportion of about 1% by volume
(ca. 12 g.), was weighed accurately, transferred to the vessel, and
made up to the 20 cme. mark with liquid. For silica, water was used
but for the mine dusts, ethanol. The vessel was thoroughly shaken to
form a uniform suspension. The time at which shaking ceased was
noted, and samples withdrawn after times calculated from Stokes'
Law (Sectioﬁ 2) equivelent to the settling of all parbicles in the
suspension of sizes over 100, 20, 10, 5, 3 and 1 micron respectiveiy,
below the zero line from the level of the top of the suspension.
This level decreased by 0«4 cm. for each 10 c.c. sémple withdrawne
The samples were transferred to tared porcelain dishes, evaporated
to dryness, and reweighed.

The particles are assumed to be uniformly suspended at the

stert of sedimentation; and, from the initial weight of powder and
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fﬁe volume of the suspension, the tot:l weight of particles in 10
cec. moy be calculateds Hence, also, the percenmtage wsight of
powder still in suspensioh at the zero level for each sample taken
may be determined. ’

A specimen of the procedure is presented in Table 26.

Thus, a determination is made of the percentage by weight of
the powder which is smaller than é known particle size, and from
this the percentage weight between-size may be deduced. If a full
size distribution is required, it is obtained by plotting
percentage undersize against Stokes' diameters and differentiating
the resultant curve.

The figures for percentage between-sizesvbf other dusts are

presented in the appropriete place (Section 4, b2).

3. Microscope Method

This was used to obtain a measure of the average size of spray
droplets emitted fram spraying devices in dust suppression
experiments,

The spray droplets were relatively large and measurement was
carried out using the low power obJective vwhich gave a magnification
of zpproximately times 100. The microscope eyepiece was fitted with
a scale previously calibrated in microns from a stage‘micrometer.

One smell division of the eyepiece scele was equivalent to 13 microns.

The collection of the spray droplets is described in Section 3,

2b, 1.
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Table 26

“vizion o -Powder, Sz - - Initial wéight - 12 ge°
B T RS AN e X PR Bﬁéﬁéity(' I 2.64 gofcoC
Costue 0 L Total volume 600 c.c.

- Total weight in 10 c.ca  ©°2g.

‘Time~ - -~ Depth ~ Weight in % Sample in Stokes' 3 Between
~ (em.) 10 c.ce Suspension  Diom.(#) Sizes
Sample (ge) _

0 - O.2 100 - .
o , >100 19.4
25s. 20 041613 ' 8046 1100
| L y 20-100 30.2.
10m 238s 1946 .0,1008 ---- - 50,4 - -~ 20 )
- I 1020 26.1
40m 43s. 1942 0.,0486 - 2443 10 ,
e 5-10 11.3
2h 39m 36s. 1848 04,0260 - 1340 5
we ‘ , 3=5 5.6
7h 13m 50s. 1844 0.,0148 7 o4 3 )
' . T S ' 1=3 640
63h 40m Os. 1840 10,0028 R 1l
. . | <1 le4
P
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A suitable field was chosén, and, by rotating the ruled eyepiece,
the droplets contained in concentric circles swept out by 10 small
division sections of the scale were meaéﬁred and tabulated;’Fig.IO.

A total of ¢2.R00 droplets was measured in widely separated fields,

a number sufficient to give reasonably accurate mezsurement from =
collection of uniform spherical droplets. The analysis is, of course,
on a numerical basis,

The mean numerical diazmeter wés obtained in the following
manner :=
Let ny, np, n3 etc. be the numbers of droplets having diameters of
&1, do, d3 etca,

n d + d 4080 y
then, dpean = 1 3‘11 +nﬁ 22 I:?ff}.
s s oo n

)

-;Z ne.d
S n

"~ The results obtained for the four sprays used may be seen in

Table 9 (Section 3, 2b, L)

\
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APPENDIX 1

Specimen Exsmple of the Determination of Terminal Velocity

DRC.

Average 4partiéle diemeter calculated from specific surface of 20,800

= 1,09 microns

C, (initial concentration in perticles/c.c.) = 2,325,000
‘ h = 11.5 cm.
, -1
gt - A
10
20 6 1,604,250 0.0621
30 10 2,673,750 0.105
60 19 5,080,125 0.211
90 12 3,208,500 0.128
120 12 3,208,500 0.128
180 38 10,160,250 0.477
240 n 10,962,375 1 0.527
300 46 12,299,250 0.616
360 52 13,904,500 04733
420 55 14,705,625 j0.798
480 61 16,309,875 0.940
540 64 17,112,000 1.021
600 67 20,320,800 1.107

PIT .0'
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Slope = 507/1 = h/V 11'5/v

-~ — - . L e e

Yol Ve 10654507 = 0.02269 cm./sec. = 1,58 microns.

V. of 1.09 micron = '_11;1092 X 2460 ; 981 x 1.164 x 1078
. ' 18 x 0,001816. - = v

= 0,01078 cm./sec.
[Ttz e - B

-t

S A B P W =TT s B
SE TS GLSTLE WrLGUGede

ryfraiiine strusture

s owtitwneis meeng dvill operators who are exposed

.
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The Temperatures Reacched by Drilling Bits in Mining Operations

(a) Iﬁtroduction

This appendix describes experﬁnen#al work carried out in the
initial stages of the research. Since it has no direct connection
with the main work, it has been included as an appendix in order %o
preserve the flow in presentation of the main body of the thesis.

In view of the high surface temperatures which are known to be
produced during polishing and grinding processes and having regard
to the changes in crystalline structure of the silica lattice which
result from heating, it was considered that an estimation of the
temperatures reached by bits during drilling operations would give
an indication of possible pélymorphic changes which might be brought
about in the crystalline particles of the dusts produced. It was
considered that amy such changes in the crystalline structure of
airborne silica dust particles might be of gome significance in the
causation of silicosis among drill operators who are exposed to heavy
concentrations of airborne dust.

(b) Experimental
The tests were divided into two sections according to the hardness

of the material which was to be drilled, 1. coal and soft rock, and

2e hard rocke.
Rotary drills are used in coal and soft rock, while for brushing

operations in hard rock percussive drills are employed.
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Temperature Measurement
- The methods devised for measuring the temperatures of the bits
used in these two drilling procedures wére as followsi-
l. Rotary Drilling

A number of rotary bits were prepared each with four *tempera-
ture spots', as shown in Fig.ll. These consist of a hole 5/32"
diameter x 1/4" deep near the cutting face of the bit. At the
bottom of the hole is a cube of alloy previously prepared and of
known melting point, the side measurement of the cube being slightly
less than 3/32"., On top of the cube is packed a plug of steel wool,
the hole being finally closed with a copper pluge

The four 'temperature spots' in each bit contained alloy cubes
of different melting points, the four making a series over the
temperature range expected to be reached by the bit when in use.

After the prepared bits had been used in a drilling operation
the alloy éubes were examined to ascertzin which ones had fused. In
this way the highest ﬁemperaiurefange reached by the bit was
determined. |
2+ Percussive Drilling

The use of 'temperature spots' in the percussiﬁe bits was found
t0 be impracticable since the powerful percussive agtion caused
deformation of the alloy cubes by their continuous agitation inside
the 'temperature spot' holes. A means was therefore devised to

measure the temperzture of the percussive bits by a thermocouple.
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The percussive drill shanks have a hole ¢a. 1/4" diameter
running throughout their length, which may be used té carry a stream
of water to the drill head with the objéct of laying the dust
produced during drilling operations. This procedure is known as
'wot drilling’'.

The drills are worked by compressed air and a blast of air
directed through the central chamnel may be used to clear the drill
hole at the end of the drilling operastion to facilitate withdrawal
of the drill shank. The temperatures of the bits were measured
during dry drilling so that the results indicate the highest
temperatures which the bit was likely to reach in operation.

This central chennel offered a most convenient situation for
thermocouple leads. The drill, in addition to its percussive action,
rotates slowly (20 r.p.m.) during operation, and a method was reqﬁired
to pick up the current from the thermocouple leads since these would
rotate with the drill shank.

| Details of the device which was designed for this purpose are
shown in Fig. 12. The current 'Pick-Up' is held on the drill shank
‘between two steel springs which are kept under compression by two
brass clamping rings. The mainbody of the ‘Pick-Up'-is built of
ebonite and consists of two rings (A), fixed to a central core (B),
which revolve with the drillshanke A central ebonite portion (C),
which bears on the surface of the core (B), remains sta‘tionary‘when

the drill shank is revolvinge. The thermocouple (chramel-alumel)
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junction is mounted in a brass bush inside the drilling bit and the
ends of the thermocouple are led. through the central channel of the
shank and are brought outside the shank at a suitable point near the
'Pick=~Up' for connection to the terminalsset in the ebonite ring (4).
The thenhocouple potential is thus connected to the copper rings -
set in (A) and is picked up from these rings by the carbon brushes
which are in electiical contact with the copper rings set in the -
central portion (C). The current is then led from the outer
periphery of (C) to the gelvanameter.

The 'Pick-Up' was made by Mr. A. Clunie and Staff (Teche Chem,
Dept. (Workshops); Royal Technical College, Glasgow). '

Procedure | “

Tests using the 'temperature spots' for rotary drillingrand {he
'Pick-Up' for percussive drilling were carried out at Plean Colliery,
Stirlingshire, in cohjunction with Mr. D.W.Clelland (Tech., Chem. Dept.,
Royal Technical College). | |
Results

The highest temperatures reached‘by rotary bits in coal (Moh's
Hardness, 23) was found to be ga. 70°C and in soft rock (Moh'é Harde
ness, 2) ga. 100°C,

The percussive drills in the hardest sandstoq/rock (Moh's Hard-
ness, 63) reached ga. 120C. L
Conclusions

The temperatures observed were considerably below that required
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for the transformation of quartz to cristobalite and tridymite (870°C).
It is noted, however, that in percussive drilling of the hardes% récké,
that, although the bit as a whole was not raised to a temperature near
tbat required for conversion, incandescent sparks were observed af the
start of drilling and it may be assumed, therefore, that extremely
small amounts of the rock were being raised to temperatures above
870°C.

It was concluded that no change in the crystalline‘structure of
airborne quartz particles produced in drilling operations could be

brought about by the temperatures reached by the drilling bits.
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