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SUMMARY

The design of accurate dust sampling
instruments for use in mines should logically
depend on the process by which dust causes
silicosis, the extent to Which dust perticles
of different sizes are retained in the lungs,
and on various physical properties of the dust.
These subjects are reviewed in the Introduction,
which concludes with a history of dust sampling
on Vitwatersrand gold mines and a description
of the two instruments in common use -_the
konimeter and the thermal precipitator,

The period of time ovef which dust
sgmples should be taken is discussed in Sectilon
2. Experiments are quoted which lead to the
conclusion that 10 minutes is a suitable samp-
ling time., The very short sampling time of the
konimeter 0 approximately % second - is
criticised.

Investigations of the performance of
the konimeter are described in Section 3, The
konimeter is shown to have a low sampling
efficiency for high concentrations of fine

dust, but to overestimate low concentrations
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of coarse dust, The negd for a more accurate
instrument is indicated.

Although the thermal precipitator
has been proved to collect pfactically all the
dust particles in'the air sampled, down to the
limits of visibility of the electron micro-
scope, errors arise in estimating the dust con-
centration with it., The sources and magnitude
of these errors are discussed in Section 4, and
a single thermal precipitator measurement 1is
shown to have a standard error of approximately
13%.

The standard form of thermal preci=-
pitator is not suitable for routine dust samp-
ling in mines, A modified thermal precipitstor,
which overcomes most of the disadvantages of
the standard form and whiqh has other advantages,
is described in Section 5,

Section 6 describes experiments made
to improve the microscope technique at present
used ior counting dust samples, These experi-
ments have resulted in finer dust particles be-
ing made visible, A high contrast photo-
micrographic method which reveals still smaller

particles 1s described, and recent preliminary
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studies of "Titwatersrand gold mine dusts with
an electron microscope are mentioned,

A photo-electric method of assessing
dust samples 1s described in Section 7, This
method 1s shown to possess advantages of speed
in measurement, to eliminate the human factors
~and statistical errors inherent in the micro-
scope method, and to measure a property of the
dust, related to the surface area,which is
probably a better measure of the danger to

health than the number concentration.



1, INTRODUCTION

Dust is a serious hazerd in mining
because it causes silicosis, Dust sampling
plays an important part in dust control and
many dust-seampling instruments have been de-
veloped.

The “outh African gold mining indus-
try has for many years taken a leading part in
the world-wide efforts to eliminate silicosis,
It was the first large industry in the world to
introduce systematic dust sampling on a signi-
ficant scale, and has always been active 1n
testing existing instrumgnts, and devcloping
new types, for this work, This thesis des-
cribes some of these ;esearohes in which the
author has.taken part.

Before describing this work, informa-
tion must be given on aspects of the silicosis
problem on which thg theory of dust sampling

necessarily depends,

1,1 Theories of silicosis.

Silicosis 1s a disease of the lungs
caused by the inhalation of silice dust., Al-

though recognition of the disease dates back
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many centuries} the action by which the dust
produces the charcacteristic fibroﬁic changes
- in the lung is not, even now, fully understood.
For a long time it was thought that
the dust particles damaged the lungs by their
" mechanical action of scratching or irritating
the tissues, This theory was disproved by
several investigations in the period 1922 to
1932, notably by Gye and Purdyz; Gye and Kettle%
Gardner4 and Kottle5. Thelr experiments showed,
inter alia, that -
(a) Dusts of extremely hard material such as
diamond and carborundum, when introduced
into the lungs of animals, failed to pro-
duce the typical fibrosis caused by silica,
(b) Silice particles coated with an insolu-
ble layer of iron oxide, too thin to alter
their shape, failled t? produce the reactions
caused by uncoated particles,
(¢) For a given weight of meterial, small
particles_caused more damege than large

particles,

These experiments indicated that

silica might be harmful to the lungs, not
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because it was hard and sharp, but because it
dissolved in the lung fluids to produce a sub-
stance which was toxic to the tissues, This
substance is probably silicic acid,

This "solubility theory" of silicosis
was critically reviewed by King6, who has
since extendcd his work and produced further
evidence in support of the theory, King and
his colleagues have shown that, 1n general, the
more soluble a silicious dust is in fluids
similar to those in the lung, the more fibro-
genetic it is, but there are anomalies., Thus
certain silicious substances, although compara-
tively soluble, are found to have a low toxicity.
Also it has long becn known that extremely fine
silica particles, about 20 Angstrom Units dia-
meter, which are highly soluble, do not cause a
fibrosis6, although they can produce immediate
death from shock when injected into animalsv.
King makes a clear distinction between this
acutely toxic "pharmacological™ effect of very
fine silica particles, and the slowly appearing
fibrogenetic effect of large, more slowly solu-
ble silica particles, There is another form of

rapidly soluble silica which does not produce
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fibrosis, Particles subjected to prolonged
grinding develop a highly soluble amorphous
layer - the so-called Beilby layerg. Experi-
ments with silica particles have shown that
the presence of this layer, despite its high
solubility, does not incrcase the fibrogenetic
properties of the dust?,

King has recently summarized his views
on these apparent anomalies in the solubility
theory of silicosis, He says7 -

"The formation of silicotic nodules is
a slow chronic phenomenon, 1t appears that to
produce this; silica particles must be small
enough to liberatc slowly and over a long time
soluble silica into solution from their surfaces
in sufficient amount to produce a chronic local
irritative effect; they must not be so small
that they will quickly and completely dissolve
and elther be carried away or produce only an
acute local effect which will lack the contin-
uous stimulus of constantly released colloidal
gilicic acid, It may bd this prolonged irrita-
tive or stimulating cffect of constantly re-

leased colloidal silica which is responsible
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for the formation of the fibrous scar tissue of
a silicotic nodule,"

Similarly Nagelschmidtlo expressed the
view that "if the solubility is too high eseee
the material is dissolved and eliminated too
fast to produce fibrosis,.," He gonsidered that
below a size in the region of 0,1 micron dia-
meter, the fibrogenetic properties of dust
would decrease,

Holt and Osbornell’ 12 have given a
feasible explanation ol some of these anomalies,
Accepting that solution of the silica 1s the
first essential step in the production of sili-
cosis, they produce evidence supporting their
theory that high polymerisation of the silicic
acid molecules is an essential second step.
‘Polymerisation of silicic acid is most rapid
at a pH of 5,5-6,0, decreasing sharply on either
side of this value, When quartz dissolves the
initial pH is low (about 2) and to reach the pH
of the lung fluids (7.4) the solution has to
pass through this zone of repid polymerisation
when large polymers are formed and, for this
reason, according to their theory, quartz has

its well known high toxicity. Cement on the



R i e
other hand does not cause fibrosis even when
breathed in high concentrations, although it
also produces silicic acidy Since it is alke-
line it does not pass through the zone of rapid
polymerisation, and hcnce the large polymers
required for the production of fibroué tissue
are not formed, ©Similarly it might be that in
the case of the small, very repidly soluble, sili-
‘ca particles and the amorphous Beilby layer, the
rate of solutionh is so repid that there is in-
sufficient time for the production of large
polymers.,

King evidently regards his tern
"colloidal silica™ in the quotation above as
synonymous with "polymerised silicic acid.®

Many other theories of silicosis have

13 suggested

been suggested., For example Evans
thet the piezo-electric properties of quartz

made it harmful, and Heffernanl4 attributed the
fibrotic action to unsatisfled valencies on the
surface of freshly fractured quartz. Jonesl5
claimed that the mineral sericite, often pre-
sent in quartzitic rocks, wes responsible for

the tissue damage., These, and many other

theories, have not withstood critical examina-
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tion, and the solubility theory remains that
most commonly accepted by the majority of work=-

ers in the field of silicosis,

1,2 The rate of solution of silica particles.

Lerge particles of most substances
dissolve at a rate proportional to the surfeace
aree exposed to the solvent, 'hen however, the
particle size decrecases to diameters of the
order of one micron, many substances show an
incrgased rate of solution per unit surface
area, This effect has been studied in the
case of silica by Kitto and Pattersonl6. They
showed that silica particles below one micron
diameter (which are relatively numerous in mine
dusts) had a rate of solution per unit surface
area considerably greater than that of larger
particles, The rate of solution is further
increased if the particles have sharp spikes,
many edges, Or numerous cracks on their surface.
Particles produced by mining processes are like-
ly to show these features.

Kitto and Patterson also discussed the
increased solubility of the amorphous Beilby

layer on fine particles produced by any grinding
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process, Such particles show a high initial
rate of solution, but when this amorphous lay-=
er has dissolved, the rate of.solution decreases

sharply.

1.3 The dust particles retained in the lung.

Only the dust particles which are de-
posited'in the terminal sacs of the lung, the
alveoll, and which remain there, can produce
silicosis, ©Studies have been made in two prin-
cipal ways of the sizes of particles thus re=-
tained,

The first mcthod 1s to extract the
mineral particles from the lungs of deceased
gsilicotics, and to measure the»sizes of these
particles under the microscopeq McCra017
used this technique and wes the first to draw
attention to the large number of particles of
diameter one micron and lessg in the lungs of
deceased ' itwatersrand miners, His work was

extended by the present authort8

using super-
ior microscope equipment and technique to show
that as still smaller particles were made visi-
ble, further large numbers of particles were

found in such lungs., Recent studies with the
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electron Jicroscope19 have shown that silico-
tic lungs contain enormous numbers of particles
below the limit of visibility of the optical
microscope.,

The second method is to measure the
concentration of particles of different sizes
in inspired and expired alr, and from this de-
termine the percentago retention of particles
of different sizes. van "'ijk and Pattersonzo,
working with dusts in "ltwatersrand gold mines,
measured the overall rctention in the whole re-
spiratory system in this way. Hatch and

2l used their results to calculate the

Hemeon
actual retention in the alvecoli, Other measure-
ments have sinée been made of the oversll re-
tention in the whole respiratory systemf®: <3,
The literature has been revicwed by DaviGSZ4.
lore recently the percentage of

particles of different sizes deposited in the
human lung has been measured directly. 'iilson

oo
and La M@TZO

used particles labelled with &
radioactive trecer, The subject breathed a
known dose of particles of a uniform size, and
with Gelger counters placed against the chest

wall, thelamount retained in the lungs could be
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determined, Brown et a126 meesured the con=-
centration of dust in the inspired oir and
divided the expired air into successive por-
tions; they could identify the part of the
respiratory system from which each portion of
the expired air came by determining the CO2
content, From these mcasurements they were
able to make an estimate of the alveolar re-
tention of each payticle size,.

The problem was investigated theo-
retically by FTindeisen®’, He took into account
the velocity of air in different parts of the
respiratory system, the momentum of particles
of different sizes, the time the air remained
‘in the lungs, the rates of settling of parti-
¢les under gravityy and the effects of diffu~-
sion and Brownian motion,

There is reasonablc agreement between
the results of these various experiments, pro-
viding corrections are mede for variations in
the breathing patterns of the subjects, and for
the density of the different dusts used., Most
of the experiments have been confined to parti-

cles in the size range 0,2 to 5 microns dia-
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meter; it is desirabloAtb extrapolate on cach
size of this range., There is general agrecement
that silica particles larger than about 10
microns diameter do not reach the élveoli28
gince the upper parts of the respiratory system
vhave efficlent protective devices against large
particles., There have becen no published experi-
ments showing the percontage retention of parti-
cles below about 0,2 microns diemeter, but the
retention is likely to be greater than for 0,2
micron partioles due to Brownian motion becom=-
ing apprecieble, Ir & private communication
Hatch has stated that he has some experimental
evidence of this,

Based on the results quoted above,
the full line in Figure I indicates what may be
accepted as the best measure at present avail-
able of the alveol:? rctention of silica parti-
cles in the range 0,2 to 5 microns diameter.,
The broken lines aré extrapolations based on
the statements above,

The two basically different methods
of determining alveolar retention of particles

of different sizes can be shown to give results
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which are mutually consistent. Table I gilves a
typical size distribution of dusts in "itwaters-
rand gold mines - it is based on several hundred
samples, Using the percentage retentlons shown
in Figure I, the number of particles (per 100
breethed) retained in the lung is calculated,
This is then reduced to a percentage size dis-
tribution, and is compered with the results
obtained by the author by direct measurementls.

The agreemu:.t 1s reasonable, but
reather more large particles were found in the
lung than would be expected. This may be due
to somc of the snmaller particles coagulating,
either sfter deposition in the lung or during
the brocess of extracting the dust from the
lung. It is not easy to distinguish, under the
microscope, aggregatcs of fine particles from
single discrete particlecs in the size range
studied. Complete or pertial solution of the
perticles may also affect the size distribution
of the dust found in the lungs, but there is
insufficient quantitative data available to
assess this effect,

Dust particles deposited in the lung

are also affected by phagocytosis, This is a
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TABLE I,

Percentage size

, Particle’ Por;iEZage Perccntage gg?g;glgg distribution of
| d}gmeter distribution ki nionte retained part}clis ietalned
(microns) $3 mie 40 in lung in lung in lung.
% Calculated Observed

0.15 40 40 16.0 42 48
0.25 20 30 6.0 16 18
0.4 10 40 4,0 3l 12
0.8 7 50 3.5 9 5
1.2 "9 53 2.7 7 3
1.6 4 46 1.8 5 3
240 3 39 1.2 3 2

5 Bt 3 31 | 0.93 2¢O 2

L 50 2 23 ; 0.46 | 2

| 4.0 2 18 ; 0.36 : ! 2

| 5.0

| and é

| over 4 14 f 0.56 1.5 3

l
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protective mechanism of the lung in which wan-
dering scavenger cells, called phagocytes, in-
gest foreign particles, such as dust, cntering
the lung and transport thoem into the specilal
draining mechanism, known as the lymphatics,
The phagocytes, however; appcar to bocémc over-
whelmed when the dust load is heavy and this
mechanism falls, The selective removal of
particles of different sizes by the phagocytes
is a subject apparently not yet investigated by
experimentel pathologistsy, and its significance

therefore cannot be assessed,

1.4 The properties of dust which should be
measured,

There are thrce physical parameters
which can conveniently be used to express the
famount' of dust per unit volume of air, name-
ly the number, the surface area and the mass of
particles, The size distribution of the dusts
found in mines varies considerably and hence
there cannot be a fixed relationship between
measurements made 1n these different ways.,

The parameter measured should obviously be that

which is most closely rclated to the object of
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the sampling; in mines this is the determina-
tion of the possible danger to hcalth of the
dust in thc place sampled.

Some evidence on this subject is avall-
able as a result of pathological ecxperiments
on animals, in which dust of known size and
concentratiqn is injected into, or inhaled Dby,
the animals, Although thc extrapolation of
these results to the human being mey be open
to some uncertainty, it remains the only direct
way in whiqh the pathogenicity of dusts can be
determined, It must also be noted here that
many of the cxperimenters on this subject do
not report their results in a form in which
their statistical significance can be tested.
This i1s an unsatisfactory aspect of much of the
pathological work on silicosis, The experi-
ments of King and his colleagues, quoted below,
are an exception to this criticism.

The mass concentration is not a sound
measure of the silicosis risk associated with a
dust. In typical mine dusts the mass concen-
tration is controlled principally by the number

of large perticles, say 10 aicrons diemeter



and larger, but practically nonc of these can
enter the alveoll, Even if a sampling device
is used which collects only the particles able
to reach the alveoli there is cvidence that the
degrec of fibrosis produced is not proportional
to the nass of dust, Thus Tebbens et alz9
trecated differcnt animals with equal masses of
dust of different particle sizes, and found
that considecrably aorc tissue damage was causcd
by the finer particles than by the coarser

S0 have recently produc-

particles, Xing et al
ed similer evidcnce. Mass concentration

should thorefore not bc used to measure the
danger to hcalth of silica dust.

Tebbens and his colleagucs reported
that the danagce causcd by a given mass of dust
was .1nvorsely proportional to the particle
size, but did not discuss this poiht further,

Suppose one group of animals is treated
with X perticles of sizecA and another group
with Y perticles of size B, and that thq mnass
of perticles in each casc 1s equal, i,e, that

XA° = v BS (density and shepe factors

being similar for each dust). According to
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Tébbens the tissuc damage in the first group
will be proportional to % and in the scecond
group proportional to i; That is, X particles

B
of sizc A causc % times the damage causcd by Y

A
particles of sizc B,

Presumably this implies that X parti-
cles of size A will causc the same damage as
%Y particles of size B; This latter dose of
particles will have a surface area proportion=-
el to 2¥ 57, which cquals X%, since xa% = ¥8%,
Thereforc equal tissuc danage results from
equal surface area of particles, irrespective
of perticle size,

Recently King et alzo have studied the
fibrogenetic properties of dusts of various
sizes., Theilr results show that the toxicity of
g silicious dust 1is fwuch more closely related
to the surface area of the particles than it is
to the mass or number of particles, They also
showed 1n experiments using equal surfece areas
of dusts of different sizes that the maximunm
fibrosis was produced by particles in the size
range 1l to 2 microns diameter; particles below

0.5 microns diemeter appecared to be signifi-
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cantly less toxic. The increased toxicity of
particles in the range 1 to 2 microns conforms
with their increascd solubility per unit sur-
fece area; the decreased toxicity below 0,5
microns can be explained by Holt and Osborne's
theory, and confirmation of decrease in toxi-
eity with further decrcase in perticle size is
provided by the non-fibrogenetic particles of
20 Angstroa unit diametcr,

These results, and the solubility
theory of silicosis, clearly indicate that
surface area is likely to be soundest measure=-
ment to mgke to.deternine the danger to health
of a dust, A measuring techhique which over-
estimates the surface area of the particles in
the region of 1 to 2 mierons, and under-
estinates the surface area of the particles
below 0,5 miecrons diameter would presumably
provide a better measurement of the danger to
health than a direct measuremcnt of the sur-
face arca, In the present state of knowledge
it 1s not however possible to put this desired
over-estimation anq under-estimation on a

quantitative basis,
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There is an additional rcason for under-
estimeting the surfacc area of the finer par-
ticles, Small, rapidly soluble particles,
must eventually dissolve completely in the
lung, and cannot then exert any fibrogenetic
effect. It has often been argued that they
should not be included in dust measurenments
for this reason, and in Great Britein all
particles below 0,5 microns diameter are ig-
nored in normal dust measurcments,

For meny years most countries, includ-
ing South Africa, have used the number concen-
tration as a neasurc of dustiness, There has,
however, never been any published evidence theat
e given numbcr of particles of one size will
produce the same amount of tissue damnage as an
equal number of particles of another size, 1In
King's oxperiments discussed above 135 x 109
particles below 0,5 microns dlametcr caused
eppreciably less fibrosis than 10 x 10° parti=-
cles in the range 1 to 2 alcrons diameter,

The choice of number concentration as the pro-

perty to be measured was probably based, in the
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past , more on expedient than on theory; that
is, on whet could be measured convenicntly,
rather than on what should be measured,

Some evidence of the soundness of using
surface arca instead of number count can be
obtained by comparing the incidence of sili-
cosis in differcnt occupations in “itwaters-
rand gold mines with average dust measurements
associated with those occupations,

Duec to miners tending to follow a
variety of underground occupations during their
carecrs it is possible to give only an epproxi-
mate value‘for the silicosis risk of a given
occupation, In Table II the rates of four main
occupations are given; a positive sign indi-
cates an occupation in which the silicosis
rate is higher than average, and vice versa,
The dust concentrations were measured with the
thermal precipitator, and the surface area ob-
tained by calculation from the number count
and size distribution,

The correlation between surfeace area
and silicosis rate is bettor than the correcla-

tion between number concentretion and silicosis
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rate.
TABLE II
| Lverage dust
Belative concentrations,
Occupation | Silicosis Particles | Square
rate PEY 0.0, microns
per c.c,
A + 049 1960 780
B + 0.6 840 410
C + 0,1 510 320
D - 1.7 690 210

The suggestion of adopting surface
area as the best parancter for the measurement
of dust samples was put forwerd by the author5
and several overseas workers 88y 83y 8% g4t the
International Conference on Dust at Geneva in
December 1952,

Measurenent of the surface area of the
particles in a dust scaple to assessthe danger
to health should includec only those particles
which can reach the alveoli, Inclusion of
lerger particles will invalidate the measure-
ment dve to the large surface arece of these
particles, A sampling device which collects
perticles in proportion to their lung reten-

tion is a desirable improvement on instruments
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which collect all particles irrespective of
size,

Since, at present, dust measurements
are still generally made on the basis of num-
ber concentration all results in this thesis
will be expressed in such units, namely the
number of perticles per cubic centimetre
(PsDececs)

The chemical composition of the dust
breathed is a matter of considerable importance
in silicosis studies, but as it does not materi-
ally affect the design of instruments used to
measure the amount of dust, it falls outside

the scope of the present work,

1,5 The history of dust sampling on
"itwatersrand gzold mines.

Dust sampling started in 1902, The
first dust samples werctaken by drawing the
dust-laden alr through cotton-wool, which was
subsequently ignited and the remaining dust
then weighed55.

In 1907 the "sugar-tube® method of
dust sampling was first suggested and later

. £43)
came into general use®®, The apparatus con-
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sisted of a hand-operated pump which sucked a
known volume of air through a glass tube con-
taining crystals of sugar, On return to the
laboratory the sugar was dissolved in water,
the solution filtered, the filter paper in-
cinerated and the dust weighed, The results
were vitiated by the enormous contribution of
the large particles to the total measureament.
It was early realised that such measurements
were probably of limited vealue, and this led to
the development of the konimeter, a device for
measuring the number concentration of dust

%6, For many years both the sugar-

particles
tube and konimeter were used together in "it-
watersrahd gold mines, until the sugar-tube
method was finally abandoned in 1938,

Figure IT illustrates dlagrammatically

the construction of the konimeter, The spring-
driven piston sucks a known volume of air
(usually 5 ccs) through a fine jet (0.5 mm,
diemeter) at a high velocity, which exceeds, at
its peak, 100 net;es/seoond. The sampling

period is about 0,2 to 0,3 seconds, A glass

collecting slide is placed about 0.5 nmm, from



the outlet of the jet; +this slide is moved
after each sample is taken so that a number of
samples can be collected without the necessity
of removing the slide from the instrument,

The dust in the air impinges onto the slide,
and to increase the number of particles adher-
ing to the slide, the latter 1is coated with a
thin adhesive film, usually vaseline,

After the samples have becn " aken the
glass slide is removed from the konimetver and
heated to about 550°C to resove any carbon
particles and organic matter, It is hhen
treated in hot dilute HCl to remove any soluble
salts derived from the water used for dJust
suppression.

Each sample is examined in tu.rn under
a low power microscope, total magnification
about x 150, with dark field illumination,
Using an eyepiece graticule, the numbe:r of
particles visible_in one~-tenth of the v-hole
sanple is counted, A siaple caelculation gives
the number concentration of the dust in the air
sampled,

In 1934 the British Governmen: after
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exanining all existing types of dust sampling
instruments, including the konimeter, and find-
ing that none of them were sultable and accurate
enough for precise industrial use, developed
the thermal precipitatorgv’ 58. This is still
the most accurate instrument available for in-
dustrial dust sauapling., The thermal precipita-
tor was introduced into "'itwatersrand gold mines
in 1935 by H.S, Patterson, who has described his
xperiences with it 59.
| The thermal preccipitator works on the
principle, first noted by Aitkenéo, that sur-
rounding any hot body there is a zone into which
dust cannot enter, The size of this dust - free
zone depends on the teaperature difference be-
tween the hot body and its surroundings. In
the thermal prceclpitator the hot body is an
electrically heated thin wire, suitably support-
ed at each end, Ilicroscope cover glesses are
placed on each side of the wire, persllel to
each other, so that the vire is midway between
then end along a diameter. The cover glasses
are held a fixed distance awéy from the vire

but intersect the dust-freec space around it.



Figure III shows the principal details of con=-
struction,

A water aspirator is attached to the
sampling hecad and the dust-laden air is drawn
between the cover glasses past the wire; the
dust cannot penetrate the dust-free zone and is
therefore deposited on the cover glasses as a
strip slightly above the wire, The sample is
about 1 cm, long and lmm, wide, The instru-
ment samples continuously for any desired period.
The cover glasses arc changed after each sample,
and before examnination under the microscope they
are ignitecd to remove cerbon particles and or-
ganic matter; they can also be treated to re-
move acld-soluble salts,

The dust deposit is examined under a
high power microscope using a 2mm, apochromatic
objective with light field illumination., The
total magnification is x1500, The number of
particles in a knovn frection of the whole sam-
ple is counted, and the particles are also
matched for size against a scale in a special
eyvepiece graticuleél’ 42. Knowing the volume

of air sampled and the fraction of the sample



examined, the dust concentration in the air is
calculated.,

The thermal precipitator has been an
invaluable instrument for research work ever
since it was introduced in South Africa, but has
not proved suitable for the routine dust sampl-
ing carried out by the dust inspectors attached
to each gold mine, An ideal instrument for this
work should -

(a) Take a sample of the dust which will
give an accurate measure of its danger to
health,

(b) Be easily portable (preferably pocket-
sizs), and robust,

(c) Have a self-contained power supply and
not require external supplies such as com-
pressed alr or electric mains,

(d) Be simple to use, dependable, and re-
quire e minimum of cere and maintenance,

(e) Take the sample over a period long
enough to give a representative sample,
but not so long that the operator cannot
sanple the requisite number of working

places in a day.
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(£) Collect the dust in a form in which it
can conveniently be treated to remove
various coLtaﬂihants, and in which it
can easily be assessed for its danger to
"health,
(g) Inable the measurement of the dust
to be mede as soon as possible after the

samplc i1s collected,

No instrunent at present available fulfils ell
these requirements satisfactorily. For example
the konimeter does not satisfy requirements (a)
or (e), (sec sections 2 and 3 of this thesis)
while the thermal precipitator, in its standard
form, does not satisfy (b) or (d).

nany other instruments have been
tested under local conditions but have been
found unsuitabls, These ere described briefly,
and reasons given for their rejection, in a
paper by the auvthor and a colleague45 - a copy
is attached as Appendix I, see pages 285 - 287,

Sectlon 5 of this thesis describes a
modified form of thermal precipifator which
overcomes thc objecticns to the standard form.

The present position in regard to dust
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sanpling on Witwatersrand gold nines is that
the konimcter, despitc its known linitations,
renains the instruncnt uscd for routinc dust
sompling, the standard form of thermal precie-
pitator is uscd only for research work, but the
nodified forn nay leater replace thc konimeter for
routine dust sanpling., The cornount of dust is ot
present cxpressed in terms of number concentro-
tion, obtaincd by counting the nunber of dust
particles under the nicroscope, but there are
sound recsons for adopting surface crea as o
basis for ossessing the danger to heclth, The
photo-eléctric opparatus described in Section 7
mecsurcs baslcally the surface area of the par-
ticles in the dust samples collected by the mnodi-
fied thermnal preccipitator (which collects nor-
ticles epproxinetely in proportion to their
retention in the humaon lung), but with the de-
sired over-cstinetion of particles in the ro-
gion of 0,5 to 2 microns dianeter, ;nd under-
cstimetion of the peorticles below 0,5 nicrons,

These new riethods of collecting and
assessing dust samples are nore convenient to

use than those at present in use, cnd provide



-more accurate measurements of the danger to

' . health of dust than has previously been prac-
ticable,
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2. THE O2TIIUII SAVPLING PERIOD

2.1l The Problen.,

There arc tiv:0 main ways in which the
results obteincd from dust-sampling can be con-
sidered -

(a) The result gives the average dust con-
centration existing during the sampling
period,

(b) The result gives an indication of the
average dust concentration likely to ex-
ist in that place over a longer period then
thet covered by the actual sample, The
period to which the result is extrapola-
ted may be a few hours, or a complete

working shift, or even a nhumber of shifts,

In research work the first is the only
Justifiable use of the data, and the sampling
period will depend on the nature of the experi-
ment, However 1n routine dust sampling work
some extrapolation as suggested in the second
interpretation is unavoidable, A dust inspec-
tor during a visit underground must sample a
number of working pleces, and in each place

must make a numver of other observations in
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addition to taking the dust samples, The time
available for dust sampling is thus limited,
The measuremcht of the dust during this visit
has to be taken as rcepresentative of the condi-
tions at other times, Obviously the sampling
period should be as long as possible to reduce
the errors of this extrapolation,

This section deals.with the problem of
selecting the optimui sampling period for the

konimeter and the thermal precipitator.

2.2 Observations with the konimeter.

The konimeter takes a semple in about
# second, Dust conditions in a mine normally
vary rapidly with time and a single konimeter
sample may not represent at all accurately the
average dust concentration, The effective
sanpling period can be extended by taking a
number of semples to obtaln an average and, in
general, the larger the number of samples the
more reliable the average, but the labour in-
volved in counting the samples under the micro-
scope becomes considerable, In practice the
number of samples taken in one place is usually

limited to threc or four, taken at intervals
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ranging from a few seconds up to a minute,

In the following discussion the means
of different numbers of konimeter counts are
compared with the "grand average" over a period
- this "grand average®™ refers only to the
average as shown by the konimeter; it is not
an accurate measure of thec actual dust in the
eir, as will be shown in section 3,

Five experiments were made 1in each of
which a large number of konimeter samples (frgm
187 to 320) were taken at 10 second intervals.
Normal work continued throughout the period of
sampling and a dust inspector would have been
justified in teking samples in that place at
any time during the experiment to determine
the dust conditlons, Iull experimental details
and the individuel results have been published44
- a oopy_is attached as Appendix II, see pages
266 -~ 268,

In one of the experiments, the grand
average of 210 semples was 198 p.p.c.c, With a
stenderd error of + 6, The individval observa-
tions were analysed to show the results which

would have bcen obtained if various lesser
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numbers of samplcs had been taken to determine
the average concentration during the period of
the experiment; thus 70 results were available
of the mean of 3 semples; 21 results of the
meanh of 10 samples and so on, The results of
this analysis are shown granhically in Fig,IV,
The standard deviation has becen calculated for
egch set of results, and the lines drawn on the
graph cnclose values lying within twice thicn
¢eviation from the mecan, In accordance with
standard statistical practice, this can be
interpreted as meaning that if a large numbcr
of observations had been available for any
given number of samples, 95% of the observations
would fall betwcen those two lines,

Fig, IV indicates that the mean of cnly
3 sarples might, on occasion, give results up to
45% different from the grand average, Assunming
that errors of + 205 (in 957 of the observa--
tions) are acceptable in routine dust sampling,
these results indicate that not less than 8
samples should be taken to'give an averdge
within this limit of error.

This experiment was made in a workiosg
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place where dust conditions vere, by mining
standards, comparetively steady, In another
experiment of this type where the dust condi-
tions were more variablc, a similar analysis
indicated that not less than 15 samples should
be taken to ensure that tpo error of their
mean did not exceed + 20%¢ The mean of only
three samples gave results up to 50 too low and
100%; too high,

The data has also been analysed to
determine how accurately the mean of three
samples spaced one minute epart represents the
average over the two minute period covered by
the samples, The mean of the thirteen samples
taken during each 2 minute period has been
taken as a measurce of the avera; e dust concen-
tration during the period, and this has been
compared with the mean of the lst, 7th and 13th
samples in the group, i.,c, with the mean of
three samples taken at one minute intervals,
The pecrcentage variation between the two meas-
ures has been calculated for each two minute
period in the five basic experiments, The

number of times this percentage variation falls
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within given limits is plotted as one curve in
Fig, V. This indicates that in most cases three
somples taken at minute intervals will give a
reasonably accuraﬁe cstimate of the average
concentration over that period of 2 minutes,

However even an accurdte mecsurement
of the average dust concentration over 2 minutes
(i.e, the mean of 13 samples) does not give a
good estimate of the average conditions likely
to exist 1n the working place over a longer
period, say helf-an-hour. The second curve in
Fig. V shows the number of times the average
dust concentration over two minutes veries by
different amounts from the grand average over
half-an~hour, Lorge errors frequently occur
if this extrapolation is made, and the errors
are likely to be larger if the results are
taken to represent conditions over, say, a
whole shift.

These observations with the konimeter
lead to the conclusions that -

(a) Threc konimeter samples at 1 minute
intervals give a reasonably accurate

estinete of the average dust concentra-
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tion during the 2 minute period covered
by the semplcs,

(b) A necasurcment of the mean dust con-
centration over a 2 ainute period cannot
be extrapolated to predict with reasona-
ble accuracy, tho average over half-an=-
hour, or lonzer.

(¢) The mean of threc samples, spread over
30 minutes, does not agrec satisfactorily
with the grand everage over that period,

(d) The number of samples necessary to
give « mean in reasonable agreement with
the grand cverage over half-an-hour de-
pends on thce relative steadiness of the
dust conditions, 'ith “steady" condi-
tions 8 samples were sufficient; with
fyariablc™ conditions 15 samples were
required,

To take this nunber of samples as
routine at eoch working place, would result in
an excessive amount of microscope work, The
need for so many somples to attaln recasoneble
accuracy is due lorgely to the very short

sampling time of the konimeter,
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2.3 Observations vAth the thermal precipitator.

The thermal precipitator hes the great

-

advantage comparced with the konimecter, of samp-
ling continuously over any dcsired period,

Six experiments were made in each of
which 24 successive 5 minute samples were taken
with the thermal precipitator, During the
period of tvo hours covered by cach experiment
the same work continued in the working pleacc,
Full experimental detalls and a typical set of
results have becn publishod45 (Paper attached
as Appendix I, - sec pages 200 - 292),

The various measurements over 5 minute
periods were combined to show the averages
which would have been obtained had samples been

taken over other longer periods, namely 10, 15,

D

0, 30, 40 and 60 minutes,

The percentoge standard deviations of
the observations for cach period of time were
calculated, The avcrage devietions for the six

experiments are given in Table IIT,
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TABLE  ITII,

Sampling Perilod in Lverage Percentage
Minutes, Stanﬁard Deviation,

5 24,4

10 LB

15 L ad

20 15,8

30 14,8

4.0 13,8

60 240

A sampling time of 5 minutes gives
results which have a variation larger than is
desirables, The variction vith a sampling time
of 10 ninutes 1s »nrobably acceptable for
routine dust sampling work, and the slight
improvement with longer sampling times does not

appear to warrant the extra time involved,




3, INVESTIGATICLS OF THE PIRFORIIANCE OF
TEE LONIMUTER -

The proportion of the total dust in
the alr collected by the konimetecr has been a
subject of controversy ever since it was first
introduced.,

37, 58

Green is the only worker who

appears to have compercd the konimeter with
accurate leboratory dust sampling devices., Te
found that the results obtained with the koni-
meter varied viith the concentration and_size
of particles in thc dust clouds sampled, This
probably explains the wldely differing results
obtained by other workers.45’ 40, 27y 48; &V
Section 3,1 beclow deals with an experi-
mental investigation of the perfgrmance of
the konimeter when used to sample typical dust
o}ouds in "itwatersrand gold mines and Section
3.2 describes the apnlication of certain
theorctical studies to explein some of the

results found,

3.1 An experimental investigation.

The thermal precipitator wes accepted

as a satisfactory standerd against which to
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measure the performance of the konimeter,

The samc konimeter (number H24) and
thermal procipitator (Mfumber 441) -were used
throughout the tests. They were in good work-
ing order et all times; cach was checked
against other instruments of the same type by
taking siwltaneous adjacent sets of samples,
The results of thesc preliminery tests are

given in Tables IV and V respectively.

TABLE TV,

PR A s | Konimeter|Konimeter | Konimeten
l
Number of samples | ;
taken | 2 f Bl 29
Average count, i | i i
PaDeCuCoe i 72 ! 62 | 75
‘ i
chst Number K2 | i
! f
Nunber of samples | 1 i
| taken ] Z 29 i 29 i 28
Lverage count, | i E
D.PeCoCa o a0 B0 b i

These results indicate that Xonimeter

H24 is an average instrument,
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TABLE V.,

| | Thermal .| Thermel |Thermal

 Precipl-| Precipi~|Precini-
tator tator tator

Mo, 441 | No, 439 |No, 431

Test Number TPL
Wifter ignition,
before acild
trcatment,

wfter acld treat-
| ment,

594 416 431

246 298 300

e e

Test Number TP2

After ignition,
before acid |
treatment., f 342 368 64

After acld treet-
| ment, {188 . | B4 192

|

The counts before acid treatment in-
dicate that there is no appreciable difference
between the thrce thermal precipitators, There
is evidence hovever that the effect of acid
treatment is not consistent, end this point is
dealt with later,

54 experiments were made in which the
average konimeter count was compared with the
thermal precipitator count. These were carried
out in 17 different working places in 8 mines.

In each experiment a thermal precipitator sam-
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ple was taken over a period of approximately
half-an-hour, During this period about 16
konimeter samples were taken within a few inches
of the thermal prccipitator head at two-minute
intervals, The studies described in section

2.2 have indicated that this number of samples
over this period should give a good indication
of the average konimeter count, All samples
were teken according to standard practice for
each instrument, All samples were acid-~treat-
ed before they werc counted,

The ratio of the mean konimeter count
to the thermel precipitator count weas calculat-
ed for each experinent. The detailed results,
together with a discussion of the confidence
limits of the ratio, have been published44 -
gee Apvendix II, pages 272 - 275, The results
are sumnarized in graphical form in Figure VI
where the histogramn shows the number of times
the ratio fell between certain limits,

Possible reasons for this wide range
of ratios havec been investigated by analysing
the results in wmore detaill,

(a) Effect of dust concentration, T'e cxperi-
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ments wcre divided into groups according to the
dust concentration sihown by the thermal preci-
pltetor, The mean ratio for each group wés
calculated and is shown in Table VI,

TABLE VI,

|

Range in dust Average
oo

concentration | concen- | ean. konlmetef

shown by thermal | tration | patio iy
< Y g R e I Thermal

Pioc;?;fg?gf | éfpfgfgf . Procipitator
0 - 150 o e 1.24
151 - 300 201 | 0.98
301 - 600 408 | 0.82
601 - 1000 790 | 0,96
Over 1000 1860 } 0,46

(b) Effcet of size distribution. The 'coarse-

ness' of the dust was defined arbitrarily as
the percentage of particles of 'size 2 nicrons
diameter and greatcer in the thermal precipite-
tor semple, The experiments were divided into
groups according to the 'coarscness! of the
dusts, The mean ratio for ceach group was cal-

culated and is shown in Teble VII,
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TABLE VII.
Range in percen- | Avcrage }T <34
tage of parti- |, percen- [*CE . Lonlmeter
clo; 2 mlgrons | tege in ’Ratlo
and larger. 3 range, | Prcclpl%cgor

Less than 5 Anprox. 1 0,31

5 =14 12,0 0,84

15 ol 19 l?uo 0594

20 - 30 ' 24,7 1.45

The results in Tebles VI end VII show
that the dust measuremecnt made by the konimeter
depends on the concentration and size frequency
of the dust, PO”“lDlL reasons for this will
now be discussed,

(¢) Bffcet of microscope technicue., Xonineter

-

and thermal precipitator samples are counted
by different microscope techniques, XKXonimeter
seamples are counted undcr low power dark field
illuminetion, which shows particles down to
about 0,20 nicrons diameter, providing too
many particles are not present, The high
power light field techinique used for counting
thermal precipitator semples shows particles
down to about 0,13 microns diameter, The

ratio of the konimeter count to thermal preci-
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pitator count must obviously depend therefore
on the percentege of particles in the range
0.1% 10 0,20 nierons, This will vary from ons
dust cloud to another.

The low magnification used for count-
ing konimetcr samples often maekes itvimpossible
to distinguish as individual particles those
which lie close togother, They are therefore
counted only as onc particle, whereas under
higher megnification they would be counted as
two or morec., Also thce light scattered by larger
perticles under dork field illumination is often
suificiently bright to mask nearby small parti-
cles, Both these factors tend to causc some
particles to be nissed in counting, and the
effect becomes greater as the density of de-
nosit in the sample increases, The statistical
problen of thc overlapping of particles collec-
ted in o small area has been investigated5o.

The 2 millimeter oil immersion objec-
tive used for counting thermal precipitator
samples cannot be used to count konimeter
samples as the glass slide is too thick, but

some estimate of the magnitude of the effects
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discussed above has becn obtained by counting
a nuaber of konimeter samples with a medium
power (4 millincter) objcctive and compering
this with thc low power dark field count, The
4 millimeter objective, with light field
illumination, shows particles down to appr@xi—
metely 0,25 microns diameter, The ratio of
the counts for different densities of deposits
is shown in Table VIII,

These recsults indicated how the
"counting efficiency” of the low power techni-
que falls off as the dust samples become more
densc, This is undoubtedly part of the ex-
planation of the decreased overall efficiency
of the konimeter as higher dust concentrations
are neasured,

(d) Effect of acid treatment of the samples,

The acid treatment of samples 1is
carricd out to remove soluble particles which
are derived from the vater used for dust
suppression, Aftcr acid-treatment only parti-
cles dorivod_directly from the rock are left

on the slide, Unfortunately the acid treat-

ment process also tcnds to dislodge from the
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slide a number of the rock particles, and the
percentage of particles thus lost varies from
one samble to another, For cxample there is
evidence of this in the rcsults quoted in
Table V, Some of the variations in the ratio
of konimeter count to thermal precipitator
count are likely to arise from this factor but
the effect has not been fully inveétigatqd as
it is believed to be comparatively small,

(c) Effect of the collecting efficiency of
the konimeter,

It might be thought that the varia-
tions between the konimeter count and the ther-
mal precipitator count are largely due_to the
factors discussed in (c¢) and (&) above, Com-
parisons were thereforc made under Qonditions
where thesc factors did not operate, Thirteen
experiments were made in each of which approxi-
mately 10 konimeter samples were taken at regu-
lar intervals during a thermal precipitator
sample, The samples from both instruments
were ignited only, and were counted using a 4
mn, objective with light field illuminations,
The sizes of all particles were measured using

an eyepiece graticule, The results have becen
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publishcd in full (see page 279 of Appendix IT)
They arc sumnarised below in Table IX, in which
they arc divided into groups according to the
concentration and 'coarseness' of the dust as
shown by the thermal precipitator samplc. The
table shows the ratio of konimcter count to
thermal precipitator count; when two observa-
tions fell into one group the mean ratio is ziven.

These results indicate clearly how
the actual proportion of particles collected by
the konimeter depends on the concentration and
sizec distribution of the dust sampled.,

A study of the actual numbers of
particles of various sizes collected by the Two
instruments gives interesting results, The cal-
culations have been rade for cach of the experi-
ment s ﬂut iny the two extreme cases are given
in Table X,

In the latter experiment there werc
many particles of size 10 microns and greater
in‘the dust,

The sampling efficiency of the ther-
mal precipitator is not 10C percent for quari=z

particles greater than about 5 microns diametor,
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TABLE IX,

i Pcrcentage of
particles 2

i Count in p.p.c.c, shown by thernal procipitator.:

|

| miorons & over | Under 500 | 500-1000 | 1000-1500 | Over 1500 |
Under 4 | 0.33 ; 0.18
| 4 to8 | _ | 0.70 | 0.64
8 to 12 j< 18 | 0.45 |
12 to 16 L sy | 0.90
Over 16 | |

L 0 | |
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TABLE X,

| Sizc of Parti-

Actual number of particles

per c.c., ofbthis size showvn Ratio
cles, ; : N , Konimeter i
microns, | Xonimeter | Thermal | Thermal Precipitator |
, ; Precipitator , ;
i } %
| Fine dust § ? '
—=0,.4 | 28 1,040 SO
| Q.4 ? 29 528 <05
P 0.8 | 18 187 o
| ik 5 19 26
| 2,4 and 3,2 3 e s
| 4,0 and grcgtcr -k A 350
L Total all 31zcs 84 l 790 20
Cosrsc dust
20,4 332 112 D¢l
0.4 350 127 SeB
! 0,8 314 104 540
=W 175 67 26
L e 114 42 Sa?
{0 66 20 3¢
t 44,0 | 99 12 G
i 5,0 and greater# 68 16 4,2
| Total all sizes 1,460 500 2.98
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but it has beecn proved to be 100 percent

efficicnt for particles smallcr than this,
down to the linits of visibility of the elec-
tron microscopebe’ 51. Yct in the seccond ex-
periment quoted therc werc many more particles
of all sizes present in the konimeter samples
than in the thernel precipitator-samplc. This
effect only occurred in the experiments in
which there were considcrable numbers of
coarse particles in the dust cloud being sampl-
ed, When there are very few coarse particles
present, as in the first experiment, the
efficiency of the konimetoyfor the finest
particles is extremely lowi

An cxplanation of the presence of
particles in the konimeter sample which do not
exist in the air is that the konimeter is break-
ing up coarsc particles, or aggregatcs of par-
ticles, This may be due elther to a shearing
action as the particles pass through the jet,
or to a shattering effect as theylstrike the
collecting plate at high velocity,

The euthor, working in the labora-

tory with specially preparcd dusts, showed that
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tho konimeter and enother instrument of the
impinger type, the Ovrens dust counter, shatter-
ed dust particles of quartzsz. Other workers
have also shovn that instruments of the impinger
typc shatter the dust particles®®r 9% 95 pyg
Green®® stated that there was no evidence that
particles were shattered on impact with the
plate at the jet velocity he used., This
velocity was 58 metres/second, and is low con-
pared with that normally employecd in the koni-
meter,_wherc it is of the order of 100 metres/
second, Tlis difference may well explain his
results,

It may be argued that it is correct
to disrupt aggregatces of particles and count
them as individual particles, This is based on
the assumption that similar effects may occur
when.aggregatos are brcathed into the human
lung, Howevcr the velocity of impingement in
the konimeter is of the order of 100 metres/
second, which is many times greater than the
veloclty of air 1n the respiratory system which
appears to have_a maximum vealue of under 2

et o
metres/second 6. Aggregates are not therefore
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likecly to be broken up by impingement in the
respiratory system to anything like the extent
they arc in the konirectcr., They may be broken
up to some extent by chenical action once they
have settled on the surfaces of the respiratory
systern, but the larger aggregates will bc col=-
lected in the nasal passages, the tracheca and
other upper parts of the rcspiratory systemn;
herec there are effective mechanisms for remov-
ing thexn and they cannot play & part in the
production of silicosiss In physical proper=-
ties such as rate of settling, Brownian motion,
and removal by impingement and filtration in
the defence systcms of the nasal passages ete,
aggregates willract as single particles of
equivalent size, It appears therefore that it
is more likely to be correct to count an
aggregate as a single particlc than a@s the nun-
ber Qf individual particles forning the aggre-

gate,

3.2 A theoretical investigetion,

' 57 v 08
Davies and Aylward ', and Ranz and "ong

have calculated the trajectorics of solid parti-

cles in the air flowing out of a jet and striking
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e nearby flat plate, These results can be used
to calculatec the efficicncy of collection of
perticles in a konimeter, 1f it 1s assumed that
all particles striking the plate adhgro to it
and are counted under the nicroscope.

The mathematical theory in the first
paper is complex and the final result is not
given in a form which pormits easy calculation
of the collecting efficiency. The second paper
_however gives the result

{ 2 i 8
. 0,16, SVYD® _ 10
+ = (1.0 + =) Tgpg X

where “+/= a function related to the porcontagc
of particles which strike the plate,
D = diameter of the dust particles in
miecrons,
S = density of dust particles in grams/c.c.
V = velocity of alr flow through the jet
in cms/sec,
n = viscosity of the air in poiscs.
d = dlameter of the jet in cms,
The relationship between ‘[/and the
percentage of particles striking the collecting

plate is given in the original paper, The re-
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lationship was derived thcoretically and con-
firmned oxpcrimentally by the euthors, The
distance of the collecting plate from the out-
let of the jet is taken to»bo of the same order
g8 the dianeter of the Jet,

V is not constant in the konimeter,
Its veariation with time has been studied by
Rabson47. At the beginning of the piston
stroke V is low, but lnecreases rapidly and
after approximately 0,05 sceonds recaches a nax-
imun value, of the order of 120 metres/second
in a typical konimeter, Thereafter V dies
away gradually over a poeriod which, due to the
compressibility of air, 1s longer than the
actual time of the piston stroke, As a result,
different portions of the total volume are
sampled at different velocities, These pro-
portions can be calculated from Rabson's
results,

The percentage of particles of
various sizes striking the collecting plate in
a konimeter has been calculated for different
velocities using the following values of the

constants in the formula above -
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S = 2.5 gms/c.c.
' 4

n LA ok 1+ i poises

il

d-= 0,055 cms,

The results are given in Table XI
which also shows the percentage of the totel
volume of air sampled at differcnt velocities,

Fronm this the total percentage of
particles striking thc plate during the whole
sampling process can casily be calculated for
any desired particle size, Ti1s has. been done
and the results are plotted in Figure VII,

The physical reason for the decrease
in the percentasge of particles striking the
plate with decreasing size is that the smaller
particles due to thelr very small nomentum tend,
after leaving the jet, to follow the line of
air flow gnd ere swept away without striking
the plate., Larger particles, with their great-
er momenturni, tend to continue to follow a
straight line after leaving the jet and cross
the air flow lines to reach the plate, This is
illustrated in Figure VIII, The actual path
of a particle of any stated size will depend

on its position in the ailrstream when passing
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TABLE XTI,

Pcrcentage of particles of stated size

Percentage of

Yologsty striking the collecting plate. i total volume
netres/ % i ! i of air sampled .
sacond. | D«1B 100,201 0,25] 0,30 10,401 0,680 1,00 | 2 &&l Safplod |
3 i nicrons ‘ : ' at this wvelocity
120 13 35 ¢ B8 L85 1 a00. 1 400|100 | 19 :
100 8 28 1 8a - 1 8000 4 300 4 100 - 1 16
100 8 24 | 54 72 -1 -98 | 100 | 100 | 14
90 4 | 19 | 40 63 94 | 100 | 100 | 11
80 2 13 | 33 | 54 89 | 100 | 100 9
70 2 8 | 24 | 40 83 ¥ 300 .+ 160 8
60 0 4 | 13 33 . f VB A0 1 30 7
50 SR ¢ 2 | 8 24 . B 199 ¢ 10 6
e I R ¢ T S Ol N R o 5
30 b0 o ! 0 4 L B R 1 3
20 i o | 0 0 A o AR 1
10 0 0 o O 0 45 o9 ; &

e e —— e 2

|
|
|
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through the jet,

The formula shows that the collecting
efficiency for any particle size can be im-
proved by increasing the velocity of impinge-
ment, but this will lead to a greater danger of
breaking up the larger particles,

The actual percentage of particles col-
lected on the konimeter slide will not necess-
arily agree with the above calculated values as
other factors will also affect the process, for
example -

(a) WNot all the particles which strike the
plate will adhere to it. Eamilton et al59
show that with adhesive films of the thick-
ness used on the ""itwatersrand a consider-

able percentage of particles rebound from
the collecting slide,

(b) Some large particles may be broken up,
thus reducing the number of large parti-
cles and increasing the number of fine
particles apparently collected,

(¢) Tre air is sucked through the sampling
jet by reducing the pressure inside the

konimeter; +this air undergoes a sudden
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~* expansion as it passes through the jJet,

If the air contains sufficient moisture
this expansion will result in water con-
densing on the particles, and their effec-
tive size is thereby increasgd, resulting
in nore efficient deposition, The extent
to which the particles will grow in size
will however depend on the amount of water
available for condensation, that is, on
the hunidity of the air, and this intro-
duces another variable in the performance
of the konimeters Also the growth will
depend on the number of particles in the
alr; 1if the number is low the amount of
water available per perticle will be great-
er than when there are large numbers of
particles present, and the particles will
therefore grow to & larger size, Thus the
percentage of particles collected will be
greater when the dust concentration is low

than when it is high.,

These theoretical studies offer some ex-
planation of the results observed in the ex-

perimental investigation of the performance of
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the konimeter. Both studies indicate that

when sampling a high concentration of fine

dust the konimeter will have a low efficiency
and the recorded results will be significantly
lower than ?he corresponding thermal precipi-
tator count, ''hen sampling a low concentra-
tion of coarse particles the konimeter will
appear to have a high efficiency and will some-
times give a higher count than that given by
the thermal precipitator, Coarse dust is re-
latively harmless because 1t cannot réach the
lungs, Results obtalned with the konimeter
ney therefore be very misleading, and a more
exact method of determining dust concentrations
is desirable,

Kerrich6o has criticized the konimeter
from another point of view, FHe has shown,
using deta obtained in part by the author, that
if two konimeters are used simultaneously, side
by side, to sample dust in a mine, the results
differ significantly from each other, and the
ratio between the twq measurenents wanders in

an unpredictable way.
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4, AN INVESTIGATION OF THE THLRLAL
PRECTPITATOR.

During the development of the thermal
precipitator it was compared with the three
fundamental laboratory methods of measuring
dust concentrations accurately, namely the

slit-ultre microscope6l, Green's condensation

62

apparatus ™ and a precise form of sedimentation

061165. These tests showed that the thermal

precipitator deposited all the dust visible

under the optical microscope below a certain
size8. This size is about 5 microns in the
case of silica particles64, and the slight loss
of particles above this size is not important
in silicosis studies, The complete deposition
of finer particles 1s the outstanding advantage
the thermal precipitator possesses over‘most
other dust seampling ilnstruments, and subsequent
studies have shown that this sampling efficien-
oy extends down to particles at the limit of
visibility of the electron mioroscope5l.
This however does not necessarily

mean that e single thermal precipitetor seample

willl give an accurate measurement of the dust
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concentration, As in all types of measure-
ment there will be random errors associated
with the observations, and there may be mutual
bias between instruments or between the ob-
servers counting the samples under the micro-
scope, A particularly likely source of error
arises from the practice of counting the par-
ticles in only a snall fraction of the deposit,
and assuming that this is & representative
portion of the whole sample,

There appears to have been no publish-
ed informetion dealing with this aspect of
thermal precipitator sampling.

The ecxperiments described here were
therefore carried out to measure the size and
frequency of the errors that occur in practice,
and to try to isolate the factors which con=-
tribute to the total error.

Because dust concentrations vary over
a wide renge it is convenient to express the
variations as percentage standard deviations,
It was found that, for each given set of ex-
perimental conditions, the percentage standard

deviations were roughly constant, and indepen-
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dent of the dust concentration, This means
that the logarithms of the dust counts will
have approximately a constant standard devia-
tion, In the statistical analysis connected
with these investigations the logarithms of
the dust counts were thercfore used since well
established statistical procedurecs could be
applied directly to such data, but the results
have been converted back to actual counts for

presentation here,

4,1 The overall error,

Four thermal precipitators wgre placed
close together and simultaneous sampies teken
on eachy The dust samples were ignited before
counting but were not acid treated since this
introduces another source of variation., ZEach
sample was counted by two or three observers,
43 such experiments were made, The range of
dust cogogntrgtions sampled (150 p.p.CsCe tO
9,000 p.p,c.c.) covers that normally found in
Viﬁwatersrand gold mines,

The results are plotted in Figures
IXa, IXb and IXc and show the individual counts

obtained by each observer from ecch instrument,
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These are compared with tho'average result
obtained in each cxperiment,
Analysis of thesc results showed that
o single thermal precipitator sample counted
by & single observer had an overall percentage

standard deviation of 13%.

4,2 Motual bias between instruments and observers,

The same data was used to measure the
mutual_bias between the four thermal precipi-
tators.

The result given by each thermal pre-
cipitator in each experiment was divided by the
average result given by all thermal precipita-
tors in that experiment, The average ratio for
each thermal precipitator over the whole series

of experiments 1s glven in Table XII,

TABLE XII.
Thermal ' Average
Precipitator No, Ratio
407 . 985 i
428 | 1,006
439 ; 996
44.6 ! e O3

Further analysis showed that none of
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these values were significantly different, at
the 95 confidence level, from unity. There
is therefore no evidence of rutval bias be=-
tween any of the instruments.

The data was next examined to see 1f
there was any mutual bias between the observers
who had counted the saaxples., The count obtain-
ed by each observer was compared with that of
each other observer, for cach sample. The
average ratios of the counts are given in
Table XIIT,

Observer A "as a Vvery experienced
observer, B had falr experience and C limited
experience of counting dust samples,

TABLE XIII,

cpssrvers. | ATEEE IS0, | penisone
NA/NB E 1.023 i 134
NA/NC E 1,045 i 79
NB/NC i 1,015 ; 104

NA/NC was found to be significantly

different (at the 95 confidence level) from

unity, and the indications are that observer A
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tends to count a few percent more particles
than the others, and Ohserver C to count a Tew
percent particles less than the others, This
might'be expected from thelr degrees of exper-

ience,

4,3 The sources of the errors in a thermal

nrecipi

]

totor sample,

A thernael precipitator measurecment 1is
obtained by drawing a measured volumec of air

through the sampling head., The pair of cover

glasses on which the dust 1is depositcd is then
examined under the microscopes The number cf
particles in o small strip across the width of
the sample is counted on each cover glass of
the pair and added together = this is usually
referred to as one traverse of the sample,
This strip.is a known fraction of the whole
sample; usually about ~~}~th. If the number
; 1000
of particles poer traverse ls small it is cus-
tomary to count a number of traverses of each
cover glass to iaprove the accuracy of the
count,

The concentration of dust in the air,

N, in particles per o,c, is given by



N = nF
t v
where n = total number of particles counted

on the two cocver glasses comprising
the sample,

F = +the ratio between the area of the
thermal precipitator sample and the
area of a treverse,

t = number of traverses made of the
cover glasses,

v = volume of rilr sampled,

The following «ources of error have
been investigated -

(a) The errors which ¢rise in counting the
number of particles 1 a given traverse -
the ‘counting error®

(b) The errors which crise from assuming
that the number of perticles per traverse
in the portion examined is equal to the
average number per traverse ig the whole
semple - the "travercc error®,

(c) The variations between the results of
different observers (ognting the same slide

3 9 -
- the "observerserror’,
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(d) Errors in V, arising from mistakes in
measuring the volume of water aspirated -
the "volume error®,

(e) The variations bectween the results ob-
tained from a number of thermal precipitators
sampling simulteneously side by side - the
*instrument error',

These were belleved to be the principal
sources of error, and it was expected that if
these individual errors could be assessed
senarately they would account for most of the
overall error, If the individual sources of
variation have standard deviations <1, 52,

<3, ete, and the overall standard deviation is
. B .2 2

-~

(STotal then ° Total =1 + G + i

+ etc,

(a) The counting error (w1).

Many dust particles in samples taken
in "itwetersrand gold mines are at the limit of
visibility of the optical microsqope and are
very difficult to see, The actual count ob-
tained may therefore be affected by the degree
of fatigue in the observer, lack of concentra-

tion, and similer factors, It is also well
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known that when counting a number of objects
without some method of marking. off those al-
ready counted, some variation from the correct
value is likely to occur, For these reasons
the count in a given traverse may not repre-
sent accurately the true number present, and
repeated counts of the same area can be expec-
ted to show some variation about a mean,

The magnitude of this variation has
been investigated by counting the same traverse
154 times, Tre author used a mechanical re-
corder so that he would not be influenced by
knowing the count reached during each traverse,
Three variables which 1t was thought might
affect the results were introduced in a random
way, namely, speed of counting, the time inter-
val between successive counts, and the number
of counts made at one counting session,

Figure X shows the number of times
various counts were obtained, The mean of all
the counts is 153,6 particles, and they have a
percentage standard deviation of 6,6.

The results were divided into groups

according to the speed of counting, The mean
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count in each group was calculated,

Similarly the mean count after rest
intervals of different lengths was calculated.
These results are given in Table XIV, In 18
experiments this information was not recorded.

The observations also indicated theat
if more than 18 traverses were counted at one
counting session the results became erratic,
Thus in counts made after the 18th in any
session the percentage standard deviation rises
to 8,28, WNo similar fatigue effects could be
discovered when less than 18 counts were made
in a counting session,

These results indicate that -

(1) The counting speed should not be greater
than about 70 particles per minute - at
higher rates some particles are missed,

(ii1) An interval of not less than 2 minutes
should be allowed between successive counts,

(iii) WNot more than 18 counts should be made
in one counting session,

All experiments which had been made
under conditions shown to affect the count

appreciably (counting time under 2 minutes,
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TABLE XTIV,
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interval less than i

&

minute, or more thap 18th
count in a session) rere theﬁ eliminatedf This
left 74 counts, which have a mean of‘156.5 end
a percentage standard deviation of 5,6.

This latter figure is taken to be a
measure of the "counting error® (51,

(b) The traverse errorL(Cé).

15 traverses spaced equidistantly
along the length of a sample were each counted
three times, The average count for each. traverse
is shown in Figure XI,

From this data the "counting error™ in
this experiment was estimated and then elimina-
ted from the results thus providing information
on the magnitude of the verietion between
different traverses, The "traverse error" ﬁzé)
was found to have a percentage standard devia-
tion of 3.3 in this experiment,

Several experiments have been carried
out in which a single count weas made of each of
a number of traverses in a sample., Tic stand-
ard deviation in such experiments will combine
the “counting crror® (C1) =nd the "traverse

error" (02)., IFf the combined error is 61,0
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then ( 1fp =\Fi8 + 0g% ,

It is e measure of error likely to
arise when a single count of a thermal preci-
pitator sample is taken to be representative
of the truo averege number of particles per
traverse,

Various observed values of@fi+g are
plotted in Fig., XII against the average number
of perticles per traverse, Previously Goch65
had advanced the theory that the distribution
of this error would follow the Polsson Law;
this, if correct, would imply that the stand-
ard deviation of the count was equal to the

square root of the number of particles counted,

i.e. that the standard deviation =/n and the
lOO

I
percentage standard deviation =“, x 100 =
- /n

Acceptance of this theory has led %o
the local practice of usually counting at least
400 particles in each sample, in order to limit
the percentage standard deviation to 5i.

The error, based on this theory,
associated with counting various‘numbers of
particles is also plotted on Fig, XII, and it

v1ll be noted that the observed values of the
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combined error are in all cases less than the
velues predicted by Goch's theory. The
accuracy of counting is therefore somewhat
better than previously believed to be possible,
The combined counting error and traverse error
totals about 6 if 200-250 particles are
counted,

(c) Thc observer's error ((z),

In scetion 4,1 oxperiments were quoitsd
in which two or three observers each counte@
the same sample in 43 different experiments,

It was shown in Taoble XIII that the mutual tias
between these observers was small, but this
does not mean that they will agree so closely
in their counts of each individual slide, The
count obtained by cach observer of each slica
has been compared with the count thained by
the other observers of that slide, The obser-

-

vers did not count the same traverse of each

i

glide, he percentage deviation between each
pair of observers counts of cach slide has
been calculated, end the averege values are

given in Table XV,
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TABLE _XV.
R taiavery |~ T00d5 FoDavibEge | Numbe# of
{ . Stenderd Deviation | Comparisons
| a&B 845 134
i A& C ; 15,3 9
 Bac | 8 | 104 |

In anothér similar experiment two
experienced observers A and D lhed an average
percentage deviation of 7,6 in a series of 63
comparison counts, Observer C was relatively
inexperienced, and if his results are excluded
it appears that 8. mey be a typical value of the
average differenoe between two observers' counts
of the same slide,

These variations were further analysed
to sec 1if they depended on other factors,

Fig, XITI shows how the percentage standard
deviations depend on the numbers of particles
counted per sample, ZIach result 1s the mean
of more than 30 comparisons, The percentage
variation between observers increases rapidly
as the number of particles counted decreases
below 250, but above this number, the varia-

tion remeins constant., WNo increased accuracy
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results from counting more than this number of
particles per sample; this agein points to a
saving in labour in.the present practice of
counting at least 400 narticles per sample,
Another analysis was made to see 1f
the variation between observers depepdgd'on the
density of deposit in the samples, l1.e. on the
averege number of particles per traverse,
Samples in which the total number of particles
counted was less than 150 were excluded, due
to the lncreased errors erising in‘such counts,
The results are given in Teble XVI,

TABLE XVI,

Pa?%?gigsoger | hvcrage Porcentage
Traverse Htandard Deviation
ceg8 - than 50 7350

BO - 100 647

100 - 150 &3

150 - 200 4,9

200 -~ 250 i B

250 - 300 § 7o

300 - 350 | 9,8

More than 350 j 8.6

There is no indication that the vari-
ation between observers depends on the density

of deposit.
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The variation of about 8% between the
counts by ezperienbcd observers of the same
slide is partly accounted for by the combined
"counting and traversc? error associated with
each observers count of the slide, previously
assessed as about 6f. The remaining error
1.0, /ézuFméé‘ = 5,%, 1is due to other random
variations between thc observers! counts, and
is called the observers error, Szs» It is
probably higher when one or both of the obser-
vers is inexperienced,

(d) The volume error (54)-

This is the only measurement actually
made undergrqund when taking a thermal precipi-
tator sample, The water leaving the aspirator
is collected in a suitaeble container and measur-
ed in a 100 c,c, measuring cylinder. Volumes
range from about 10 ¢.8.8, B0 1000 o,.,0,:8, de-
pending on the type of experiment, Because
conditions in a mine are not conducive to
accurate work, this meesurement mey be & source
of considerable error,

Various difficulties arose in attempt-

ing to desigh experiments to measure the magni-
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tude of this error in tests underground.
Instead an_cxperiment was carried out in the
laboratory, 27 beakers, containing from 75
C.CeS8, to 570 c.c.s8. Of water were each meas-
ured 6 times by six different observers; i.e.
36 moqsurements were made of each volume of
water, Thc observers were made to take their
measurements as rapidly as possible - each
observer made 162 measurements in under 2 hours,
It o8 assumed that this would lead to errors
of the same order as would arise in the cease
of an observer making a single observation
underground when he is not hurried but is sub-
jeet to the difficulties of bad lighting,
cramped surroundings and various distractions
sometimes encountered in a mine,
The results showed two types of
error -
(1) Small random errors of the order of a
few cecs -
(1i) Occasional gross errors, e.g. 10 ccs
(in 3. of the observations) and 10C ccs

(

n 0,65 of the observations),

!.J.

The overall percentage standard de-
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viation of the errors wes 3.3 and this has
been accepted as some cstimate of the volume

error G}é).

(e) The variation between instruments (Us),

In the expcriments mentioned in 4,1
above, simultaneous samples were taken on 4
thermal precipitators. Iach sample was count-
ed by different observers, usually three, The
meah of th?eo counts of the same slide will
havqf% = 0,58 thc error of a single count, To
provide information on the variation between
the actual anounts of dust collected by cach
thermal precipitator the mean of the counts by
all observers of cach thermal precipitator
sample was compared with the mean of all counts
of all instruments in each experiment, These
were found to have a standard deviation of
10,65, but of this 0,58 x 8 = 4,65 is due to
combiqed counting, traverse and observers error,
and 3.3> to volume errors so that the actual
variation botwe¢n instyuments i;

/10,62 ~ 4.6% - 3,52 = 9,05

This variation between instrunents (QS) gy be

due to real differencesin the dust concentra-
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tion in the gir sampled by cach instrument.
However since the instruments were placed
within a few inches of each other, and the
samplcs taken over a period of fifteen minutes
to an hour with the alr moving continuously
over them, it 1s considered unlikgly that this
can account for all the variation,

A more likely explanation is that
occaslonally the samplc from one or more of the
thermal precipitotors becomes contaminated by
extraneous dust settling on the slide or in
some other way, leading to a spuriously high
count.

It is also possible that errors some-
times arise from faulty operation of the thermal
precipitator, such as failing to ensure an air-
tight connection betwecen thec sampling head and
the aspirator, or not using the proper current
to heat the wire,

Onc or more of these reasons may
account for this relatively high variation
between the results obtained with an instrument
which is known to have a high sampling

cfficiency,
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4,4 Tho combined variation.

The estimates derived above of the

various sources of variation are summarised in

Teble XVII
TABLE XVII,

Counting error = 5?&5
Traverse error = 5,3%
Observers error = 5,3$
Volune crror = B3
Verlotion between

instruments = 9,0%

Combining these, the total variation

is given by

/ e A O —————r = = ) -
/5.8% + 3,3% 4 5,3% & 5,82 4 9,0° = 12,7
which is in satisfactory agreement with the
overall standard deviation of 1% rcported in

section 4,1
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5, A MODIFIED FORII OF THERMAL
PRECIPITATOR

Beceeuse of the limitations of the
konimoter therc is a need for a more accurate
instrument for routine dust sampling in
Witwatersrand gold mines, Tic standard form
of thermal precipitator is sufficiently
accurate but is not suitable for the following
reasong =

(c) It is too large and heavy.

(b) Considerabloe skill'is required to
operate it correctly.

(¢) The cover glasses are fragile, they
must be changed underground after each
sample, and two are used per sample,

(d) The timc required to set up the in-
strument and take o sample is too long,

(e) The microscope examination of the
samples requires skilled observers,
tokes o considerable time, and has un-
avoidable statistical errors connected
with i%.

No other form of dust sampling in=-
strument hes been found which is sufficiently

accurate and convenient, The principle of
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thermal precipitation has therefore been re-
tained in a modified form of the instrument
which overcomes the above objections, The new
instrument wces also designed to collecet a sam-
ple of dust in which perticles of various sizes
arc collected approximately in proportion to
their retention in the human lung, The
desirabllity of this sampling charactcristic
was mentioned in Section I of this thesis,

This modified form of thermal preci-
pitator has been fully described in a paper by
the author and a colluaguo43 - a copy of this
papor forms Appendix I, The salient features
only will bec nmentioned below, The three
principal parts are the seampling head, the
mechgnical aspirator, and the electrical cir-

CUito

5.1 The sampling head.

A number of samples are collected on
a single 3" x 1" glass microscope slide; after
eoch samplce has been taken the slide is moved
inside the sampling head so that a new portion

faces the hot wire, 12 samples may be taken on
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2 single slide without removing it from the
sanpling head - this is sufficient for a
normal dafs ol Ka

The s.ide moves along an accurately
nachined face '‘nside the sampling head, It 1is
held firmly cgcinst this face by springs in the
cover of thc head., The hot wire, which deposits
the dust, is supported clong its whole length
in a block of refractory meterial, This block ..
is nounted in tng sampling head so that the
glass slide is 0,20 mm away from the wire,

Air flows into the sampling head
through a horizontal channel 10 mm wide, 2 mm
high and 10 mm long (in the direction of air
flow)s These ¢imensions were so chosen that,
with the rate c¢f? air flow used, all silica
particles lcrge: than 10 microns diameter
would settle tc the floor of the channel
during their pessage through it; particles of
smaller dianete- settlorin varying percentages
depending on their size, After leaving the
entrence channe. the air passes the hot Wire_

which deposits the dust onto the glass slide,
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5.2 The mechanicel aspirator.

Water aspirators have various dis-
advantages - the rate of aspiration veries as
the hydraulic head changes, the voluame of
water has tb bc measured for each sample and
reserve supplics of water have to be carried.

A nechanical aspirator was therefore developed
for the modified thermel precipitetor, This
consists of a bellows which is extended by
cords attached to a drum driven by a small
motor, The bellows is made of a rubberized
fabric.,

Originally = clockwork motor was used,
but this wes later repleced by & snall fraction-
al watt electric nmotor, The main spindle of
the motor meiies 2500 revolutions per minute,
and this is geared down to the spindle carrying

the drum and revolving at 4.th revolution per

10
minute; . the torque is therefore high., This
spindle extends through the casing of the
aspirator an@ carries a pointer which moves
over a scale, One revolution of the drum takes

10 nminutes and extends the bellows sufficiently

to draw 100 c,c.8. through the sampling head.,



When e sample is to be taken, "the
pointer is rotated aond set to'aépirate any
desired volume, up to 100 c.css, The action
of rotating thc pointer causes the drum on the
spindle to wind up cords whiéh compress the
bellows, A sizple clutch, operated by press-
ing down thec pointer, disconnects the drum
spindle from the motor during this operation,
When the clutch is releasecd the electrical
supply is automatically connected to the motor;
this drives the drum in thec opposite direction
qnd the bellows is extended., A switch cuts
off the electrical supnly to the notor when
the bellows is fully oxtonded,

The torque of the drum spindle is
sufficiently high to ensure that the speed of
rotation does not change as the load increases
when the bellows arc epproaching their maxinum
extonsion, Ixperiments have shown that the
relationship betwecn the displacement of the
noving end of the bellows and the volume of air
aspirated is practically lincar, This means
that the volume of alr aspirated per minute

should be constant, and actuol measurecncnt has
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shown that the volume in faect is 10,0 cecs per
minute, with a standard deviation of less than
DLl 208,

In addition to overcoming the dis-
advantages of water aspirators mentioned above,
this meéhanical aspirator has the additional
advantage that when the pre-selected volume of
air has been ecspirated, the aspirator stops
itself. The operator need not discontinue
other work to attend to it until it is con-

venient to do so,

5,3 The electrical circuilt,

The current for heating the hot wire
end for driving the motor is taeken from an
accumylator of the type used for miners'oap-
lamps, Providing a large number of samples
are not taken in a day, an accumulator of this
type has sufficient capacity to operate the
thermel precipitator as well as the observer's
cap-lamp, There is therefore no additional
weight for the observer to carry tq provide
power for the thermal precipitator, A rubber-

covercd lead connects the accumulator to the
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modified thermal prccipitator. The circuit
includeg a snall 4 ohm rhecostat which incor-
porates a switch, and a 1j inch diameter
amnndter, These arc so wired that adjustments
of the rheostat to kecp the current in the-
heating wire to thc required 2 amperes also
adjusts the motor supply current to a constant
valuc, so that 1t maintains a constant speed
indepqndent of voltage changes in the accunu-

lator,

5.4, Methods of using thec modified thermal

precipitator.

The instrument can be screwed onto a
light photographic tripod, or it can be sus=-
pended by & string or wire passing throggh an
eyelet screwed into the top of the head, Al-
ternativély it is light and small enough to be
carried in the hand while the sample 1s being
taken and this enables it to be moved around
in the working place so that a more represen-
tative‘record of the dust conditions 1s ob~
tained, It has been used in several positions
in mines where the use of the standard thermal

precipitator was lmpracticable, It has proved
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to be sufficiently robu;t to stand up to
normal usc in the nines, . ‘

y The total weight of the modified
thormal proeipitator is 2% 1bs; the standard

form weighs 26 lbs,

5,5 Tests of the modificd thermal

precipitator.

All tests have been made by teking
simultancous samples, side by side, on the
modified instrument ond two standard instru-
nents, The samplecs were then counted under
identical conditions, and the numnber of parti-
cles of various sizcs collected by the modified
thermal precipitator compared with the number
of partiolos collected by the standard instru~
ments,

Various tests were carried out during
the developnent of the modified thermel preci-
pitator to detcrmine the optimum values of
various dimcnsions in the new instrument, in
particular the rato_of aspiration, the heating
current for the wire, and the distance between
the wire and the slide, The effects of changes

in these threc dimensions are inter-related.
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The first scriecs of experiments with
the final form were made in an alrtight dust
chanber in the laboratory. Dust clouds of
different concentration and size distribution
were created by spreying an aqueous or alcoho-
lic suspension of dust into the air gnd allow-
ing time for the liquid to evaporate., The air
was kept in gentle notion by a fan while the
samples were taken., Between 16 and 28 cxperi-
ments werc made for cach size of particle,

The slope of thec regression line con-
necting the number of particles of a given size
found in the nodifiecd thermal precipitator
sample with the number shown by the standard
thermel precipitators, was taken as the col-
lecting efficicncy of the modified thermal
precipitator for that particle size., The re-
sults were corrected for the small drop in
sampling efficiency of the standard thermal
precipitator for larger particles,

The rcsults of these tests werec quot-
ed in detail, together with confidence limits
and co-efficients of correlation, in the paper

describing this work - sec pages 300 - 301 of



FIGURE XTIV

PERCENTAGE OF PARTICLES OF VARIOUS SIZES COLLECTED
BY HUMAN LUNG (CORRECTED TO MAXIMUM OF I00O%)
AND BY MODIFIED THERMAL PRECIPITATOR
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Appendix I,

The sampling efficiency of the modified
therinal précipitator for perticles of various
sizes is giwven in Fig. XIV, and a sngoth curve
is drawn through the observed points, This
figure also shows thc lung retention curve of
particles of various typcs, as previously
given in Figurc I, but adjusted so that the
point of naximum retention is shown as lQO% and
other retentions increased in proportion, To
e first approximation thc nodified thermal
precipitator is sampling dust particles of
various sizes in proportion to thelr retention
in the human lung., It i1s the first dust samp-
ling instrument with this inmportant character-
fatio,

The second scries of tests was
carried out underground in various gold mines,
More than 200 tecsts were made and the effects
of various factors (depth in thé mine, relative
humidity, tenmperature, dugt concentration and
air velocity) on the collecting efficiency
were investigated, These results are given in

detail in Appendix I, pages 301 - 303
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The only factor found to influence
the collecting efficiency significanfly was the
air velocity. If the sampling orifice faces
the aif stream, and the latter has a velocity
exceeding 250 - 300 fect per minute it was
fouhd that large particles (say size 2 nicrons
diametcr and grcater) are driven through the
entrance channel without settling as they
normally tend to do, and are deposited on the
slide resulting in a higher efficiency of'col-A
lection for these sizes than shown in Fig., XIV,
This effect is elininated if the instrument is
used so that the face containing the air intake
is kept parallel to the air streoam, Samples
taken in this way showed approximatcly the
same averaze collecting efficilency for parti-
cles of various sizes as were obvained in the
laboratory tests described above

Practical experience with the modified
thermal precipitator over the past three years
has indicated that it is suitablc for routine
dust sampling work, and it will give far more
accurate results than the konimeter, The method
of assessing dust samples taken vwith it is des-

cribed in section 7.
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6, THE EXAITINATION OF DUST SAMPLES UNDER
THE MICROSCOPE.

Thb most ‘corwion method of assessing
dust samples is to count the number of parti-
cles present in them under a microscope, This
method can also provide informatior on the
size, shape and general appearance of the dust
particles, Since 1t 1s desired to determine
perticles down to the smellest poscible size
this aspect of dust sampling has bcecn kept
constently under review, Although .he results
quoted below apply specifically to cust samples
taken with the thermal precipitator the methods
described ney be applied to dust sa ples col-

lected in other ways,

6.1 High power light ficld illumination,

. A general microscope technique for
examining thermal precipitator sampics was
specified by those résponsible for ‘its develép-
ment66. This recommended usihg e 2 mm, oil
immersion objective with light fiel: illumina-

tion to obtain the maximum resolution and to

show the smallest possible particles, Other
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details were described in ceneral terms only,
and soon after the introduction of the thermal
precipitator in South Africa it was found that
improvenents in the microscope technique wou}d
result in finer particles being made visible,

Although text-books on microscopy
commonly deal at length with the limit of re-
solution, there is comparatively little pub-
lished work on the liaits of visibility =~ one
paper on the subject®’ does not extend down to
the limits considered here, Although the two
limits are to some extent related, factors
such as contrast and glare play an appreclable
part in determining the limit of visibility
but are not so important when considering the
resolving power., Several of the procedures
recomunended below improve the visibility,
usually by increasing contrast or decreasing
glare, at the cost of decreased resolution,

Numerous experiments were made to de-
termine the best microscope conditions for
showing the maximum number of particles, After
the optimum conditions had been discovered the

effect of varying each factor separately,
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keeping all others constant, was studied by
counting the number of particles visible in a
fixed area of a dust sample, Since dust sam-
ples from mines contailn numerous particles at
and below the limit of visibility of the
opticai microscope, this provides a critical
test of any adjustment; a very slight im-
provement in the limit of visibility will show
an increased number of particles, The effect
of the various factors will be discussed under
separate headings, and wvherever possible the
results are given graphically.

Effect of mounting mediui,

It is common practice to mount micro-
scope specimens in a medium of high refractive
index to increase the resolving power., However
the contrast is dependent on the difference
between the refractive index of the material
examined and that of the mounting mediqm.

Since quartz has a refractive indexA(l.SS) close
to that of many mounting mediums, e.,g. Canada
balsam, (1,52 = 1,54) the contrast is very

poor and the finest particles cannot be seen.

Experiments were made with many mounting



FIGURE XY

EFFECT OF NUMERICAL APERTURE OF OBJECTIVE
ON NUMBER OF PARTICLES VISIBLE
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materials but it was found that the maximum
number of particles was visible if no medium
was used and the dust particles examined
mounted dry - i.e., against a background of air,

American work®® has shown that if dust
particles are coated with a film of very high
refractive index (greater than 2) the differ-
ence in contrast is sufficiently great to show
the particles clearly and the increased resol-
ving power can thersfore be used effectively,
Such films can be produced by sputtering sele-
nium in vacuo onto the slide carrylng the dust
sample, This method has not been tried since
the labour involved in treating every dust
sample in this way appears to preclude its
application as a matter of routine,

Effect of numerical aperture of objective,

Counts were made with objectives of
different numerical aperture, and are shown
in Figure XV, All the objectives were apochro-
mats,; counts with achromatic objectives of the
same numerical aperture gave lower counts, It
was found that if a glven objective was reduced

to a.lower numerical aperture by placing a
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diephragmn behind its back lens 1t then gave
approximately the same count as an objective
of numerical aperture equal to the reduced
value, This indicates that it is numerical
aperture which is the controlling chtor, and
not the magnification of the objective,

These results show that it is neces-
sary to use a 2 mn, apochromatic objective of
numerical aperture 1,5, The objective of numer-
ical aperture 1,4 shows fewer particles and
this may be due to the diificulty of providing
adequate correction for spherical aherration in
objectivesof such high aperture. Although
various manufacturers make objectives to the
above optical specification, comparative tests
proved that one particular make (Beck, London)
showed a significently greater number of parti-
cles than other mskes,

Effect of condenser,

Simple uncorrected types of sub-stage
condenser such as the Abbe, resulted in a loss
of about 30% of the particles, Providing an
achromatic_and aplanatic condenser of numerical

aperture 1,0 is used tlhere appreared to be no
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EFFECT OF MAGNIFICATION OF EYEPIECE
ON NUMBER OF PARTICLES VISIBLE
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difference between diffcrent types.

Most text-books recomnend that the
aperture of the condenser should be reduced' by
an iris diephragm to about two-thirds of the
aperture of the objective to give the best
resolution, However this still produces too
muech glare for the finest particles to be seen
against a light field, and Figure XIVI shows how
the counts increase as the epcrture of the con=-
denser is reduced still further,

"Critical®™ illumination in which the
image of the lemp is focusscd in the plane of
the object gave higher counts than "Kohler
illumination, in which the image of the lamp is
focussed on the back lens of theAcondenser.

Effect of eyepiece magnification,

Counts were made with compensating
evepieces of different powers and with two
objectives, One objective was that which had
given the highest counts in the comparison of
objectives while the other wes of average per-
formance, The results are given in Figure XVII,

The 'best' objective benefits from a

higher eyepiece magnification, but in general
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EFFECT OF TUBE LENGTH ON NUMBER
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it has been found preferable to standardize on
the x17 eyeplece, Viith higher magnifications
the images of the smallest particles become 80
diffused that their contrast is insufficient to
enable them to be seen,

Bffect of tubelength,

The objectives used were designed to
work at a tubelength of 160 mms, The counts
shown in Figure XVIII were obtalned at other
tubelergths, This result was published soon
after it was discoverong. The recason may be
that the objective 1s corrected by the manu-
facturer to work with a continuous medium of
high refractive index betwecen the front lens
and the object (i.,e., immersion oil, cover-
glass and mounting medium) whercas in this work
the object is in air, By altering the tube=-
length some compcnsation for upsetting the
manufacturer's calculations for the correction
for spporical and chromatic aberrations may
result,

The optimum tubelength varies from
one objective to another, but is always less

than 160 mms, The best tubelength for a given



FIGURE XIX

EFFECT OF INTENSITY OF ILLUMINATION ON
NUMBER OF PARTICLES VISIBLE
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objective also depends on the thickness of the
cover-glass. For one particular objective the
relationship T.L, = 149 - 84t was estab-
lished, where T,L, = optimum tubelength and
t = thickness of cover-glass, both in milli-
metres, ’

Effect of intensity of illumination,

The brightness of the sub-stage lamp
was vericd over a wide range, The counts ob-
tained are plotted in Figure XIX against the
power used for the lamp, The results indicate
thet this is not a eritical factor, and it 1s
probably best for each observer to choose the
level of illumination which he finds most
comfortable,

It was also found that the intensity
of illumination in the room is not importagt;
no significant difference in counts was found
when this was varied from complote darkness to
a normally well-lighted room.

Effect of wavclength of light.

Counts were made using light of dif-
ferent wavebands obtained from a set of

spectrum filters, The lemp was adjusted to
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EFFECT OF WAVELENGTH OF LIGHT ON
NUMBER OF PARTICLES VISIBLE
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give the same apparent brightness with each
filter, The results are given in Figure XX,
There is a wide zone, around 5,000 Angstrom
units, in which wavelength appears to have
little effect, Presumably the improved re-
solution at shorter wavelengths 1s balanced
by the decreased sensitivity of the eye,

Comparison of counts.

A number of slides were counted using
the optimum conditions found as a result of the
above work, and also the conditions commonly
used before this work was reportedvo. The
improved methods showed o total of 3,540
particles while the other method showed 2,720
particles, The improved method has increascd
the count by 30%,

The size of the smallest particles visible,

It was important to know the size of
the smallest particles shown by the improved
technique., At the time of the expecriments
(1937-1939) there was no simple method avail-
able for determining these sizes directly.

A slide containing particles covering

a wide size range was examined using objectives
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of various numericel apertures, and also high
aperture objectives with thelr apertures reduced
by diaephragms placed behind the back lens, The
numbers of particles visible with each aperture.
was counted, The slide was then examined under
the best conditions and the size of each parti-
cle which could be measurcd accurately was
determined using an eyepicce micrometer, From
these two scts of obscrvations the smallest
size of particle detectable at various numeri-
cal apertures was determined, These results
were extrapolated to numerical aperture 1,3,
and this indicated that the smellest size of
particle visible was 0,13 microns diameter,
The same result was obtained in another way by
KittoVI; he centrifuged suspensions of parti-
cles under conditions which would remove all
particles of a given size, and thon observed
the residue under the microscope, In this way
he was able to determine the sizes of the
smallest particles visiblc under the microscope,
More recently direct compcrison with electron
micrographs has been possiblec, Results in

Great Britain72 have confirmed that this is the
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order of size of the smallest »narticles

visible under the optical microscope,

6.2 Low power dark field illumination.

Low power objectives 7ith dark fiecld
illumination are used for coun:-ing konimeter
samples, A 16 mm, objective and x15 eyepiece
is commonly gscd, giving an overall magnifica-
tion of x150, The method is simpler than the
high powcr light field tecchnique and has becn
proposed for counting thermal vrecipitator
samplos7o.

This system can however only show
particles down to about 0,20 m:.crons diameter,
and efforts to reveal smaller narticles with
it have not becn successfuls Protagonists of
this method suggest that count: by the two
methods might have a fixed reletilonship to
each other, in which case the ~ounts by the
one method could eacsily be converted to counts
by the other method, A number of such com-
parison counts were'thercforo riade and are
given in Figure XXI, The mean line 1s drawn

through the observations, and also lines cal-
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culated to contain 95 of the results,
The results show -

(a) The corrclation between the two methods
of:counting is poor,

(b) For a given concentration shown by one
method there is a large range in the
counts obtained by the other method,

(e¢) As the concentration increases, the low
power dark field method shovis a decreas;
ing vercentage of the particles present;
that 1s as the dust increases in danger,
the low power method tends to further
under-cstimate the danger.

The lov power dark field mcthod of
counting is therefore not sufficiently acgurate

for counting thermal »recipitator samples,

6.3 Medium power dark ficld illumination,

With a given objective dark field
illumination will show finer particles than
light field illumination, Although dark field
illumination with a 16 mm objective was found
to be unsatisfactory, there appeared to be a

possiblility of using o medium power objective
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and dark field illumination to sihow up more
particles than were visible with the 2 mm,
light field system.

Experiments were made to determine the
best conditions fof two medium power objectives;
two different light sources were used, The
nein difficulty occurred in finding suitable
sub-stage condensers, and with the 4 mm objec~
tive the condenser had to be used in oil
immersion contoct with the bottom of the slide
carrying the dust samples, Using the best con-
ditions for cach arrangement the counts shown
in Table XVIII were obtained; these counts
are rolaﬁive to a count of 100 of the same

slide with the 2 mm light field technique,

TABLE XVIII.

Objective Lanp Count

8 mm epochromat; ™ numer-
ical aperture 0,65 | 8-watt substage| 108

i 500--\#\478;.bt O.I'C . loo

1N

ochromat; numer-
perture 0,95 8-wett substage| 135 |

it 500-watt arc, | 156

mn o ap
5
(=9

igal
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With the 8 mm objective the arc lamp
gives too bright a background resulting in a
slight loss of particles, but with the 4 nm
objective the extra light is required due to
the higher.magnification.

Experimenfs werc also made with a
4 rm objective of the Chepmen-Aldridge type.
This 1s fitted with an annular mirror around
the objective, this reflects light down onto
the perticles from above and produces o type
of dark field illuninetion, This system gave
a relative count of only 52 particles,

Although mediun power derk field
illuminetion has been proved to show riore
particles than can be seen with the best 2 mm
light ficld conditions thec method 1s no longer
of grcat intcrest due to thce advent of the
electron microscope, However the fact that
the 8 mn objective shows approximately the
seme number of perticles as the 2 mn light
field method is of some use, Samples from the
standard thermal precipitator are counted using
the latter method, but this cannot be used for

samples from the modified thermel precipitator
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since thesec arce collected on a thicker slide,
and the 2 mm objective cannot focus through
this, The 8 mm objective with dark field
illumination can however bé used with the

thicker slide and this enables equivalent

counts to be obtained.

6,4 High contrest photomicrographic methods,

One of the principal factors control-
ling the visibility of small particles under
the optical microscope is that with decrease
of particle sizc the intensity of the dif-
fraction rings decreases until i1t is so close
to the intensity of the background that the
differcnce connot bc detected by the human
CYCa

One method of rcvealing smaller par-
ticles is therefore to use high contrast
photogrephic methods to detect differences of
intensity smaller thaen can be seen by eye,

Experiments were made to show the
best conditions for obtalning such photographs,
and the results were published75. The in-
vestigations covered the best combination of

nicroscope conditions, the most suitable
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plates and developer, the best combination of
exposure and development times, and the effect
of different wavelengths,

In general the best microscope condi-
tions were those which had been found best in
the researqh done by visuel observations
(section 6,1), except that the lowest possible
eyepiece magnification should be used; in
photomicrogrephy the plate must be placed some
distance away from the eyepiece in order to
produce a reasonable size picture, this intro-
duces additicnal magnificetion and this is pre-
sumably the reason why a lower eyepiece maghifi-
cation is suitable, With the particular pro-
jeetion microscope used for these investigations
the eyepiecé used was X6 and the projection
distance 42 cms,

Ilford thin film half tone plates de-
veloped in a sodium-hydroxide/hydroquinone
developer showed the greatest number of parti-
cles, due to their high contrast (gamma about 6),

The effect of various exposure and
development times is shown in Figure XXII,

Photogrephs were taken at wavelengths
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down to 4,000 Angstrom units, and it was
found that the shorter the wavelength the
" greater the number of particles revealed.
Apparatus for experiments with ultra-violet
light was not availlable,

Using these photomicrographic methods
the number of particles made visible was
about twicec the number which could be secn
visually in the same field; the size of the
smallest particlcs made visible was believed
to be slightly less than 0,10 microns dia-
meter., This method was used to lnvestigate
the number of particles of this size in dusts
produccd by various mining processosvé.

During the course of thesc experiments
two intcresting subsidiary investigetions were
made, It was found that the focus had to be
exact to show the maximum number of particles.
A special slow motion drive was fitted to the
normal fine focussing adjustment of the pro-
jeetion inilcroscope, and photographs were
taken in which the focus was changed by 0,1
microns after each exposure, The results

showed that a change of this amount was
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sufficient to meke the finest particles dis-
appear completely, in other words that the
depth of focus was less than this amount,
This is less than the amount postulated by
theory., A pote on this observation was
publishod75.

The second investigation was concern-
ed with the apnarent size of particles photo-~
graphed with objectives of different numeri-
cal aperture, The sizes of the same parti-
cle as measured from the photographic plate
at different apertures are shown in Figure
XXITI, As the numerical aperture decreases
the apparent size of the particle increases
“until the particle finally becomes invisible
when it 1s so large and diffuse that there
is insufficient contrast to distinguish it
from the background, A theory of image
formation of fine particles has subsequently

a’6

been publishe which explains this obser-

veation,

6.5 Phase contrast microscopy.

Comparison counts have beecn made of

the same slide with a phase contrast 2 mm



- 118 =
objective, and with the standard technique
used for thermal precipitator samples, No
increase in counts was obtained,

Phese contrast methods however appcar
to offor possibilities of identifying the
nature of smaller particles than can be
achieved with standard petrological methods
or the Becke line technique, but this sub-
jeet falls outside the scope of the prescnt

work.

6,6 Electron microscopy.

The experiments described 1n sections
8.1 to 6,4 above were nade before 1940 when
somne method of determining the number and
sizes of particles below the existing linmits
of the optical nicroscope were urgently
required, ZIlectron microscopes were not then
conmercially availhble,

The advent of the glectron microscope
has enabled the range of investigation of
dust particles_to bQ cxtended by scveral
orders of size,. A small amount of work-has

becn carried out overseas on nine dusts77,w%79,



- 119 =~

An eloctrqn microscope has been in-
stalled at the Research Laboratories of the
Transvaal Chamber of Mines, Before it could
be used to investigatc mine dusts a method
of collecting such dust in a form suitable
for examination had to be developed, The
supporting film had to be sufficiently robust
to withstand handling in the mine'and yet be
transparent to the electron bear; it also
had to withstand heating to about 500°C to
renove carbon and other particles from the
sample and be free of crystalline structure
so that electron diffraction studies could
be nade of the dust particles,

The standard collodion film used in
eloectron microscopy cannot be hcated to the
required temperature, After experinenting
with various filias the following technique
was evolved,

The ordinary copper supporting grid is
given a thin coeting of aluminium by cvapora-
ting the aluminiun in a vacuum, A moderete-
1y thick collodion film is then cast on this

80

in water in the usual way-“, Tho grid with



- 120 -
the collodion filnm is then placcd in a
vacuwl chamber and a thin film (approximate-
ly 100 Angstrom units thick) of silicon
| monoxide deposited on it by cvaporating the
silicon monoxide on a suiteble filament
nearby.

The grid with the two films on it is
then taken underground and the sample collec-
ted in o specially modified thernal precipi-
tator. The grid is kept oscillating about
the hot wire in the thernal precipitator
during the sampling procecss so that each area
of the sample contains a representative
sample of the dust, This is necessary since
the area which can be examined in the elec-
tron microscope is very small,

On return to tho laboratory the grid
is heated under controlled conditions, This
heating removes the unwanted cérbon particles
and organic matter present in the dust sample,
burns off the collodion supporting film and
converts the silicon monoxide into a fora of
silicon dioxide which shows no crystalline

structure, The specimen is then shadow-cast
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and examined in the electron microscope.
The thin layer of aluminium on the grid
appears to improve the adhesion between the
bars of the grid and the silicon dioxide film.

Figure XXIV is an electron micrograph
of dust from a Witwatersrand gold mine., It
will be seen that there are many particles
below the limit of visibility of.the optical
microscope. The nature of these particles
and their possible danger to health remains

to be investigated.

6.7 Automatic counting of particles.

The counting of particles under the
microscope by eye is a laborious process, and
as shown in section 4 has various errors
associated with it,

Automatic methods of doing this have
recelved considerable attention in recent
years, particularly in Great Britain8l, 82,
The basic principle of these methods is to
scan the dust sample with a beam of light
and arrange that each time the beam of light
strikes a particle its presence 1s recorded

electrcnically. By measuring the time the
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bearn of light is in contact with the parti-
cle, or by meesuring the intensity of the
scattered light, or in other ways, the sizes
of the particles may also bc determined,
This method was suggested by the

83 prior to the publication of the

author
overseas experiments but facilities for
‘bullding the apparatus were not available,
Later tho author and a colleague,

Mr. R.T. Jamieson commenced constrﬁction of
such an apparatus but the work was abandoned
as the'apparatus is now available conmer-
cially,

This type of apparatus will have
several advantages over the optical method
of counting dust samples -

(i) The human factor is elinminated,

(i) A much larger fraction of the sample,
or the whple sample, can beg examined,
thus reducing the errors which are
unavoidable if only a small fraction
of the sample is counted,

(iii) The samples can be asscssed more

rapidly - counting rates of 1000 par-
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ticles per second or higher can be
used; with human counting 1 to 2
particles per second is the maxinuin
rate,

At present these devices are still in
the experimental stage, they will rcequire
skilled naintenance, and their cost is high,
They are unlikely to be suitable for use by
personnel on the nines, and an alternative
method of assessing samples 1is described in

the next section,
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7. A PHOTO-ELECTRIC 1ETHOD OF ASCESSING
DUST SAIPLES

The nethod of assessing a dust sample
by an obsecrver counting under a microscopce
the number of particles present in it has
gscveral disadventages -

(a) The process is laborious and time-
consuning.,

(b) Observers require lengthy training
and considerable experience before they
become proficient,

(¢} The results are subject to variations
due to the hunan factor,

(d) Usually only a small fraction of the
whole sanple can be examined, and this
may not be representative. This leads
to unavoidable errors in the result.

(e) Therc is considcrable doubt if parti=-
cle number is an accurate indicetion of
the danger to health of the dust.

Some of these matters have been dis-
cussed earlier in this thesgls,

7.1 Basic theory of the photo-electric
apparatus,

There is a need for a method of
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assessing dust samples which is rapid, con-
sistent and simple to use, which clininates
the humen factor, and which measures a
property of the dust closely related to its
danger to hcalth, In section I it was
suggested that the parameter mcasured should
be the surface arca of the particles retained
in the lung with over-estimation of particles
in the region 1 to 2 microns, and under-
estimation of the particles below 0.5 microns,
The modified thermel precipitator has becn
shown to sample dust approximately in pro-
portion to the retention of the various sizes
in the lung; parallel to the development of
the modified thermal precipitator, a photo-
electric apparatus was designed and construc-
ted to enable the samplcs to be measured
rapldly and conveniently, It was expected
that an instrument messuring the light ex-
tinguished by the dus* particles in the
sample would provide a rcading reclated
closely to the surfacec area of the particles,

84

Richardson™™ siowed that the light

extinguished from a beam by a collection of
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dust particles placed in the beam was pro-
portional to their projccted surface arca
when the particles were large comparcd with
the wavelength of the light, but that as the
particle size decreascd, and approached the
wavelength of the light, the light extinguish-
ed per unit surface area increased., The
solubility of particles per unit surface area
also increases over the same rangc of size,
The incrceased solubility per unit surface
area, and the increased amount of light ex-
tinguished per unit surface area, with de-
crcase of particle size down to the wavelength
of the light used, are approximatcly equal,
The possibility of using this relationsip to
provide a uscful method of assessing dust
samples was pointed out by the authort®

Nhen the particle size 1s smell com=
pared with the wavelength of the light,_the
Rayleigh law of scattering applies, i,e, the
scattering is proportional to the sixth power
of the diameter, and the light extinguished

per unit surface area falls rapidly to

effectively zero,
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Since visible light has a mcan wavelength of
approximately % micron this implies that
apparatus measuring the cxtinction of visi-
ble light would give a moasureﬁent of the
surface area of the particles, with an over-
estimation of the surface arca of particles
slightly larger then the wavelength of light,
i.e, particles of the order of 1 micron dia-
meter and with a rapidly increasing under-
estimation of the surface areca of particles
below 0,5 microns, As was shown in Section 1
of this thesis, this would reproduce quali—
tatively the toxicity of silica particles,
At present there 1s insufficient pathological
evidence to place this relationship on a
quantitative basis., '

This relationship forms the basis of
the apparatus described below.

The laws of scattering and extinction
of light by small particles (of the order of
size equal to tho wavelength of the light) are
complex, They have been investigated by
RayleighBG, MieSV, and more recently by

Sinclair88, and nmany others, Tables of
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scattering function have been published89
Much of this work appliecs only to spherical
parﬁiclos, and the laws can only be applied
in practicc if the particles arc homogeneous
in composition, size and shape, if the re-
fractive index is known, if the light is
monochromatic, and if the geomctry of design
of the apparatus for measuring the amount of
scatvering or extinction is specified,
These requircments regerding the particles
do not hold in thc case of mine dusts, and
there appeared to be no possibility of cal-
culating the design and performance of an
instrument with predetermined measuring char-
acteristics, Instead various experimental
designs were tried on an optical bench, their
characteristics measured, and a final design
constructed in a form suitable for use by
mining personnel, The actual property of the
dust measured in this apparatus was then

determined in a series of calibration tests.

7.2 Description-of the photo~électric
apparatus,

The besic construction of the apparatus




FIGURE XXV

PHOTO-ELECTRIC APPARATUS FOR ASSESSING DUST SAMPLES
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is shown diagrannatically in Figure XXV,
Figure XXVI is a photograph of the apparatus,

The apparatus is built on a heavy
base plate with light-tight thin metal sides
and lid, All intcrnal metal surfaces are
painted matt blacit to minimlize stray light,

\
he apparatus is 24" long, 15" wide and 8"
high,

The lomp A has a coiled vertical fila-
ment, approxisately 3/8%" high and 0,04% wide,
It is mounted on =a base which can be moved in
three dimensions »r tilted so that when a
- lamp is changed cdjustment can be made to
compensate for slight differences in the
position of the filament., The lamp is rated
at 8,5 volts, 35 watts, but is under-run
slightly to increase the life., It must be
fed by a stable supply; cither a 1l2-volt
car accunuletor or a constant voltage trans-
former has been found suitable, The circuit
includes a 3=~ohn, lO-amperc rheostat and an

mmeter, It has been Tfound essential to
solder the leads Lo the base terminals of

the lamp to ensurc a steady contact., The



FIGURE XXVI

THE _PHOTO-ELECTRIC APPARATUS FOR ASSESSIN
DUST _SAMPIES.




- 130 =

lamp housing includes a louvred ventilator,

Two indentical becams of light from
the lamp pass through the gpparatus. Adjust-
able dlaphragns at B detcrnine the dimensions
of the beams which then pass through lenses C
(focal length 2") and src reflected by mirrors
D and refocusscd by lenses E (focal length 4%),
The becams pass closec to eech other through a
glass slide F (which carries the dust samples)
and fall onto barrier-layer photocells G,

The glass slide is carried on a
support H which is moved lqtcrally by the
sorewed rod J ond handle K, Tho 1lid is sealed
onto the apparatus so that the optical arrange-
nents cannot be interfered with, and the
slideholder H is thereforc designed to travel
out into a compartment L when the slide is to
be changed, This compartment has a light-
proof door I, Inside the box are baffles N to
reduce stray light., A small obscrvatiqu hole P
enables the glass slide to be obscrved.

The two photo-cells are connected in
opposition through a 25~ohmn potentiometer Q and

a pointer type galvanometer R which hes a
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sensitivity of 4 millimetres pcr microanpcere,
a resistance of approximately 150 ohms and a
poripdio tinc of 22 scconds., It has a centre
ZETo0,

Tho apﬁaratus has been made hcavy to
prevent accidental knocks upsetting the optical
arrangenents, It has been made falrly long
since the photocells have a temperaturc co-
efficient and thelr output may alter if they
are heated unduly by the lamp; it was found
that the use of heat—absorbing_filters did not
reduce their drift appreciably.,

The illunination at the dust deposit
must be evenly distributed, This is achieved
by the Kohler system of illuminetion, i.e. lens
C throws an image of the lamp filanmcnt onto
lens E, and lens E throws an image of the
surface of lens C onto the slide H - since all
parts of lens C received light from all parts
of the lemp filament its imege is cvenly
illuminated, The dimensions of the lamp
filament and the dilaphragm B arc such that,
taken with the other dimcnsions of the

apparatus, the inage of the diaphragm B thrown
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on the dust slidec is the samc height as, and
slightly widcr than, the dust samples on the
slide,

The photocclls receive an out-of-focus
imege of the light filament, Their effective
area 1s controlled by nasks so that this image
fills their surfacc, Any light from the bean
scattered by the dust particles is therefore
not recorded by the photocells,

Matched pairs of photocells were
sclected, but despite this and the general
symnetry of the two beams, it was found
necessary to incorporate the potentiometer to
ehable the galvanonectcr reading to be brought
to zero when both beams of light treverse a
blank portion of the glass slide, There are
day~to-day variations in the galvanometcr zero
reading as well as a graduel drift during a
day, This is adjusted by resetting the
potentiomcter, The sensitivity of the appara-
tus, l1.e, the deflection of the galvanometcr
for a given amount of dust, is controlled by
adjusting the size of the diaphragms B, and by

varying the brightness of the lamp.,
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Two beams of light are uscd; this
compensatcs to a large oxtent for slight vari-
ations in lamp brightncss during a series of
measurements, and is also necessary because the
surfaces of the glass slide often scatter as
much light as the dust particles. vhen a
measurnent is made, onc bean of light passes
through the dust sample and glass slide, while
the other pesscs only through the glass slide
nearby - variations from avcrage 1n the re=
flectivity of the glass and in the amount of
absorbtion of light in the glass are thus
automatically compcensated for and the differ-
ence in the intensity of thc two light beams
is therefore due to the llght scattered or

ebsorbed by the dust particles,

7.3 Operation of thc photo-electric apparatus,

The lamp is switched on at least 15
minutes before it is desired to measure'a
sample, This allows the photocells to reach
a Talrly stable output after which drift is
greatly reduced, The lamp current 1s adjust-

ed to 4,0 anperes,
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The glass slide is insertcd into the
slide holder and by turning handle K is brought
into a position where both beams of light
traverse portions of the slide which have no
dust deposited on them, The potentiometer is
then adjusted to bring the galvanometecr read-
ihg to zero.

The slide is movcd until the first
dust sample is seen through the observation
hole to be 1n the centre of one of the light
beams; this position is judged by obscecrvation
and the slide 1s then noved slowly from side to
side until the galvenometer reading is a maxi-
mums this rcading is noted¢ The same dust
sample is then brought into the other beam and
the process repcatcd, with a galvanometer read-
ing being obtained on the other side of zero,
The two galvenomnctcr readings added together
glve the assessment of the dust sample., The
next dust sample on the slidc is then measured
in the sanec way. Xach reading takes about 10
seconds to make, compared with 10 to 20 ninutes
normally requircd to count a thermal precipita-

tor sample,
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An altcrnat;yc ncthod of making the
neasurement is to usc thc potentiomcter to
bring the galvanometcr poihtor to zecro when tho
dust semple is in one beam. This "pull®
nethod appearcd to have no advantages over the
mcthod described above, and a longcr time is

needed to obtain thc rcading,

7.4 Consistency of measurerients,

The whole dust sample 1s evaluated in
this apporatus, Thore i1s thus no error such
as occurs in nicroscope counting where only a
fraction of the whole sample is cxamined and
assuned to bc reprcsentative of the whole, In
the studiecs rcported in section 4,3 of this
thesis, this source of error was found to have
o porcentage stendard dcviation of 3,3,

When the same observer counts the
same thermel precipitator sample a number of
tines undgr the microscope it was shown in
section 4,3 that the counts heve a percentage
standard deviation of 6,6/:, One observer
made 45 measurements of the same dust sumple
in the photo-clecctric apparatus and the per-

centage standard deviation of the readings was
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0.7, There wous ho sign in the data that the
observations bececamc crratic with time, i.c.
there is no indicetion of a fatligue effcet
such as wes evident when repcated microscope
counts were made,

¥When different observers count the
sene slide under the microscope it was found
thet their eounts vericd on the average by &
when both observers wecre experienced, and by
up to 13, when one was inexpericnced. Fivo
observers measured the same sample in the
photo—cleotrig appnaratus, and their measurements
Were 2843, 23.4,; P3.4, 23,5 and 23.,5. The
pcrcentage standard deviation is 0,45, The
second and Tifth neasurcncnts respectively wcre
made by observers with no previous expericnce
of the apparatus; in aicroscope counting it
is found that inexperienced observers tend to
obtailn significantly lower counts than treined
observers, WNew observers can bc trained to
operate the eppnaretus in about 10 minutes,

The verilous sources of error inherent
in microscone counting are thercfore largely

elimineted in this apparatus, Recadings on it
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are consistent to less than 1%.

7.5 Calibration of the photo-electric
apparatus.

It was important to determine how the

measurements in this apparatus were related -to
the surface area of the particles in the dust
sample., It was also desired to know if the
readings were dependent to any appreciable
extent on the material from which the dust was
produced; it was possible that the refractive
index of the particles might affect the results
significantly, and mine dusts may be produced
from a varilety of minerals,

It 1s not practicable to produce dust
clouds, of say quartz, in which all the parti-
cles are of uniform size. All that can be done
is to produce clouds which are generally fine
or generally coarse, but the particles in egch
type cover a wide range of size, and these
ranges invariably overlap to some extent.

Samples of pure quartz dust of widely
differing size distribution and number concen-
tration were collected by modified thermal

precipitator and evaluated in the photo-electric
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apparatus; four or five noasurcnents viere nade
of cach samplc, and thesec invariably agroed to
better than 1%, The dust sanples worc then
examined under the microscopc and the nuwaber

and size of particles cstimated as in the

0

standard method of dust counting., About 1,000
particlos were counted and meassured in each
sample,

The totel projected surface arca of
all the particles in the sample was then cal-
culated from these obsecrvetions, It should be
noted here that although the microscope method
leads to e determination of thc projccted sur-

rclatecd by

(6]

1

=
(6]

face area of the particles, th

area of the

(6]

a constent (%) to the total surfac
perticles, cven if the particles deviatc from
. " 20
a. spherical shepc by ¢ considerable amount”™,
The calculated projccted surface area
and thc photo~electric neasurencnt for 52 such
experiments are plotted in Figurc XXVII,
Although there 1s some indication of a rcla-
tionship, thc scatter about the mean linc is
considerable, The average size of particle in

each sample was then calculated using as a



FIGURE XXVII

AREA AND AVERAGE PARTICLE SIZE

RELATIONSHIP BETWEEN RATIO OF PHOTO-ELECTRIC
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Z 0

measure of mean perticlc size, as ig custonery
el d2
in such work, === where n is the number of

na

particles of dianete d in the samplo,.

It wre found thet points lying above
the mean linc rcsultod from oxporiments in
which the average particle size was snall,
while poihts lying bolow the mean linc were for
coarse dusts. The average particlc sizes aro
shown next to a few points in Figurc IXVII (o
illustrate this,
Photo-clectric rcading

he ratio ==
£R0 2aD Projccted surfacc arca

then calculated for each experiment, The

we.s
value of this ratio in each oxperimont is
plotted against the average particle size i
Figure XXVITI, Deviations from thc gencral
trend are probably due mainly to errors in
measuring the sizes and numbers of particlcs
under the microsecope, since the accurascy of
this type of work is low,

The results in Figure XXVIII indicate
that for samples of coarse dust (avsorage dl’
meter greater than 1.8 nicrons) the photo-
electric reading is dircctly proportional to

the surface area, As the size deccrcases the
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photo-clectric roading »nor unit surface arca
increasces and reaches ¢ neximum of nearly throe
times the normel value vhen thq average parti-
cle diametcr is in the range 0,5 to 0,6 microns
diameter. Below 0,4 nmicrons the extinetion per
unit surfacc arca dccrcascs shorply as expected
from the theory of light scattcring.

The size at which maxinum over-
cestimation of surfaocec arce occurs is somewhat
smaller than that dcsireble from a considera=-
tion of the toxicity of silica dusts of differ-
ont sizes (sce Scetion 1), Howecver thc whole
curve could bc moved to tho right by using
light of longcr wevelength, i.c, light in the
red or ncar infra-red rcgion of tho spectrua.

=)

Howevor in thc absence c¢f more proecisc quan-
titative data on.tho toxicity of particles
this step is not yet rcpardoed as warranted, It
would not involve any nojor altcrations to the
present form of thc apparatus,

EZxtinction factors for each particle
size were taken from Figurc XXVIII and used to
convert the measured surfoce arces in the

original experiments to "extinction surface
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areas™, The total extinction surface area for
cach samplc was then calculated and is plotted
agaigst the photo;oloctric rcading in Figure
XXIX, Although therc is some scatter about
tho mean line the correlation is satisfectory
and the rclationship appeers to be linear with-
in the range of concentretions tested., This
ronge covers the conditions normally found in
Witwatersrand gold mines,

Similar cxperiments were ncde using
dusts produced from o veriety of other sub-
stonces - coal; kaolin, sulphur; and various
minerals, - a8 well as dusts obtcined in gold
mincs (a mixturc of quertz and various sili=-
cotes)., The weighting factors to obtain the
extinction surfcco erca of these saomplecs were
taken from the experiments on pure quortz,
Figure XXX shows the reletionship betwecen the
photo-oloqtric reeding and the extinction sur-
face erca, It will be scen thet the mean line
through the points egreces closcly with that
obtained for quartz, ond apart possibly from
the results with sulphur there 1s no evidence

that any of the substonces tested show o
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markedly different relationship to the others,

Thesc results show that the mecsurc-
ﬁont of the dust scarmples obtained in this
photo-clectric apporatus provides basiocally o
necasure of surface arce of the perticles, with
en over-estinatc of the surface of particles
between 0,5 ond 2 nicrons, belicved to have an
cnhanced toxiecity »or unit surface arec, and
with en under-cstinatc of the surfoace of
particles below about 0,5 microns diametcr,
which ere believed to have a lower toxicity
per unit surface aregs, and which probably pley
o ninor role in the production of silicosis
duc to their comparctively rapid disappoarcnce
from the lungs by complete solution, This
measurcement is probably o nore accurote asscss-
ment of the silicosis hazard of c dust thon

any previously availeble measurenent,

7.6 Advantages of the photo-electric method

of assessing dust samples,

(1) Repeated measures of the same slide
are more consistent (percentage standard
devietion less than 1%) than ropeated

necsurcmnents of the same slide under the
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nicroscope (pcrcentage stondard
Jeviation about 7).,

(119 ‘Intcr-observor variations are less
(0.4%) then intcr-observer voriotions
with the nicroscope (8%)., The hunen
foetor ie procticolly elinincted.

(iii) The whole sample is cssessed, With
nicroscopc rnicthods only ¢ froction éf
the sample can be oxamined and unavoid-
oble errors arec thus introduced,

(iv) Soriples con bo assegscd vory rapidly
(say 10 scconds); the usucl microécopo
gxomlnation of o thernal prooipit:tor
samplc tokes 10-20 minutces,

(v) The property of thc sample necsurcd
is bolloved t0 be m better negsure of
the danger to heclth of the dust than is

mecsurencnt of the number concentraoation.
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