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SU:MNIARY 

The des ign of accurat e dust sampling 

instrument s f or u se in mines shou l d logically 

depend on the proc ess by wh i ch dust causes 

silicosis, t he ext ent t o which dus t particles 

of di f fer ent sizes are retained in t he lungs, 

and on various phys i cal prop erties of the dust. 

These subjects are r evi ewed in the Introduction, 

which, concludes with a hi s tory of dust sampling 

on r,·i t waters r and gol d mines and a description 

of the t wo ins t rw:nent s in common u s e - t he 

konimet er and t he ther mal pr ecipitator. 

The period of t ime over which dust 

sample s s hou l d be t aken i s di s cus se d in Section 

2 . Exp er iment s are quot ed which l ead t o t he 

conclusion t hat 10 minut es i s a su itable samp­

ling time . rrhe ver y short sampling time of the 

konimet er - approx i mate ly ¼ s econd - is 

criticised. 

Investigations of the p erformanc e of 

the konimeter are descr ibed in Section 3 . The 

konime t er is shovm to have a low sampling 

effici ency f or high conc entrations of fine 

dust, but to over estimate low concentrations 
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of coarse dust. The need for u more accurate 

instrument is indicated. 

Although the thermal pr ecipitator 

has been proved to collect practically all the 

dust particles in.the ai r sampled, down to the 

limits of visibility of the electron micro­

scope, errors arise in est i mating the dust con­

centration v-Jith it. The sourc es and magnitude 

of these errors nre discuss ed in Section 4, and 

a single ther mal precipit ator measurement is 

shown to have a standard error of approximately 

The standard form of thermal preci­

pitator is not suitable for routine dust samp­

ling in mines. A modified thermal precipitato~ 

which overcomes most of the disadvantages of 

the standard form and which has other advantages, 

is described in Section 5. 

Section 6 describes experiments made 

to improve the micros cop e technique at present 

used for counting du s t samples. These experi-

ments have resulted in finer dust particles be­

ing made visible. A high contrast photo­

micrographic method whi ch reveals still smaller 

particles is described, and re cent preliminary 
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studies of Hitwat ersrn.nd gold mine dusts with 

an 0lectron microscop e ar e mentioned . 

A photo- electric method of assessing 

dust samp l es i s described in Section 7 . This 

method is shown to possess advantages of speed 

in measurement , to el imi nat e the huJnan factors 

and stati stic al er rors inherent in the micro­

scope method , and to me asure a prop erty of the 

dust , r el ated to t he st~fac e are a, which is 

p,robably a bette r measure of the danger to 

health t han the number conc entration . 



1. INTROIUCTION 

Dus t is a s er ious hazard in mini ng 

because it cau s es sili cos is . Dust sampling 

p l ays an impor t unt purt i n du st control and 

many dust - s ampling instrument s have been de­

v·elop ed . 

The ~outh Afr ican gold mining indu s ­

t r y ha s fo r many years t aken a l eading par t in 

t he v•10r l d--vJi de effor ·~n t o el i minat e s ilicos is . 

I t was the first l o.:rge indus try i n the ·world to 

i nt roduce systemat ic c3-'ust samp l ing on a s i gni­

f i cant s cal e , and ha s a l ways been act i ve in 

t esting 8Xist ing instruments , and deve loping 

new t yp es , f or t hi s ·wo:.c k 0 This thesi s des ­

cri bes s ome of t hes e r e s earche s i n which the 

uuthor ha s t aken part e 

BGf ore describing thi s work , informo.­

t ion mu st be given on a sp ects of the silicosis 

problem on wh ich th e t he or y of dust s ampling 

n ecess arily dep endso 

1 . 1 Theor~es of si~ico s is . 

Silicosis i s a di sea se of the lungs 

c o.us ed by the i nhal at i on of s i l ic a du s t. Al ­

though recognition of the disease da t es back 
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many cent uries~ the a.ct ion by which the dust 

produc es the cho.ro.ct er ist ic f i brot ic cho.nges 

in t he lung is not , even now , fully understood. 

For n long time i t was thought tho.t 

the dust particles dumnged the lungs by their 

• mechanical action of scretching or i rritating 

the tissues . This theor y was disproved by 

several investigat ions in the period 1922 to 

1932, not ab l y by Gye o.nd Purdy2, Gye o.nd Ke tt le 3, 

4 5 Gardner and Kettle • Their exp eriments showed, 

inter alia , that -

(a) Dusts of extremely ho.rd mat erial such as 

diamond and carborundum, when int r oduc ed 

into the lungs of animals, failed to pro­

duce t he t ypic o.l fi brosis co.used by silica , 

(b) Silica particl es coa ted with o.n insolu­

ble layer of iron oxide, too thin to alt er 

their shape, f ailed to produc e the reactions 
\ 

caused by uncoated pa rticles. 

(c) For a given weight of mat eria l, small 

particles caused more dQmage thnn large 

p articles, 

These exp eriments indicat ed that 

silica might be harmful to the lungs , not 
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because it wns ho.rd and sho.rp, but beco.use it 

dissolved in the lung fluids to ~roduce a sub­

stance which ,.,vc .. s toxic to the tissues. This 

substance is probo.bly silicic acid. 

This •1solubility theory" of silicosis 

v;as critical l y reviev1ed by King6 , who has 

since extenclod hi s work and produc ed further 

evidence in sup port of t he theory. King end 

his colleagues have shown that , in general, the 

more soluble a silic ious dust is in f1uids 

similar to thos e in the lung ) the more fibro­

genetic it is , but t here are anomalies. Thus 

cert a in silicious substances ,. although compara­

tively so l ubl e , are found to have a low toxic ity. 

Also it has long beon known that extremely fine 

silica particles , about 20 Angstrom Units dia­

meter, which are highly soluble, do not cause a 

fibrosis 6, although thoy can produc e immediate 

death from shock when inj ected into an i mals7. 

King makes a clenr distinction betwe en this 

acutely toxic ;1pharmo.cological ·1 effect of very 

fine silica par ticles, and the slowl y appearing 

fibro genetic effect of l arge , mor e slo·wly solu­

ble silica p articles. There is another form of 

rapidly soluble s ilic a. which do es not produce 
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fibrosis. Particles subjected to prolonged 

grinding develop a hi ghly soluble o.morphous 

layer - t ho so-called Beilby lo.yer8 . Experi­

ments vvi th silic o. p o.rt icles have shown that 

the presence of this l ayer, despite its high 

solubility , does not incroo.se the fibrogenetic 

properti es of the dust 9• 

King has recently sununarized his views 

on t ~ese o.pp oront o.nomo.lies in the solubility 

theory of sil i cosis . Ho says 7 

11The formation of silicotic nodules is 

a slow chronic phenomenon . 1 t appeo.rs tha t to 

produc e this ; s ilica particles must be small 

enough to liberG.to slowly and over u long time 

soluble silica into solution from their surfac es 

in sufficient amount to produce a. chronic local 

irritative effec t; t hey mus t not be so small 

that they will quickly and completely di s solve 

and either be carri ed m1ray or p roduc e only a.n 

acute local effect which will lack the contin­

uous stimulus of const antly r eleased colloidal 

silicic acid . It may be t his prolonge d irrit a ­

tive or s timulating of fec.t of constantly re ­

lea sed col loida l silica which is responsible 
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for the formation of the fibrous scar tissue of 

a silicotic nodule. 11 

Similarl y Nagelschmidt
10 

expressed the 

view that 11 if the solubility is too high •...• 

the material i s dissolved and eliminat ed too 

f ast to produce fibrosis . 11 He considered that 

below a size in the r egion of 0.l micron dia­

meter, the fi brogen et i c properties of dust 

vvould decr ease. 

Holt and 0s borne11 , 12 have given a 

feas ible explanation of some of these anomalies. 

Accepting t hat s olution of the silica is the 

first essential step in the production of sili­

cosis, t hey produce evidence supporting their 

theory that high poly.r11eris ation of the silicic 

ac i d mo l ecules i s an essential second step. 

-Poly:meris ation of si:i_icic s.c id is most rapid 

at a pH of 5 .5- 6.0, decreasing sharply on either 

side of this value. 11\Then 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 r apid polymerisat ion 

when large polymers ar e f ormed and , for this 

reason, according to t heir theory, quart z has 

its virell knovm hi e;h toxicit y . Cement on t he 
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other hand does not · cause fibrosis even when 

br eathed in high concentrations, although it 

also produc es silicic acid\ Sinc e it is alka­

line it does not pass throu -•·h tho zone of rapid 

polymerisation , a.nd honco t he l arge polymers 

req_uired for the pr oduction of fibrous tf'ssue 

are not formed. Si milarly it mi ght be t hat in 

the case of the small,very rapidly soluble,sili-

ca particles and the runorphous Bei l by layer, the 

rate of solutioh i s s o roDid that there is in­

sufficient time for the production of l a rge 

poly.mers . 

King evidently regards his term 

11 colloidal siliceY in the quot at ion above as 

synonymous with np olymerised s ilicic acid . 11 

Many other theories of silicos is have 

been suggested . For examp l e Evans13 suggested 

tha t the piezo- electric properties of quartz 

made it harmful, 3.lld Heffernan14 attributed the 

fi brotic action to unsatisfied valencies on the 

surface of fr eshly fr a ct1.,1.red q_uartz. Jones15 

claimed t hat the miner a l sericite , often pre­

sent in quartzitic rocks , ws. s responsible for 

the tissue damage . These , and many ot her 

theories, have not vdt hst oo d critical exa.m.ina-
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tion, and tho s ol ub i lity theory r emains that 

most commonly acc ept ed by the majorit y of work­

ers in tho fi eld of silicosis . 

1.2 The r a t e of solution of silica particles. 

L0.rge p e.rticles of most substanc e s 

dis s olve at a r a te proportional to the surf ace 

area expos ed to t ho solvent . 1·r11en however , the 

particl e size decroase s to diameters of the 

order of one micron , Lmny substances show an 

increa se d r at e of solut ion p er unit surface 

area . This ef i ect has been studi ed in the 
16 

cas e of silica by Kitt o nnd Patterson They 

showed · t hat si lica particles beloi:; one .micron 

diamet er (whic h ar e re latively numerous in mine 

dusts) had a r cte of soluti on per unit surface 

area consider ably gr eat er than that of l a rger 

particles. The r at e of s olution is further 

incr eased if t he par ticles have s harp spikes , 

many edges , or nume rou s cracks on the i r surface . 

PJ.rtic l es produc ed by mi ning proce s s es are like­

ly to show t hese fe ature s . 

Kitto and Patt erson also discussed the 

increased sol ubility of the amorphous Beilby 

layer on fine partic les pr oduced by any gr inding 
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process. Such p articlGs show a high initial 

rate of solution, but r1hon this amorphous lay­

er has dissolved , tho 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 

alveoli, and ·which remain there , can p r oduce 

silicosis. Studies have been made in two pr in­

cipal ways of the sizes · of par ticl es thus r o­

tained. 

The first mothod i s to ext r ac t the 

mineral particl es f rom the lungs of deceased 

silicotics, and to measure the sizes of these 

particles under tho microscop e ~ 17 Mccrae 

used t his technique o.nd was the first to draw 

attention to t lw large numoer of particles of 

diamet er one micron and los s in the lungs of 

deceased ~ itwatersrand miners. His work was · 

extended by the pres ent author18 using super­

ior microscop e equipment and techniqu e to -s·how 

that as still smal ler particles were made visi­

ble, further large numbers of particles were 

found in such lungs, Recent studies with the 
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1 t • 19 h h th t • 1 • e ec ron ~:ucroscopc ave s ovm a si ico-

tic lungs contain enormous numbers of particles 

belorr the limit of vi si bili ty of the optical 

.microscope . 

The second method is to measure the 

conc entration of particl es of diff erent sizes 

in inspired and expired a:Lr, 2..nd from this de­

t er mine the p ercentage r et ention of particles 

of different sizes" van · .ri jk and Pa tterson20 , 

working with dusts in T'"i twa t ersr2,nd gold mines , 

me asured the overall r otontion in the who l e r e- . 

spiratory system in t his way . Hatch and 

Hemeon 21 used their r esults to calculat e· the 

actual retention in the alveoli. Other measure ­

ments have since be en made of the overall re ­

tent ion in the whole 1·osp iratory sys t em22 , 23 . 

The literature has been r evi ewed by Davi es 24 . 

More recent l y the p erc ent age of 

particles of different sizes deposit ed in the 

human lung has been measur ed directly . 1/ilson 

and La ger 25 u s ed particles labelled with a 

radioactive trac er. The sub j ect br eathed a 

known dose of particles of a uniform size, and 

with Geiger counters p l a ced against t h e chest 

wall , the amount r eta i ned in the lungs could be 
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det err:1ined~ 26 Brown et al measure d the con-

centration of dust in the i nsp i red ~ir and 

divided the exp i re d a i r int o successive por­

tions; t hey coul d identify the part of the 

respiratory system from which each portion of 

the exp i red Rir came by deterri1ini ng the CO2 

cont ent. From thes e measurements they were 

able to make an estimate of the a l veolar r e­

tention of each particle size . 
I 

Tho probl em was investigated theo­

retically by Findcisen27 • He took into account 

the veloc ity of air in different parts of the 

r espi r atory syste.m, the momentun of part icles 

of di ffer ent Sizes . the time the air remaine d 

in the l ungs , the rat es of sett ling of parti ­

cles under gr e.vlty ! ahd the effects of diffu­

sion and Browni an motion . 

There is r easonabl e agr eement between 

the results of these vari ous exp eriment s , pro­

viding corrections a re ma de for variations in 

t he breat hi ng patt erns of tho subjects , and for 

t he density 6f the diffe r ent dusts used . Most 

of the experiments have been confined to p arti­

cles in the size range P~2 to 5 microns dia-
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meter; it is dGsirablG to extrap olatG on each 

size of this r an Ge • Th er e is general a gr eement 

that sil i ca partic l s l arger than about 10 
• 28 

microns dianetor c1o not r each t he a lveoli 

sinc e the upp er par ts of t he respiratory system 

have ef fic i ent protective devices against l a r ge 

particles . Tlrnre have boen no publi shed e:x:i.,_Jer i­

ments sho, rinc; the percent age r et ontion of part i­

cles below about 0. 2 .ri1icrons diamet er ~ but the 

r et ention i s lilrn l y to be gr ea t er t h811 for 0 . 2 

micron part i cl es due t o Br0v1 nian motion becom­

ing appreciabl e . L:. a privat e communi cation 

Hatch has stated that he has some exp er i ment a l 

evidenc e of this . 

Bas ed on t ho r esults quot ed above , 

the full line in Fi gur e I indicates what may be 

accept ed a s the best .me s.sur e at present avail­

able of the alveolar re tent i on of s ilica parti­

cles in the range 0 . 2 to 5 microns diameter . 

The broken lines are extrapo l ations based on 

the stat ements a bove . 

The t wo basically diff erent met hods 

of dete r mining alveolar ret ention of particles 

of diff erent sizes can be shown t o g ive r esults 
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which a.re _nutually consi st Gnt. Tnbl G I gives a 

typical size distribution of dusts i n --i twaters­

rand gold m.i nes - it i s based on several hundr ed 

sampl es . Using the porcento.ge r et entions shovm 

in Figur e I , the number of particles (per 100 

br eat he d ) re t ained in the lung is calculated. 

This is thGn reduced t o a percentage size di s ­

tribution, and is compared d th th0 results 

obtained by the author by direct measurement 18 . 

The o.green,·,.· 2 t is re as onab l e , but 

rather more large particles were found in the 

lung thnn would .bG expec t ed . This may be due 

to some of the smalle:t partic.l es coagulating , 

either after depos ition in th e lung or during 

th0 proces s of extracting the dust from the 

lung . It i s not easy to disting·uish, under the 

microscop e , aggregates of fine particlos from 

singl e discrete partic les in the size range 

studied. Complete or partial solution of the 

particles .c,my also affe ct the size distribution 

of the dust found in the lungs , but there i s 

insuffi ci ent quantitntive data avai l ab l e to 

assess t h i s effect . 

Dust partic les deposited in the lung 

are also affec t ed by phagocytosis . This is a 
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prot ect i VO mechan isrn of th0 lung in ·which wan­

dering scavenger cells, called phagocytes, in-. 
gest foreign particles, such as dust, entering 

the lung and transport them into tho special 

draining .me chanisr:1 , known as tho lymphatics. 

The phagoc ytes, however , app ear to become over-

1rhcl med when t he dust load i s heavy and this 

.rne chanism fails~ The selective removal of 

particles of diffe r ent sizes by the phagocyt es 

is a sub j ect apparently not yet investigated by 

experimental pathologists; and its si gnificanc e 

therefore cannot be assesse d. 

1.4 J1he prop erti es of dust ,nhich should be 
.t1easured. 

There are thr oe physical parameter s 

which can conveniently be used to express the 

'amount' of dust p er unit volume of air, name­

ly the numb er, the surfac e 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 botweon 

measurements made in these different vmys. 

The paramet er measured should obviously be that 

whic h is most clos el y ro l o.ted to the object of 
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the sampling ; in mines this is the det er mina­

tion of tho possible danger to hoalth of the 

dust in tho placo sampled . 

Somo evidenc e on this subject is avail­

able as a r esult of pathological exp0rimonts 

on animals, in which dust of known size and 

conc entration is i n j ect ed into, or inhaled by, 

the animals. Alt hough tho extrapolation of 

these results to the hwnan being may bo open 

to some uncert ainty, it r ema ins the only direct 

way in which the pathogonici ty of dusts can be 

determined . It must also be noted here that 

many of tho experimenters on this subject do 

not report their results in a form in which 

their statistical significance can be t ested. 

This is an unsatisfactory aspect of much of the 

pathological work on silicosis. The exp eri­

ments of King and his colleagues, quoted below , 

are an exception to t his critici sm. 

The mass conc entration is not a sound 

measure of the silicosis risk associat ed with a 

dust. In t ypica l .mine dusts the mass conc en­

tration is controlled principally by the number 

of large pu.rticles , say 10 :.1icrons di E,.meter 
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a.nd l o.r ger, but practico.J.ly none of these cs.n 

ont or thG alveoli . ~ven if o. sar1wl ing deyic e 

is us ed which collects only th e particles able 

to r each t he ~lvooli ther e is evidence that the 

degr ee of fibro s is produced is not proportional 

to the t.mss of dust. T_r~u s Tobbens et al 29 

troo.t od diff0ront animals 1J;i th equal masses of 

dust of di f lerent po.rticlo sizes, and found 

tho.:t considerably .!1oro tissu0 d01110..g0 was caused 

by tho finer particles t han by tho coarser 

particles . Ki ng ot a l 3D have rec ently profu1c­

ed s ii:1ilar ovidonco . Mass conc ent r ation 

should therefore not bo used to mea sure the 

danger t o health of s ilica dust . 

~:1 ebbons -- nd his colleagues report ed 

t hat t he da:-10.go caus ed by o. gi von r11ass of dust 

11ras -inver s el y p1•op ort ional t o t he particle 

s i ze , but did not discuss t hi s poiht further . 

Suppos e one Gr oup of animal s is treat ed 

with X p e.rticl os of sizcA and o.not her group 

with Y particles of s i ze B, and tha t the mass 

of pGrticles i n onch ca so i s equal , i. e . that 
r.1. 

X A0 = (densit y and shap e factors 

being s i.t,1ilar f or each dust ). According to 
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Tebbens tho tissu e darnago in tho first c;r oup 

will bo proportional to _~ and in tho second 

group prop ortional to~ • That i s , X particles 

of size A cause £ t im0s the drunago caus ed by Y • A 

particles of sizo B. 

Prosu :mbl y t h is im_p li os tha.t X po.rti ­

cl es of size A will causo tho s ame dru:nago as 

iY p artic les of size B. Th i s l at t er dose of 

p art i c les \ i l l have a sur fac e a rea proportion-

u_,_; 2 2 3 3 
1 b :v B ' ' h 1 , - • -,,- A • Y"'D • a • o !-, .1 . , vmi c . uqua .s .1.iA , since .t:..1.·, = ..o • 

The r e for e equal tissue dc1..r:1ac_;e result s from 

equ a l surfac e area of particles, irre sp ective 

of part ic l e size . 

Re cent l y King e t a130 have studied the 

fibro genetic prop ert i e s of dusts of various 

sizes. T.' 1.eir r e sul ts show t hat the to:xicity of 

a silicious dus t is ~ruch mor e closely r el dted 

to the sur f a c e ar ea of tho particles tha n it is 

to the mas s or number of particl e s. They a l s o 

showed. in e:;c-.9eriment s using equal surfei.ce areas 

of dusts of different sizes that the maximum 

fi brosis was 1"'.lro duced by particles i n the size 

range 1 to 2 nicr ons diru11et er; particles belovv 

o. 5 microns di a.:110t or app eared to be siGnifi-
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cantly l ess toxic. Th o increased toxicit y of 

particl e s in the ran c;o 1 to 2 ;,1icrons -conforms 

with t heir incr eas ed so lubilit y p er unit sur ­

f e.c o ar ea ; t he decreas e d toxicity be lov.r O. 5 

microns can be expla ined by Ho lt and Os borne ' s 

t heor y , and conf i r mation of decrease i n toxi ­

city wit h furt her decreas e in p s..rt i cl e size is 

provided by the non - fib r oc on etic p&rt icles of 

20 .Angstrolil unit dianet cr . 

Thos e r e sult s , an d the solubilit y 

t heory of silicosis , c l early i n dic a te that 

surfac e area is likel y t o bo sounde st measure ­

ment to make to determi ne t he danger t o health 

of a dust . · A measuring techhique vrhich over­

ostima t e s tho sur f o.c e area of the parti cles i n 

the r egion of 1 to 2 n icrons, a n~ under ­

est L iatos t ho sur f a c e ar ea of tho partic l ~s 

belm;;· o. 5 microns di 2c.r.10t er 110ul d p re sumably 

provide a bett er me o. su1"ement of the dange r to 

heal th than a di r oct measuror,1o·nt of ·ch e sur ­

f a ce area . In t h e pr e sent sto.to of kn01.1.rl edge 

it is not howev er possible t o put this de sired 

over-esti.mo.t ion and under- estimat i on on a 

quantit a tive basis . 
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Thero i s Qn additional reason for under-

ostims.ting t ho s u r f G.cG e.rea of the f iner p ar­

ticles. Small , r a:9 idl y s oluble p articl es, 

must ev entually di s s ol VG co.c,iple t el y i n t he 

lung , and ca nn ot t hen exert any f i brogen etic 

effe ct. It has oft on boon a r gu od tha t t hey 

should not be include c7. in dust me a sur er:rnnts 

for t h is re a son , 8.nd i n Gr oat Brit a i n all 

partic l e s bolo~ 0. 5 mi crons diru1o t cr are i g­

nored i n normal dus t W:3 e.surcj:10nts . 

For many y ears r,1o s t countr ies , includ­

ing South Afri ca , h8.ve u se d t lrn numbe r con c en­

tration a s a :.10 0.surc of dustiness . Ther e has, 

however, n ever be en any publ i shed ov i dence that 

o. given nu1:1bor of p D.. rt i c i os of on e size v;il l 

produc e t he same amount of tissu e damage as an 

equa l numbe r of part i c l es of anot her s iz:e . In 

King 's c:x:per i mon t s discussed a bove 135 x 109 

particles belovi o. 5 mi cr on s di amet er caus ed 

apprecia bl y l ess f i br os i s t h an 10 x 109 part i­

cles i n t he r ange 1 to 2 ~;1i c ron s di c::-u::10t er . 

The choi c e of number concent rat i on a s t he p r o­

p ert y t o be I11easurod vms p ro bo.bly bas e d, in the 
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past, more on exp edient than on theory; tha t 

is, on inhat could be measured convoniently, 

rather thnn on v:hat should be measured. 

So.me evidenc e of the soundness of using 

surface area instead of number count can be 

obtainGd by comp nring the inc.idence of sili­

cosis i n diffor m1t occupations in i··itwaters­

rand gold 1!1inos v,i t h ave r age dust measurements 

associat ed v.r i th those oc cupations. 

Duo to miners t ending to follov11 a 

variety of underground occu1)ations during their 

careers it i s possibl e to give only an approxi­

mate value for the silicosis risk of a given 

occupation. In Table II tho rates of four a ain 

occupations a r e g ivon; a positive sign indi­

cates an occupation in which the silicosis 

rate is h i gher than aver age, and vice versa. 

The dust concentrat ions Yiere me a sured inith the 

thermal p :,. ecipit ator, and tho surface area ob­

tained by calculation from the number count 

and size distribution. 

The correla tion between surfa c e area 

and silicosis l' a t e is bettor than t he correla­

tion bet·we en D"umber concentration and silicosis 
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rat e . 

TABLE I I 

1~ver c:1.g e dust 

Re l a tive conc entrations . 

Occupation S i l ic os i s Pa rticle s Squc-ir e 
r , t e por c .c. 1nicrons 

p er c .c. 

A + o.g 1060 780 
B + o. 6 840 410 
C + 0 .1 510 320 
D - 1. 7 690 21 0 

The su ggestion of a doptinG su rf~ce 

a r e a as tho best p a r 2ui1ot er fo r the _;_:1easur ement 

31 
of du st Stll11p l e s v.rus put f orvr2.r d by the author 

and several over s eas ,•,1or ke rs 32 , 33 , 34 a t the 

Internatio1w.l Con f eren c e on Dust c:1.t Genevo. in 

De cember 1952 . 

Me o. sur oaon"c of t he surface ar ea. of t he 

p ci.r ticl os i n a du s t s c.,i1ple to a s s ess t he dan ger 

to honlt h s hou l d i nclu do only those p ar t ic l es 

1,·hich c an r oo. ch t ho a l ve oli. Inclu s i on of 

larger p o.rt i cles ;::ill i nvo. l idC'l. t e t he 1:1e a sur e-

.,:nent du e t o the l ar ge su rfo.c e a r ee. of t hose 

p art ic l es . A s a.1:1pling dev ic e 1\ih ich collects 

part ic l es i n p r opor t i on t o their l ung r e t en ­

t ion i s a desi r abl e i n~i,;, r ovenen t on i nstruments 
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which collect all particles i r respective of 

size. 

~ince, at present, dust measurements 

are still generally made on the basis of m.u11-

ber conc entration all results in this thesis 

will be expressed in such unit s , naraely the 

number of p2.rticles p er cubic centimetre 

(p.p.c.c.) 

The chemical co~nposi t ion of the dust 

breathed is a matt er of considerable importance 

in silicosi s studies , but as it does not materi­

ally af fect t he desiGn of ins trur11en-ts used to 

measure the amount of dust, it falls outside 

the scope of the present work . 

1.5 The histor y of dust sa.m.p+ing on 
~~twatersrand gold mines . 

Dust sampling start ed in 1902 . The 

first dus t samples wero t a lrnn by drawing the 

dust-laden air through cotton-wool, which was 

subsequently ignited and the remaining dus t 

then weighe d35 . 

In 1907 the 11 sugar-tube 1t method of 

dust sampling was fir s t suggested and later 

came into general use35 . The apparatus con-
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sisted of a hand-oper at ed pump vrhich sucked a 

known volume of air t hrough a glass tube con­

taining crys t a ls of sugar . On r eturn to the 

laboratory the sugar was dis solved in water, 

the solution f i lt er ed , t he f ilt er paper in­

cinerated and the dust wei ghed . The results 

were vitiated by the enor mous contribution of 

the l ar ge particles to the tot a l a e8.sur e.ment . 

It was early realised that such measurement s 

were probably of limited value , and this l ed to 

the development of the konime t er , a device for 

measuring t he number conc ent ration of dust 

particles36 . Yor many years both t h e sugar­

tube and koni1,1eter wer e used t ogether in " it­

watersrab.d gold mines , t1-ntil the sugar-tube 

method vms finally abandoned in 1938 . 

Figur e II illustrates diagra l!Lrnatically 

the construction of the konimet er. The spr ing­

driven piston suc ks a known volume of air 

(usually 5 cos) through a fine jet (0. 5 mm . 

diameter) at a hi gh velocity , w"l1.ich exceeds , at 

its peak , 100 :,1etres/second . The sampling 

period is a bout 0 . 2 to 0. 3 se conds . A gl a s s 

collecting s lide i s p l a ced a bout 0 . 5 nm1 . from 
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the outlet of the jet; t his slide i f moved 

aft er each s ample i s ·tak en so that a nwnber of 

sara.9 l es can be collected wi t hout the Dece ss i ty 

of removing the slide from the ins trrnnent. 

The dust i n t he air i D1pinge s onto the s lide, 

and to i ncrea so the number of particl~s adher­

ing to tho s li de , t h e lat t er is c oa t e d with a 

thin adhesi ve fi l m, u sually vas eline . 

Af t er th e samp l es have be on ·., 11crnn t he 

glass s lide is r emoved frora the konim ·~er and 
. 0 

boat ed to a bou t 550 C to r enove any Cdr bon 

particl e s a n d or ganic r.1at t er . It is ;;; 1.en 

treated in hot dilut e HCl t o remove a ~: soluble 

salts der i ved from t he wate r used f or c~us t 

suJpression. 

Eac h sann l e i s examined in t L .. cn under 

a low po·wer mi c roscop e , tot al ma gnifi c .3.tion 

a bo ut :x: 150, ,ri th da r l-: f i e l d illu.lllina"u :'. .on. 

Using an eyepiec e gr a t i cule , the numbe :.1 of 

particle s visible in one - tenth of the y·hole 

t he nu.:nbe r con c ent r at i on of t he dust L·, the air 

sampl ed, 

In 1934 t he Brit i s h Gov e r n.r:1en-, aft er 
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examining a ll existing types of dust sampling 

instruments, i nclua_ing the kon imete,r, and find­

ing thcLt none of them wer e suit ,:! ble and accurate 

enough for precise industrial use, developed 
17 7 '7-8 the t hor mal p r ec i pitator 0 

' 
0 

• Th is is still 

the most a ccurc.te inst r ument available for in-

dustria l dust s e'""i1pling . T.he thermal precipi ta­

tor vvas introduc ed into • i t'l. '.;atersrand gold mines 

in 1935 by H. S . P att e rson , vh o ha s describe d his 

• 'tl ·~ 39 experience s v;i 1 i·t., • 

The t herliml _p rocip itator works on the 

principle , f ir st noted by Ait lcen40 , t hat sur­

rounding any hot body there is a zone into which 

dust cann ot ent er . The s iz e of t h is dust - free 

zone depends on t he t o:,1:~erature difference be­

t ween the hot body and its surroundings. In 

the t h ermal p:cecip it a t or the hot body is an 

electrically heat e d t hin v;·i1~e , suitably SUlJport­

ed at each end . :.iic ros cop e cover g10.ss es are 

plac ed on e ach s ide of t he ~ ire , p aralle l to 

each other , s o that t h e ·J re is midvmy between 

thec·J e.nd along a diame t er . The cover glasses 

are held a f ixed dist ance mvay from the V' ire 

but inters ect the dust-fre e space around it. 
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Figure III shov.rs t he 1:, r inc ipal details of con­

struction. 

A i,,-,;-e.t er- '"spirator is attached to the 

samp ling h oa d and the dust - l a den a i r is dra1_rn 

between the cover g las ses past the u ire ; the 

dust can;.1ot ponetrat o t he dust - free zone and is 

therefore deposit ed on th e cover glasses as a 

s trip slightly above the 1 .. -ire . The samp l e is 

about 1 cm. long and l .rmn. vride. The instru-

ment srunples continuously for any des i red ::;ier iod. 

The c over glasses aro cha nge d aft er each se.rn.p l e , 

and boforo examinat ion under the microscope they 

are i gnit ed ·c o 1., e.::i1ove carbon yarticlos a nd or­

ganic matt er ; t hey can a l so be treated to l" e ­

move acid- solubl e s alts. 

Tho dus t deposit is examined under a 

high pov_;e r r,1icroscop e using a 2mm . apochromatic 

object ive with light fiel d illuini nation. 'J.1110 

tot al magnifi cat ion is xl500 . The numbe r of 

particles in a knov'n fra ct ion of the v,llol e sam­

pl e is count e d, and the partic l es a re also 

matc hed for s i z e agains t a s cale in a specia l 

. 41 42 eyep i ec e graticul e ' Knowing the volume 

of air sampl ed and ·cho fr action of the samp l e 
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examined, the dus t conc entration in t he a ir is 

calculated, 

The ther mal pr ecipitator has been an 

i nvaluable i n strur1ent f or research work ever 

since i t rv ... s i ntroduc ed i n South Af r i ca, but has 

not pr oved suit abl e for t he r out i ne du st sampl­

ing car ri ed out by t he dust i nsp ectors attached 

to eac h gold mine . An ideal instrument for this 

work shoul d -

(a ) Tako a sa.rn.p l e of t he du st which will 

give an ac curat e measure of it s danger to 

healt h . 

(b) Be easily por t abl e (preferabl y poc ket­

s i ze ), and r obu.st. 

( c) H::>.ve a s elf- contained powe r supply and 

not r equir e external supplies suc h as com­

pressed a i r or el ectric mains . 

(d ) Be s i .r.ip l e t o v.se , dependab l e , and re­

qu ir e a n in i1iit.Un of care and maint enance. 

( e) Take t he samp l e over a period long 

enough to r,•i ve a r eprosent ati ve sample , 

but not s o long t hat t he op erator cannot 

s ample t he requ.is i t e number of working 

plac es in a day . 
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( f) C oll oct the dust in a form in which it 

can conven iontly be treated to r emove 

various co1 .tar11inants , and i n which it 

•can eas i ly be assesse d f or it s danger to 

healt h . 

( g ) Enabl e t he rneasurerae nt of the dust 

to be £11£, e as soon as possible a fter the 

srunplc is collected . 

No ins truu ent a t pr e sent availabl e fulfils all 

these requ.ire.ments satisfactorily . . For example 

the konimet er does not s atisfy requirements (a) 

or ( e ), ( see s e ctions 2 and 3 of this thesis ) 

v-rhi l e the ther t,1a l prec ipitator, in its standard 

form , do es n ot satisfy (b ) or (d ). 

:,.any othU I' i nstruments have been 

tested under l ocal conditions but have been 

found un,sui t o.bl J . Th e se ar e de scribed br iefly, 

and reasons 0iv3n f or the ir rejection , in a 

paper by the at1.b hor and a colleague 43 - a copy 

i s attached as AJ pendi x I , see pages 285 - 287 . 

Se c t ion 5 or this thesis describes a 

modi fied f Gr m of thermal precip i ta tor which 

overcome s ·::; h G o '· 5ecti ons to the standard form . 

T~G pre sent position in regard to dust 
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s onpling on I\Ti t vvo.t orsro..nd gold n inos is thc.t 

t ho kon i ru.ot cr , despite its known lini t L tions , 

rc;:mi ns t ho inst run n t us ed f or rout ine dust 

s o.r.ip ling , t ho s to.ndo.rd f'orn of t hc r no.l p r oci-

p i t nt ·or is us od only for ros oo.rch work , but t ho 

n odifiod forn rmy l o.. t e r r eplo.c o tho konine t or for 

routine dust s m~1pling . The on ount of dust is et 

present expressed in t e r ns of nm:1ber concentrc.­

tion , obt r.inod by counting tho nun bor of dust 

part i cl es unde r tho nicroscop o , but thero ~r e 

sound ro f'. sons for ndopt ing sur f o..ce c.r oo. o.s o. 

basis fo r o.ssos s ing tho danger to hoc.1th . Tho 

p hoto- e lectric c.ppo.ro.tus doscribod in Section 7 

nor.suros bo.s ically tho surface C\l" OO. of tho p o.r­

ticles in t h o dust sm.1p l es colle ct e d by t he n odi­

fi od t ho r no.. l procip it o.t or (which co l lects pc.r-

t icJ.es o.pp r oxino.t oly i n prop ortion to t heir 

r e tention in t he hu .. :10.n lung ), but with tho do ­

s ired ovor - cstio nt ion of pc.rticlos in tho r e -

gion of 0. 5 to 2 n i crons di cne t or , end undor­

c sti□o..tion of t ho pc.r ticles below 0. 5 □icrons . 

Those now □ot ho ds of col lecting nnd 

nssessing dust s c.n.p l os Cl r o no r e conveniE)n t t o 

u se tho.n t hose o.t present in us o , ~nd provide 
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more accur at e moasure.m0n ts of the danger to 

health of du st tha n has prE::vious l y been prac­

ticab l e . 
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2. TEE O:?TII.1lT.'I SA2,1PLING P ERIOD 

2.1 The Problem. 

11here ar u ·t ~.-o _·_1ain ways in 1,,rhich the 

re·sult s obtain0d fro rc1 dust - sam_9 l ing can be con­

side1°ed -

(a) rrhe r e su lt gives the average dust con­

cent ration exist i ng dur inB the sampling 

period . 

( b ) The re sult give s an indication of the 

averELge dust; conc Erntrs_t ion like l y to ex-

ist in t hat pla ce over a longer period thc..n 

thet cove red by the a ctual sampl e . The 

period to v;.h ic.h the result is extrapola-

t ed may be a fe;-,- hours , or a complete 

i\iOrkine; shift , or evon a number of shifts, 

In resear ch ~ ork the first is the only 

justifiable use of t he da ta, a nd the s amp ling 

perio d vvill dep end on the ns.ture of the experi­

ment. Eovrev er in :t outine dus t sampling v:ork 

some extrapolation as sugges t ed in the second 

int erpretation is unavo idable . A dust inspec­

tor during a vi s i t underground must srunp l e a 

number of v.rorting pla c es , and in each place 

must .make o. num~Jer of other observations in 
' 
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addition to t a:dn g the dus t srunpl es. rrhe time 

availabl e f or dust sampling i s thu s lia i t ed. 

The .mea suremon·c of the dus t during t his visit 

has to be taken as r op r esent a tive of the condi­

tion s at otlrnr t i;11es . Obvious l y t he saE1pling 

p eriod s houl d be as long a s pos s ib l e to reduce 

the error s of this extrap ol at ion . 

J~h i s sec t ion deals , ,,:ith t he pr obl em of 

s e l e ct ing t h e optimrn:1 sru.1plinc p e r iod for t he 

konime t er and the thent1al procipi to.t or. 

2 . 2 Obs eivations wi t h tho koni.meter._. 

'11ho konime t er t ake s a s ampl e i n about 

-~ ,:, s e cond. Dt.,st c ondit i on s i n a 111ine normally 

va r y r apidly wit h tin10 and a singl e konime t er 

sarn.ple .r:1ay n ot rq, r es ent a t all a ccurate l y t he 

average dust concentrat i on. 'l'he effec t ive 

s a;.11p ling period c an ) G extended by t aki ng a 

numbe r of sa.cnp l e s to obt a in an average and, in 

general, the l a r g8r tho numb e r of samples the 

more re liab l o the a ver ag e , but the labour in­

volved in counting t he sampl e s under the micro­

scop e be c omes cons i derable . In practic e the 

number of samp l es t a ken in one p l ace is usually 

l i mit ed t o thro e or four , t aken a t int erva l s 
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ranging from a fow secona_s up to a minute. 

In the following discussion the means 

of diffe rent numbers of konimoter counts are 

compared with the 11 grand average 11 over a period 

this ri grand average 1r r efers only to the 

average as shovm by the konimetert it is not 

an accurate measure of tho actual dust in the 

air, as will be shown in section 3. 

Five e xperiments vrer e ~uade in each of 

vvhich a large ntunber of konime t er samples ( from 

187 to 320) were taken at 10 second intervals. 

Normal ·work continued thr oughout the p.eriod of 

sampling and a dust inspoctor would have been 

justified in t aking samp l e s in that place at 

any time during the expe riment to d et er .mine 

the dust condit ions . Full exp eriri1antal details, 

and the individual result s have been published
44 

a copy i s attached as Ap pendix II, see p age s 

266 - 268 . 

In one of the ex_peri.men ts, the grand 

average of 210 seJnp l es v'JaS 1 98 p.p.c.c. with a 

s t andard error of + 6. IJ.1he individual obs erva­

tions ·were analysed to show the results whi ch 

would have boen obtained if various l esser 
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numbers of samples had bo on taken to determinG 

tho average concentration during tho p0ri od of 

the experiment; thus 70 results wer e availo.ble 

of the mean of 3 samp l es ; 21 results of the 

.mean of 10 samples and so on . The results of 

this anGl ysis are s hown gr a_~) hi cally in Fig . I V. 

Tho standard deviation has been calculated f or 

Of!Ch se t of results, and the lines dr awn on the 

graph enclo se values l ying within t wice thi ;-· 

C.eviation f rom the mo an. In accordance ·wit ._ 

standard stat is tical practice , t his can be 

int erpr8t od a s r1eaning that if a l ar ge number 

of observations had been available for any 

gi von number of sal'11_p l os , 95f, of the observations 

would f all bet ween these t wo lines . 

Fig. IV indicat es that the mean of cn:1]y 

3 s.ru::1.1J l os might , on occasion , give results U.") to 

45;'S di fferen t from the grand average o Assuming 

that errors of :t. 20~.; ( i n ~) 5j:, of tho observa---- . 

tions ) are acceptabl e in r outine dust samp l i ng , 

t hese r e sults indica t 0 that not l ess than 8 

sample s should be t.alrnn to give an aver o.ge 

within thi s limit of error . 

Thi s eJ-..11erir.rnnt w2t.s made in a v.rorkL1g 
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plac e where dust conditions YiO r e , by mining 

standards , compa re.tivol y s t eady , In another 

exp eriment of this typ e v.rhe r e the dust condi­

tions wer e mor e ·variabl e , a similar analysis 

indicat ed t hat not l oss than 15 samples should 

be t aken to ensure t hat tho error of their 

mean did no t exceed~ 2Cf;'; , The mean of only 

three sam:9l es gave result s up t o 500 too low and 

100~~ too high . 

The dat a has also been anal ysed to 

det er mine how e.ccur-atoly the mean of t hree 

samp l es spac ed one mi nute ap art represent s the 

average over tl1G t wo minute per iod cover ed by 

the samples . The me an of the t hirt een samples 

taken during each 2 minut e p eriod has been 

taken as a me1:1.suro of t he avera :~e dus t conc en­

tration during th e period , and this has been 

compared with the mean of the 1st, 7th and 13th 

samples in the group, i , e . wi t h the me an of 

thre e Sainple s taken at one minute intervals. 

The p erc ent age variat ion bet·ween the t,:ro meas ­

ures has be en calculat ed for e ach t vio minute 

period in the f ive b. .. 1. s ic exp er i ments . The 

number of times th i s percentage va riation falls 
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wit hin gi ven limit s i s plotted as one curve in 

Fi e; , v. ~~his i ndicat es that in most cas es three 

samp l os takon at minute intervals ,,,111 give a 

r easonab l y accurate esth1ate of t he average 

conc entration over that per iod of 2 .minutes , 

Hm;;ever even an ac cur a te rn.es.suremont 

of the average dust concentration over 2 minutes 

(i. e . the ~ean of 13 s au le s) does not givo a 

good estimat e of tho aver age conditions likely 

to exist in t he working place ovor a longer 

period, say half-an- hour. The s econd curve in 

Fig. V shovrn the nllinbcr of t imes t he average 

dust conc ent r a t io n over tv.ro .minut es ve.ri es by 

di fferent amounts fr om the grand average over 

hnlf-an- hour . L~r go errors fr equently occur 

if this extrap ol s.tion is nade , and the errors 

are li ke ly to bo larger if the results are 

taken to repr es ent conditions over , say , a 

"l'\ThOle shift. 

These obs ervations v?i th the lrnnimeter 

l ead to tho conclusions that -

(a ) Three konimeter samp l es at 1 minute 

intervals give a r easonably accurate 

est i£.1ate of the aver age dust concentra-
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tion during the 2 minute p eriod covered 

by the sc.m.,p l c s . 

( b ) A r.1oc1mn G.:.:.10nt of tho .moan du s t con­

contrat i on ov er a 3 .c.1i nute p eriod cannot 

be extrc.polo.t od to pr edict wi t h reasona­

bl e a ccuracy, tho average over half-an~ 

hour, or lon ger. 

( c) T110 mean of thr ee sample s, spread over 

30 minutes, doe s not agr ee satisfa ctorily 

vith t he cr and 2verage ov er that pGriod. 

(d) 1:L1!.10 number of ss.mplos ne cessnry to 

give u. r:io an i n reo.sono.bl e o.gr eor11ent wi th 

the c;r nnd avcr etge over he l f - a n- hour de­

pends on tho r elative s t eadine s s of t h e 

dus t condi·c ions . i'Tith ,: stoo.dy 11 condi­

tions 8 s oJ:1p l os 1N0rc suff i cient; with 

11 va riab10,: conditions 15 samples were 

required. 

To toke t his m.1.J:1bor of san1pl es as 

routi ne at co.ch v:·orking p l ace , would result i n 

a.n cxc essi v o ru.nount of microscop e work. The 

need for so .many s o.mpl es to attain roo.s on0.b l e 

accura cy is due l ~rgo l y to the ver y short 

sampling time of t he konimeter. 



- 43 -

2 . 3 0bservo.tions d . th t hG ther.mal precipitator . .......--

Th o thermo.l pr ccipit a tor hs.s tho gr eat 

advant age comp o.red v1ith the konimot er , of s am.p ­

lj_ng continuously over any desir ed p eriod. 

Six exper i ments 1:,;e re mo.de i n ea.ch of 

which 24 successive 5 minut e srui1p l es vvero t o.kon 

v1ith tho tlrnr.;::r1al pr ecipitat or . During the 

p eriod of t,.,ro hours covered by OELch OA'J)Griment 

the sa.mo work continued in the y1orking p l D.co. 

:Bull experiment al de t ails and a t ypical set of 

4'"7 
results have boon publishe d 0 (Pap er attached 

as App ondix I . - see pages 290 - 292 ). 

The v2rious .i:10a suroments over 5 minut e 

peri ods ·were combined to shov_; t he averages 

whi ch woul d have be en obtained ho.d samp l es be en 

talcon over other longe r periods, nrune ly 10, 15 , 

20 , 30, 40 end 60 minutes . 

The p or cont ~go s t andard deviat ions of 

the observat ions for oach p eriod of time we re 

calculat ed . The avora c;c devi e.tions for the six 

experiments are given in Table III. 
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TABLE III . 

Sampling P erio d in 
Minut e s . 

5 

10 

1 5 

20 

30 

40 

60 

Ave rage P erc entage 
Sto.ndard Dev iation. 

24 , 4 

18 , 5 

17 . 3 

1 5 . 8 

l L.1: , 8 

13 . 8 

12 . 0 

A samp l ing t ir,1c of 5 minutes gi vos 

results wh i ch have a variation l s.r g0r than is 

desirab l o . The vo.ric.tion uith a sa.1pling t ime 

of 10 -~-1inut es is pr obo.b l y a cceptab l e for 

rout in0 dust s ampling 1. ;·or-k , o.na. the slight 

i mprovement 1:.·ith longer sampling t iine s does not 

app eo.r t o war rant the ext r a time involved . 
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3 . I NVESTIGATI C\l-TS . Ol~ THE ;l?ERFO'rt:.1ANCE OF 

THE EOND :IT 'TI~R 

The proport ion of tho tot a l dust in 

the air colle cted by tho konimet cr has been a 

subject of controvorsy 8v er sinc e it was first 

introduc ed . 

Gr ecn37 ' 38 is tho only ,:·orker who 

app ears to ha vo co.mp a.r od tho konimet er with 

accuro.te l o.borr..it ory dust samp ling devices . He 

found t hat t ho re sult s obtnino~ with the koni-

mot er va r i ed v·i t h tho conc ent r ation s.nd size 

of particl e s i n t ho dust clouds s ampled . This 

proba.bly explnins the Yridel J differing r e sults 

. 45 . 46 , 47 , 48 , 49 obtai ned by ot her v~rker s . • 

Sec tion 3 .1 bo l0v1· doals •:dth o.n ex-_per i­

ment o.l i nves t i ga tion of t he p erforwmce of 

the lrnn i n ct or Khon u soc1 t o s ru:1ple typi ca l du s t 

clouds in ·1twatersrRn d gol d mine s and Section 

3 . 2 de scri be s the apy l ication of c ertain 

the oret i ca l studi es to 0x-_p l ain s o.:!lG o f tho 

result s found . 

3 .1 An experi mental investigation . 

The therma l precip i tator vms accept ed 

as a sat isfc:tctory s t andard aga ins t 1:'.rhich to 
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i"ileasure tho perforaanc e of the konimet0r . 

The sw11G konime t or (numbe r H24 ) e.nd 

tho r 1:1al pr?cipi t at or (Nun bor 441 ) T~ere used 

t hroughout t ho t ests . They wor e i n good work­

ing or dor c:. .t oll t inos ; oach v.ras chec ke d 

against ot ho r instrlll:1onts of the s ame type :;y 

t aldng si 1.1.1. lt s.ne ou.s ad. J o. c ent s ets of sanple s . 

The r osul t s of thos e pr c lL1inary t osts a r e 

g iven i n Tab l es I V ~nd V respective l y . 

TABLE IV . 

I r:onir.1eter Konimet er Koni .nc t er 
Test lTu!ilbGr Kl I H24 12 H2 2 

I 

NlUnbcr of samples I 
I 
I 

takon I 31 31 2 9 
I 

Avoro.go count , I 
I 

p . p . c . c . _, 72 62 75 

JTcs t Nur11be r IT") 
'>..!-.1 

[,Ju.n1ber of s amples 
t akon 29 29 28 

/lvorase · coun t , 
p . p . c . c . 620 570 710 

··-
Those result s indicate that Koni mete r 

H24 i s en avornge ins tru1nent . 
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TABLE V. 

'I1he r :i1al . 
Pr e c ip i -

t i=.1tor 
Ho . t1,A l 

394 
J tr ca~mo~~. 
f ft or a cia t r eat -

246 ment . 

Test Number r:l.1P2 

Aft er i gn i tion , ' 
befor e a c i d 
treatment . 342 

I
Aft e: • a cid tr eat -

men 1.., 0 1 93 

rrr10 r r.1e. l Thermal 
P r ecipi- P r e c i p i -

tat or tat or 
No . 439 No . 431 

41 6 431 

298 300 

368 334 

254 1 92 

Tho c oun t s bofor o aci d treatment i n ­

dic a t e tha t t her e is n o app r ecia bl e di f f er ence 

be t weGn tho thr oo ther mal pr ccip i t a tor s . There 

i s evidenc e ho1.·;ove r t he t t he e f fe ct of acid 

t r eat ment i s not c ons isten t , and thi s p oint 'is 

dea l t vrit h lat e r . 

54 exp eriment s vver e ma de i n ·whi ch t he 

aver a ge konin e t er c ount wa s c omp ar e d v1it h t ho 

t he rmal pre cip it a t or coun t . These wer e carr ied 

out i n 17 di ffe r ent worki ng p l ac e s in 8 min e s . 

I n ea ch exp er i ment a t he r mal pI'e c i p i t a tor s am-
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pl o n as tal;:c n ovor a p eriod of app roxi mat ol y 

hal f - an- hour . During t hi s p oriod abou t 1 6 

konimet cr s 2.c1:9 l es ·wo re t aken vrit h in a fev\1 inche s 

of the th or 1:1al prc cipi t a tor head a t tvvo- minut e 

i nt erva l s . The s tudies des cribed i n sect i on 

2 . 2 have inc1icated tha t t hi s nunber of s an1, 1es 

over t h i s p .r i od shou l d gi ve a good i ndication 

of the a vor o.ge lconi.c10t er c ou.nt . All samp l es 

were t aken according t o standard practic e f or 

each instrv.ment . Al l s amp l es 1:Jer e a c i d- t r eat -

ed be f ore t h ey wore c oun t e d . 

The r a t i o of tho me an rnnime t er c oun t 

t o t he t hermal pr ocipitat or c ount wns ca l cul &t ­

ed f or ea ch exp orL.1ent . rrho de t ai l ed r esul t s , 

toget he r vit h a discuss ion of the confidence 

l i mits of the r &tio , have be en publis hed44 -

s ee ApJ endix II , p age s 272 - 2 75 , The r esult s 

are su t11.:1ari z od in c; raphi c a l i'or .t:1 in Fi gure VI 

vrhere the hist oe;r a:,1 shovrn t he nu1nbe r of times 

t he r atio f ol l bet ween cer t a in limi t s . 

P oss ibl e roaso 1s f or t hi s wi de r ange 

of r a t io s have been invest i satod by ana l y s i n g 

the result s in :t1ore det c:.i l. 

(a ) Effe ct of dust c9nc ~_r_i t r at i on , T!'.e GXp eri-
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ments vvaro divided i nto groups a ccording to the 

dust conc entro.tion s ,;:1ovm by the thermal preci ­

pi t a tor . T.;10 .i.',1ean ratio fo r each group was 

co.lculat ed and is sh m•rn in Ta ble VI . 

'J.11:.BLE VI . 

Range in dus t Ave r age 
Liean Kon i .me t er concEmtrat i on conc en- : -

shovn by t .l10 r aal tration ---rat io Thermal p rocipitator in rango Precipitator p . p . c . c . p . p . c . c . l 
I 

0 - 150 109 I 1 . 24 

I 151 ... 300 1~ 01 0 . 98 

301 - 600 408 0 . 82 

601 - 1000 790 0 . 96 

Over 1000 18 60 0 . 46 

( o ) Effe ct of size di~r i but ion . '.Che 'coar se ­

ness ' of tho dust , ,~ns de fined ar bi t rarilJ as 

the percen t a ge of pa r t ic les of ·size 2 n icrons 

di amet er 2. nd grco.t cr in ·che t her mal p r ecipit c.­

t or s o,mple . The o::pc:Jr L1ont s 1Jcre divided into 

gr oups according t o the 'coarsoness 1 of the 

dusts . T~-:'.e 1:10an ratio f or oe.ch group vms ca l ­

cul at od crnd is s hOi:Yl1 in TC: bl e VII . 

.. 
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TABLE VII . 

Range. in percen- J. vc rago 
t :o an 1:onim.et er t agG of pnrti - p crc en-• . 

cle s 2 microns t e.go i n .-
Ratio Tb.er~iat and l ar ger . range . Pr e c1p1 e: or 

Le s s than 5 A:iprox . 1 0.31 

5 - 14 1 2 . 0 0 . 84 

15 - 19 17 , 0 0 . 94 

20 - 30 24 . 7 1 . 45 

The r c sul t s in T2,bl es VI end VII show 

t hat the dus t r.neQsurc.mon t nade by the konimot or 

depends on t ho c on c en trs.tion a nd size fr e quency 

of th o dust . Poss i bl e re a s ons f or this will 

now be di s cussed . 

( c ) E f ~oct of mi cro s cop e t ec hnique . Konimet er 

a nd t h er mal pr ccipit a to r so.mp l os are count ed 

by di f f er ent microscop e t e chnique s . Konimet er 

s amp l es o.re c ol1.nt cd under lov.- power darl~ fi eld 

i l lun1ina tion , 11 ,.h ich shovrs part i cl es dorrn to 

a bout 0 . 20 n icrons dia;,1c t or , p rovidi ng too 

many p a rtic l es a r e not present . The hi gh 

pOi.':e r light fi e l d t e c lm i qu 0 used f or counting 

t l1Gr r:10.l precip it ntor sa_rn._pl e s shows particles 

do•Nn to about 0 . 13 mi crons diame t e r . The 

ratio of the konime t er count t o t h er mal pr e c i -
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P.i ta tor count J.,mst obviously depend t her efore 

on tho porcent ~go of particl e s in the range 

0 . 13 to O. 20 -~,1icrons . This i:rill vary from one 

du st cloud to another . 

Tho low aagnifico.tion used for count­

ing J.rnnime t or sar;1ples oft en mal( os it impos s ible 

to distingt1- i sh c.1. s indivi dual particles tho s e 

which li e close together . They ar e therefore 

count ed only Q S one particl e , ~h e~e .sunder 

higher magnification they would be counted a s 

two or n oro . Also tho light scattered by l a r ger 

particles un dor d c r k fi e ld illu.m.ina tion is often 

su l ficiontl y ,)ri ght to mask nearby small parti ­

cles . Bot h thes o factors tend to c auso SOitlB 

particles to be r.1issed in counting , and the 

effect becomes gr eater as the density of de ­

) OSit in the sar.1ple inc reases. The st atistical 

problon of tho overlapping of particles colle c­

ted in a small area has been investigatec150 . 

The 2 1:1illi.m.e t or oil i n 11ersion ob j ec­

ti vo usod for count i ng ther mal pr ecipit o.tor 

sampl es cannot be us e d to count konimeter 

samples as t he gl ass s lide is too t h ick , but 

some estir:iat e of the ma gnitude of t he effect s 
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discus so d above has be on obta i ned by count i ng 

a m.h:1bor of koni1:.10 t or scu,ll) l os vrith a medium 

pov!G r (4 mi l lino t or ) ob j ective and co.r.1paring 

t his ':.ci t h the 1 0\·, pouor d.ar k field count . 1r he 

4 mil l i me t er objective , wi th light field 

illum~nation , shows par tic l es down to appro::;;:i ­

mat ely O. 25 :i1i cr ons diaae t er . The ratio of 

t he count s f or di fferent densities of deposits 

is shown i n Ta bl e VIII . 

The se results indicated ho~ the 

11 count ing efficiency •; of the lovr power techni ­

que f al l s off s.s tho dust s a:.ip l es become mor e 

denso . This i s undoubt edly p art of t he ex­

planation of t ho docreo.sed overall efficiency 

of the koni~et or a s highe r dust concentrat i ons 

ar e 1:1easur e d . 

( d ) Effe ct of acid treatment of t ho samples . 

Tho acid troat n ent of samp l e s is 

carried out to remove sol ubl e particles whic h 

are dorivod f rofil the vut er us ed for dust 

suppress ion . Aft er acid- treat ment onl y parti ­

cl es derived directly from the roc k arc l oft 

on the sl ide . Unfortunately the acid treat ­

ment process al so t ends to dislodge from t he 
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slide a number of the rock particlos, and the 

perpentago of particles thus lost varies from 

one san1~1lo to o.nothor. For oxaI.1plo there is 

evidence of this in th G r esults quot ed in 

Table V. Some of the variations in the ratio 

of konimet or count to ther mal pr ecipito.tor 

count are likel y to arise from this factor but 

the effect hns not boon fully investigated as 

it is • believed to be comparatively s.Giall. 

(c) Effect of th~ collecting ~fficiency of 
the lrnnimeter. 

It might be thought that the varia­

tions between the konimeter count and the ther­

mal procipit ator count are largely due to t ho 

factors discussed in (c) and (d ) above. Com­

parisons wer e ther efore made undor conditions 

where these f actors did not op erat e . Thirteen 

experiments Y,:oro made in ea.ch of which approxi­

mately 10 konime t er s01:npl es wer e t aken at r eg"U.­

lax interval s during o. th0ri!1al prec ipi tat or 

sample. The samples from both instruments 

wc:re ignit ed only, and wor e count ed using o. 4 

mm. object ive i\Tith light field illuminations . 

Tte sizes of all particles were measured using 

an eyepiece gr aticule . The results have boen 
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publishe d i n full (see page 279 of App endix II) 

Thoy ar o Slli!li".10.risod below in To.blo I X, in whi ch 

t hey o. r o div i ded into groups according to t ho 

conc entration and 'coarseness' of th o dust o.s 

shown by t he ther mal pr ecipitator s E.unplo . The 

tablo shows the ratio of konimo t or count to 

ther mal precipitc.tor count; when two obs er va­

tions f ell i nto one group tho mean ratio i s given. 

These r e sults indi cat e clearly how 

the actual proporti on of particle s collect ed oy 

the konimet or depends on the conc ent r ation and 

sizo distr i buti on of t he dus t sa~plod. 

A s tudy of the actual number s of 

particles of var ious sizes collect ed by the ~wo 

ins t r ument s g i ves int ere sting r e sultso The c :::tl­

culutions have b8en na de for oach of the exp er i­

ments but on l y t h o t vro extr eme cas es ar e gi vo~1 

in Table X. 

In the l at t er exp eriment t her e woro 

many p articles of siz e 10 microns and gr eat eJ· 
I 

i n the dus t. 

Tho s aE1pling effici ency of tho t he::'­

mal precipit ator i s not 100 perc ent f .or quari ?.: 

particles gr ea.t or t han about 5 mi crons diamet .:i r , 
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I P c rc ent o.ge of 
1 p8.rticles 2 
I ...-n.icrons &. over 

Under 4 

4 t o 8 

8 to 12 

12 to 16 

Ov.er . 1 6 

TABLE I X. 

Count in p . p . c . c . s h own by t her nal pre cipita t or . 

Undo r 500 

1 . 59 

1. 77 

500-,1000 

0 . 45 

0 . 90 

1 . 80 

1 000 - 1500 ' 0vGr 1500 

0 . 33 

0 . 70 

i. 

I 
I 

0 . 1s 

0 . 64 
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TABLE X. 

•Actual numb er of p a rticles 
Sizo of P arti­

cle s, 
per c. c. of th is size shorm Ro.tio 

r---------b __ y'------------, Koni meter 
microns . 

Tot a l all size s ; 
I 

Kon i met er 

332 
350 
314 
175 
114 

66 
39 
68 

1, 460 

The r mal j The r mal Precipitntor 
Precipitator I 

1,04 0 
528 
187 

19 
1 2 

4 
1, 790 

112 
1 27 
104 

67 
42 
20 
12 
16 

500 

I 

i 
! 
l .03 

~0 5 
~10 
. 26 
. 25 
. 25 
. 05 

2 . 92 
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but it has been proved to be 100 perc ent 

efficient f or particl os small er tnan t his, 

down to the li.nits of vi s ibility of tho olec­

tron microscop e08 ' 51 • Ye t in the second ex­

p eriment quot ed th er e vrero r11any i11ore particles 

of o.11 sizes present in tho konimct cr samples 

than in the ther mal procipitator so.r,1plo. This 

effect only occur:r0d i n the experiments in 

which ther e we r e co ns idorablo nunbors of 

coarse particle s i n tho dust cloud being sari1pl­

ed . When thero are very f ew coarse particles 

pres ent , o. s i n t he first 8 2'.1) eriment, tho 

effici 0ncy of th0 konimo t er for the finest 

particles i s extronoly low, 

An oxplano.tion of the pr 0sence of 

particl es i n t he kon i met er sampl e 11hich do not 

oxist in tho air i s that the koni~et er is break­

ing up co ar se particles , or aggregat 0s of par­

ticles . This may bo du o o i t lrnr to a sh oaring 

action a s the particl es pass through the jet, 

or to a s hatt er ing e ff ect as they strike the 

collect i ng plat e at hi gh velocity . 

The author , working in tho laborn­

tory ·with sp ecially pr epared dusts , showed that 
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the lrnnimot e r and 011other inst rument of tho 

i.mpingc:r typ o , the o~·-·ens dust count cr 2 shatter-

52 
ed dust particl es of quartz . Other workers 

have also shovm tho.t ins trur:rnnts of t.l;lo i rap inger 

t yp 0 shatt e r t he dust pa rticles 53 , 54 , 55 , but 

Green38 stat ed that thor·e was no evidence tha t 

particles were shatt er e d on impact \Ni th the 

p lat e at the j e t velocity he used. This 

v elocity was 58 met r es/second , and is low con ­

pare d wi t h that normally employed in the koni ­

met er, where it i s of tho order of 100 metr es/ 

second . T}: is di ffe r ence may , e ll explain his 

resul t s. 

It may be arguod that it is correct 

to disrupt aggr egat es of particles and count 

t hem o.s i ndivi dual par ticles . T.'. ~is i s based on 

the a ssumption t ha t s i milo.r effects may occur 

when a ggregat e s c.r e br e a t he d into tho human 

lung . Howeve r the ve l oc i ty of i mpingement in 

the konimeter is of the order of 100 met res / 

second , which i s ri1any times gr eater than tho 

v elocity of a ir in th o respira tory syste1?1 wh ich 

appears to have a maxi mmn va lu e of under 2 

me t res /s e cond56 • Aggr egates ar c not t here for e 
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likely to bo brokon up by i np i ngeaont in tho 

respiro.tory systen to o.nything like tho extent 

t hey o.r o i n tho koni6ot or . Th0y nay be broken 

up to SOl:l.G 0xt ont by chonical a ction once t hoy 

have so t tlod on the sur fac es of t he r espiratory 

syst on , but t h0 l ecrgor o.ggr0gat es will bo col­

l ect ed in tho nas a l pas s age s, tho trach0a and 

othe r upper parts of th0 respiratory syst em; 

hero t hor o are offective nocho.nisms for r enov­

ing thoi~l and thoy cannot p l ay c. p o.rt in tho 

production of silicosis, In physic o.l proper­

ti es such as r a t o of s ettling , Br m:minn not ion, 

and removal by i1:1pingol::1ont 2.nd filtration in 

thG defence sJrst or,1s of tho na sal passag0s ot c, 

aggr egat es wil l a ct as s ingl e pa rtic l 0s of 

0quivo.lent size . It ap) oar s t horofor o t ha t it 

i s nor o like l y to be co r rect to count an 

aggregat e as a s inc;l o p2.r ticl 0 t han G.s t he nul:1-

bor of individual particl 0s forn i ne; the a ggre ­

gat e . 

3,2 A theoretical i nvestigation. 

Davi es and l'i.yl vmrd57 , and Ranz and ···ong58 

have ca lcu l eted the tra j octori os of solid p arti­

cles in the a ir f l owing out of o. j et and striki ng 
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a nearby f l o.t p l Gtc . ThosG r osults cnn bo u s ed 

to calculat o tho offici oncy of coll ection of 

po.rticlos in a koninot cr, if it is o.ssur.1ed that 

all par ticl es s triking t he plat e o.dhero to it 

and ar c count ed undo1· the nicroscop e . 

The nathonatical theory in t ho fir s t 

paper i s c onpl cx o.nd .tho final r esult i s not 

given in a form which poraits easy calculation 

of th e coll ecting effic i ency . The second paper 

. however give s the r e sult 

SVD2 10- S 
l 8nd x 

wher e '-~ / = a function re l a t ed to t ho perc ent age 

of particl es which strike t he p lat e . 

D = diar:1etGr of t he dus t p o.rticlos i n 

.nicr ons . 

,S = density of dust particles in gr o.ms/c. c. 

V = vel ocit y of air f low t hrough the j e t 

i n ems/sec. 

n = viscosity of t he air in poi se s . 

d = diaaet er of tho jet in ems . 

The relationship between "-j...J and the 

perc ent age of particles s triking tho co l l ecting 

plat e is given in t he original paper . The r e -
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l ationship vms derived t hoorotico.lly and con­

fir .no d oxporir.10nto.l l y by th o o..ut.tiors . The 

dis t o.nco of tho collecting p l c.te fro .r;1 tho out­

let of tho j ot i s t o.ken to bo of the so.r:io order 

as the diar.1ot er of t ho j ot. 

Vis not c ons to.nt in tho konimet er . 

Its ve.ri o.tion vri t h tirirn ho.s boon studied by 

Ro.bs on47 . At tho beginning of t he piston 

stroke V is l ow, but i ncr oo.ses rapidly and 

aft e r npproximat ol y 0 . 05 s econds r oac he s o. n nx­

i mun value , of the ordor of 120 no tros / second 

in a typic a l koniaot cr . Thereo.ft or V di os 

away gr a a.ually ovor a p criod which , due to the 

cor-1pros s ibilit y of a ir , is longer t han the 

actual time of the piston s troke . As R result , 

diff er en t _portions of the total volume ar e 

samp l ed at diffe rent velocities . The se pro­

port ions c rui be calcu lat ed frod Rabs on ' s 

results . 

The perc entage of particles of 

various sizes s triking the collecting plat e in 

a konimet er has been calculat ed for different 

velocities u s ing t h e followi ng values of the 

const ants in the f ormul a above -
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S = 2 . 5 g.as/c . c. 
- 4 

n = 1. 8 x 10 pois os 

d = o.055 ems. 

The r esults are given in Table XI 

which o.lso shons t he p ercentage of the tot e.l 

volume of air sn.rnp l ed o.t different velociti es . 

Fron t his the tot a l perc ent age of 

particles striking the p lat e du.ring the who l e 

sarnpl ing process can oo.s ily be co.lculat od for 

any des ired parti cl e s ize . T>i s has . been done 

and tho resul ts are plott od in Fic;ur e VII . 

The physical reas on for the decrease 

in t he perc ent ~go of particles striking the 

plat e with decrensing size is t hat th e smaller 

parti cl es due to t heir very small nomentun tend, 

aft o~ l eaving tho j et, t o follow t he line of 

air flow an d ar e swept away without striking 

t he p l at i . Larger particles, with their gr eat­

er momentum, t end to continue to follow a 

straight line aft er leaving the j et and cross 

the air flow lines to reach the plct e . Th is is 

illustrated in Figure VIII. The actual path 

of a particle of any st2,ted size v!ill depend 

on i ts position in the nirstream when passing 
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TABLE XI . 

I Pcrc ent o.ge of part i c les of sta.t ed size P ercent age of ; 

Ve l ocit~ 
I 

striki ng the coll ect i ng plate . tot a l volU1Ue j 

1:1c t r es:j , of air srun.p led ' - I 0.15 j 0. 20 0 . 25 . 9 . 30 i 0. 4 0 j o. 60 i 1 . 00 ' s econd. 
i a t t his velocity'. i 1n crons 1 

I I 100 
I ! 

1 20 13 33 63 85 100 I 1 00 19 ' 

! ! 1 00 ' 1 00 8 28 59 8 0 100 1 00 16 I 

' 
100 8 24 5•'.1:: 72 I 98 100 100 14 ! 

90 4 1 9 40 63 i 94 
I 

100 I 100 11 
80 1 3 -54 100 I 1 00 i l 2 33 I 8 9 I 9 ! I I 70 2 8 24 4 0 I 82 i 1 00 ! 100 I 8 

! I I I 

i 60 I 0 I 4 1 3 33 72 I 1 00 100 I 7 
I i i ! 

! 50 0 8 24 59 99 1 00 ' i I 2 ! 6 
I I I ! 

"''"' 4 0 0 0 (:: 13 40 91 I 1 00 5 
I ' 

I I tD i I I ! 30 0 I 0 0 11 I 1 9 72 100 3 ' J: 

20 I 0 0 0 0 4 4 0 99 1 
10 I 0 0 0 0 0 4 59 1 

I - , --·~ . ~~-·----- -- _\,, _ _ - -- -- ·- ....... ..... -.... ... _,__.,.._ ... _ --_..,._,.__. .... ,. ___,,,_ - ' . ,- .. .,_ --- ---- - -- - --- -~--- ~- --.r-·._, ...__ ~ ___ .,... __ .,; 
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through the j et. 

The formula shO"\J\JS that the collecting 

efficiency for any particle size can be i m­

proved by increasing the velocity of impinge­

ment , but this will lead to a great er danger of 

breaking up the larger particles . 

The actual percentage of particles col­

lected on the konimet er slide will not neces s ­

arily agree wit h the above calculated valu~s as 

other factors rvill also affect the process, for 

example -

(a) Not all t he particles whi ch s trike the 

plate, ill adhere to it . Eamilton et a159 

show tha t with adhesive films of the thick­

ness used on the 1 "i t ivatersrand a consider­

able percentage of particles r ebound from 

the co llecting s lide . 

( b ) Soii1e large par t ic les may be broken up, 

t hus reducing the number of large parti­

cles and increasing the number of fine 

particles apparently collected. 

( o) T.b.e air is suc ked through the sarn._pling 

jet by reducing the pressure inside t he 

konimeter; thi s ai r undergoes a sudden 
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expansion as it pas s es through the jet. 

If the air contains sufficient moisture 

this expansion will result i n water con­

densing on the particles, and their effec­

tive size is there by i ncreased, resulting 

in mor e effic i ent depo sition. rrhe extent 

to which the part i c le s vvill c;ro1' .. • in size 

will however depend on the amount of ·water 

available for condensation , that is, on 

the hu:,1idi ty of the air , and this intro­

duces another var iable in the performance 

of the konimet or ~ Als o the grm,vth will 

depend on the number of particle s in the 

air ; if t he number is lm,r the amount of 

11ater available per p0.rticle wi l l be great ­

er than 1·rhen there are large numbers of 

particles present, and the particles will 

therefore gro1N to a l arger size . Thus the 

percent cge of particle s collected will be 

greater v~hen the dust concentration is low 

t han when it is h i gh . 

Thes e theoretical studies offer some ex­

planation of the results observed in the ex­

perimental investigation or' the performance of 
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the konimeter. Both s tudi es indic ate that 

when sampling a hi gh conc entration of fine 

dust the konimet er vlill have a lO'w e f f iciency 

and the r ecorded r esults wil l be significantly 

lower than the cor respondinB t hermal pr ecipi­

tator count. 1'.'hen sampl i ng a low concentra­

tion of c6ars e particles the konimet er will 

appear to have a high effi ciency and will some­

times give a higher count t han that given by 

the thermal precipitator. Coarse dust is re­

latively harmless becaus e it cunnot reach the 

lungs. Results obt ained Dith the konimet er 

may there for e be vory £:1isleading , and a more 

exact method of de t er .:11i n ing dust concentrations 

is desiruble. 

Kerrich60 has cri t icized t h e konimeter 

from another po int of view. Ee has shown, 

using data obtained in p art by t he aut hor, that 

if two konims t ers are us ed s imults.neously, side 

by side, to sample du st in a mine, t he r esults 

differ sign i f i cantly f r O.i."!l e ach other , and t h e 

ratio between the t v o measur ements wanders in 

an unpredictable ·way . 
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4. AN I l\TVEEJTIGATIOW OF THE TiillRI.:AL 

PRECIPITATOR. 

Duri :.15 the development of the thermal 

precipitat or it was compared with the three 

fundamental l aboratory inethods of measuring 

dust concentrations accuJ.."ately, namely the 

sli t-ul tre. microscope 61 , Green's condensation 

apparatus62 and a precis e form of sedimentation 

ce11 63 • These tests shovi1ed that the thermal 

prec ipi tat or depos i ted all the dust visible 

under t he optical microscop e below a certain 

size38• This size i s about 5 microns in the 

f ·1· t· 1 64 d th 1· ht 1 case o · si ica par ic es ; an - es ig oss 

of particles above this size is not important 

in sil i cos i s studies. The co~iplete deposition 

of finer particles is t he outstanding advantage 

the thermal precip itator possesses over most 

other dust sampling instruments , and subsequent 

studies have shown that this sampling efficien­

cy extends doy.,n to part icles at the limit of 

visibilit y of the electron microscope51 • 

This however doe s not necessarily 

mean that a. singl e thermal precipitator srunple 

will give an accurate measurement of the dust 
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concentro.tion. As in all types of measure­

ment there vdll be ran dom errors associated 

with the observat ions , o.nd there may be rautual 

bias between instrt1_~".1ents or between the ob­

servers counting tho samp les under the micro­

scope. A particularly likely source of error 

arises from the pro.ctic c of counting the par­

ticles in only o. sno.11 fr o.ction of the deposit, 

and assuming th~t this is a represent ntive 

portion of t he v,-holo sarnple. 

Ther e appe ars to have been no publish­

ed informati on dealing wi th th i s aspect of 

therm.al precipit ator sampl ing . 

The exp eriments described here were 

therefor e carried out to measure the size and 

frequency of the errors tha t occur in practic e , 

and to try to isol2.te the f actors v,hich con­

tribute to tho total err.or~ 

Because dust concentrations vary over 

o. wide r o.nge it is convenient to express the 

variations as percent age st andard deviations. 

It vras found tho.t, f or each given set of ex­

perimental conditions, the percentage s tandard 

deviations were roughly const ant, Qnd indepen-
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dent of th0 dust conc ontration. This meo.ns 

tho.t the logo.rithms of the dust counts vrill 

ho.ve o.ppr oximat oly n constnnt s tando.rd devi o.­

tion. I n t he s t a t istical o.no.l ysis connect ed 

with thes e i nvost igo.tions tho logo.rithms of 

the dust counts wor e th er ofor o us ed sinc e well 

established statistical proc edures could be 

applied directly to suc h do.t o. , but the results 

have been convert ed bac k t o actual counts for 

presentation he r e . 

4.1 The overall error. 

Four thermal precipi tat ors , ,er e placed 

close together o.nd simultaneous so.mples taken 

on ench4 Tho dust samples were ignited before 

counting but we r e not acid treat ed since this 

introduc es another s ourc e of variation. Each 

s runple wc.s count ed by t wo or throe obs ervers. 

43 suc h exp erimcnt s were mo.de. The rang6 of 

dust concentrat ions srunpled (150 p.p.c.c. to 

9,000 p.p.c.c.) covers that normally found in 

r~twatersrand gold mines. 

The r esults o.r o plotted in Figures 

Ixa, IXb and I Xc 0_11.d shov,i the individual counts 

obtained by ec.ch observer from ec,ch instrument. 
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These a.r e compnrod with tho o.ver cge r esult 

obto.ined in each experiment . 

Analys i s of the s o r esults showed tho.t 

a singl e ther flo.l precipit ator srunpl e counted 

by a ?ingl e observer ho.d an overall perc ent age 

standard devio.t ion of 13~;~. 

4 . 2 Mntual bias bet we en ins truments o..nd observer s . 

Tho so.me do.t a v.rns used to measure t he 

mutuo.l bi as between the four thor r:10.l precipi­

tators . 

The r esult given by ea.ch t her mal pre­

cipit ator i n ea.ch experiment was divided by the 

average re sult given by o.11 ther mal pr ecipita­

tors in t hat exp eriment . Tb.e aver age ratio f or 

each t hermal pr ecip it at or over the whol e s eries 

of exp eriment s is gi ven in Tub l e XII. 

TABLE IlI . 

Thermal Average 
Precipi t at or No . Ratio 

, 
407 . 985 

428 
I 

1.006 

439 . 99 6 I 
I 

446 I 1. 013 
! 

Further analys i s showed t hat none of 
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thes e values ·were si gnificantly different, at 

the g~; confidonc e l evel , from unity. There 

is therefore no evidence of rmtuo.l bias be­

tween any of the instruments . 

The data v\i& S next examine d to see if 

t her e 1ms apy .mutual bias between the observers 

v;ho had count od tho sa::iple s . The count obtain­

ed by each observer v.:o. s compared i.'i ith thut of 

each other obs erver , f or each sample . The 

average ratios of the counts are given in 

Table XIII • • 

Observer A • s.s a v ery experienced 

observer, B had f air experien c e a nd C limit ed 

experience of count ine; dust sample s . 

17ABIB 1.'III . 

Observers Aver o.ge ~1 atio Number of 
of Counts Co.m.parisons 

NA/ NB 

NA/ Ne 

NB/ Ne 

1 . 023 134 

1 . 045 79 

1.015 104 

N.A/°T'J vras found to be significantly 
L.c 

di f f erent (at the g~; confidence level ) from 

unity, and the indications are tha t observer A 
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tend s to count a fC'\,,1 perc€mt more p m· tic l es 

t ho.n the other s , ~nd Ob server C to count a few 

p ercent particle s less than tho ot h ers. This 

mi ght be expect ed from the i r degrees of exp er ­

i ence . 

4 . 3 The sourc es o f tho er r ors in o. thermal 

,,rec ip i tc.t o1· s anw )..:.9.• 

A thor.mnl prec :1.p i t a t or measurement i s 

obt a ined by drawing o. rnea ,surea. vol ume of air 

t hi-·ough t ho sampling l1ec.d . The pair of cover 

glas ses on which the dus t i s deposit e d is t hen 

examined under the uicroscope . Th e nu.rnber cf 

p article s in a snall stri p ac ro ss the width of 

the s amp l e is c 01.Lnt Ad on ec,ch cover glo.s s of 

the pair c.nd rido.cd. togo-Ghcr - thi s is usually 

referr ed to c,s one t ro.verse of t ho sru11ple . 

Thi s stri:i9 is a kno' rn frac tion of the whol e 

samp l e ; 
7 

usually ub ou t ---.:~--th . 
1000 

I:f the number 

of po..rti cl es .:;> or traver se is s.r1nl l i t is cu.s ­

t omary to c ou 11t Et nu~nb er of t r o.vorsos of each 

cover glas s to L:r:: rovo tl10 a cc.:uracy of the 

c oun t , 

Th o conc entr~t i on of dust in t h e a~ ~ , 

N, in parti c l es p e r c . c . is given by 
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N = n F 
t V 

wl10re n = tot al m..unb ,r of pnrticlos countod 

on tho t,•.ro c cv0 r g l a sses comprising 

the sn.mple . 

F = t he r atio tc t voen th a rea of the 

t hEH'inal proc J.p ita tor sruap l e and the 

are a of a trnvers e . 

t = number of t raverses made of the 

cover glasse f! . 

v = vo l ume of r :'... r samp l ed . 

The follmtJing ~:'Ju.recs of err or have 

been i nvestigat ed -

(a) The errors v h ich t ,: is e in counting the 

number of particl es __ _ 1 a given traver se -

t he 11 count ing er ror,; . 

( b) The errors v11h ich c.1'.' i se f rom assuming 

that the number of pri.,:·t iclos per t r a verse 

i n the portion exar,1i n'::l d is equal to the 

average number p er t r , vers e in the whole 

sarnp l e - the ritraver ~ s orr or 11 • 

(c) The varia ti ons bet~eon the r esult s of 

different observers c- cmnting the sar11e s lide 

- t he "observertl err oT ': . 



- 75 -

(d) Errors in V, arising from mistakes in 

measuring the volume of water aspirated -

the 11 volumo error 11 • 

(e) The variations between tho r esults ob­

tained from a numb er of thermal precipitators 

sampling simultaneously side by side - the 

11 instrU111ent er r or ri . 

These were believed to be the principal 

sources of err or, and i t ·wo.s expect ed that if 

thes e individual errors could be assessed 

se~arat ely they would account for most of the 

overall error. If the i ndividual sourc es of 

variation have standard deviations ,-:.1i , 62, 

(;......-3, etc. and the over all s tandard deviation is 
,, 2 . 2 . 2 2 

(J Total then ,.··.f Total == (°" 1 + ,,..,_ .... ') + ~. r • .,. .. \..J r_, <.J o 

+ etc. 

Many dust particl es in samp l es t a.ken 

in •'ij_two.t ersrand go ld mine s are at t he limit of 

visibility of t llo optic al mi croscope and are 

very difficul t to s ee . T~e actua l count ob­

tained may there for e be affect ed by the degree 

of fatigue i n the obs erver , l a ck of concentra­

tion, and simi l ar f actors . It i s also well 
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known tha t when counting a number of ob j ect s 

without some method of markin~. off those al­

r eady count ed , s ome vo.rio.tion f r om t he correct 

vnlue i s likely to occur . For t hese r eas ons 

the count i n a given t raverse .may 'not r epre ­

s ent accurat ely thG tru e numb er p r esent , and 

r ep eat ed count s of tho sa.111e ar ea can be exp ec­

t ed to shrn:v some vari ation about a mean . 

The magnitude of t his var i at ion has 

been invest i gat ed by count ing the same t raverse 

1 54 times . T.h e aut hor used a mechanic al re ­

corder s o t hnt he v·ould not be influenced by 

knowing t ho count reache d dur ing each t raver se . 

Thr ee variabl es whi ch i t v.ras t hought mi ght 

affect the r esult s we r e introduced i n a r andom 

way , namel y , sp ee d of count i n g , t he t i me int er ­

val bet ween successive count s , end the nuraber 

of cm.:.nts made at one count i ng ses s i on. 

Figure X s hows t he number of times 

various counts v:ere obt ained . The mean of all 

the counts i s 153 . G particl es , and they have a 

p ercentage standard devi ation of 6. 6 . 

T.118 r esul t s were divided i nto groups 

acc ording to the sp eed of c ounting . T_:._e mean 
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count in each group vvas calculated. 

Simi l arly t ho mean count afte r rest 

intervals of different lengths was calculated. 

These results are given in Tabl e XIV. In 18 

experiments this information was not recorded. 

The observations also i ndicated that 

if more t han 18 traverses were counted at one 

counting session the results became erratic. 

Thus in count s made aft er the 18th in any 

session the p erc ent age standard deviation r ise s 

to 8. 2. No similar fatig,1.rn ef fe cts could be 

discovered vrhen l ess than 18 counts were made 

in a counting sess ion. 

These r esults indic at e that -

(i) The counting speed should not be gr eat er 

t han about 70 part i cles per minute - at 

higher rat es some particles are missed. 

(ii) An. int erval of not less t han 2 minut es 

should be allowed between successive counts. 

(iii) Not more than 18 counts should be made 

in one counting session. 

Al l experiments which had been made 

under conditions s hrn.,,m to affe ct the count 

appreciably (count ing t ime under 2 minutes, 
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FIGURE XI 
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• t 1 1 t l 1 
• t th 18th in erva ess 1an it minu e, or more an 

count in a session ) T:•e:;re then eliminate d. TJ.: is 

left 74 counts, ·which have a meoo of 156. 3 and 

a percent a ge standard deviat ion of 5.6. 

TJ;j_s latter fi€'.,ure is t a ken to be · a 

measure of the :1counting error ;1 ( ( ~ .. :l.). 
,,.. 

(b ) The t raverse error , (( 2 ). 

15 traverses spaced e~uidistantly 

along the l engt h of a s ample were each count ed 

t hree t i m.es. Tl.le aver age count for each . traverse 

is sho'\i\Jl1 in Figure )CI . 

From this data the 11 count ing error 11 in 

this experiment was estimated and then elimina­

t ed from the results thus providing information 

on the .ma gnitu:de of the varint ion betwe en 

different t raverses . The "traverse er r or 11 {C: 2 ) 

was found t o have a p ercent age st andard devia­

tion of 3 . 3 in this exper i ment. 

Several experiment s have been carri ed 

out in which a single count was made of each of 

a number of traverses in a samp l e . T11.c s t and­

ard deviation in such GJ(p er i ment s will combine 

the 11 counting error 11 ((;l) and t he 11traverse 

error" (6 2 ). I f the c ombined error is 6{+ 2 
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FIGURE XII 

RELATION SH IP BETWEEN PERCENTAGE STANDARD 
DEVIATION OF COUNT A D NUMBER OF 
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then [\ 1+2 - 0 1 + C,22 . 

It is a measure of error likel y to 

arise when a singl e count of a t hermal pr eci­

pi ta tor samp l e i s to.ken to be r epresent ative 

of t he t rue aver a go number of particles per 

traverse. 

Various observed Vc..luos of ·s ;+2 are 

plott ed i n Fig . JCTI against the average number 

of particles p er traverse . Previously Goch65 

had advanced t ho t he ory t hat the dist r ibut i on 

of this error ,.,-,rou l d foll01·1 the Pois s on L:::1:w ; 

this , if cor rec t , ,,.rou l d. i mp ly that the stand­

ard deviation of t he count v,ras equal to the 

square root of tho number of particles count ed , 

i . e . t hat the s tandar d deviation =Jn and the 

p er cent age s t andard deviation =Jg x 100 = ~00 . 
n { ii 

Accep t ance of this t he ory has led to 

the l oca l practice of usually counting at l ea st 

400 par ticl es in each sample , in order to l i mit 

the perc entage standar d deviation to 5/ ,. 

The error , based on t his t he ory , 

associat ed with counting various numbers of 

particl es i s al s o plott ed on Fig . ]CTI , and it 

wi ll be noted th o.t the ob served va lues of the 
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combine d error are in nll cases l ess than t he 

val ues predict ed by Goch ' s theory . The 

accurncy of count inry is therefore soflewhat 

bet tor than pr ovi ously be lieved to be possibl e , 

The con binod count ing error and t raverse er1·or 

tot als about 6? i f 200-250 :,_ s.rticles are 

counted , 

(c) T:.w obso:rvcr ' s err or (( 3 ) . 

L ,,. sect ion 4 .1 oxporim.ents were quo-~ad 

i n ··rllich t v.ro or thre e observer s each count ed 

t he same scJ:11_p l e in 43 di fforent experiment s. 

I t ,-o.s shovm in T~.bl o XIII that the mutual ~,:Las 

between t hese observers vms sr:iall , but this 

doe s not neo.n tho.t they will a gr ee so close ly 

i n t he ir count s of 00. ch individual s lide . r:i.1!1e 

count obt uinod by each obs erver of each slie 3 

ho.s been comp ar ed with t he count obt aine d by 

the othor obsorver s of t hat s lide , The obs e~­

vor s did not c olrnt tho same t r uvers e of each 

slide . Tho perc ent age deviation betwe en eac~ 

pair of obs ervers count s of oGch s lide ha s 

been calcula t ed , and the average values are 

given i n Tabl e 1..'Y . 
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TABLE 1.'V . 

Average Percentugo Number of 
Obser vers Stando..rd Devio.tion Comparisons 

A c~ B 8 . 5 134 

A & C 1 3 . 3 79 

B & C I 11 . 8 
I 

104 

I n another sirlilar experiaent t wo 

exp erienced observers A b.nd D 1: 8.d an average 

p ercentage deviation of 7 , 6 in a series of 63 

cor11p o.ris on counts . Observer C 1.'JaS relatively 

inexperienced, and if his result s are exc luded 

it appears that Eft; m8.y be a typical value of the 

' avero.ge difference betwe en two observers counts 

of t he same s l ide . 

~:he se variations vrnre further analysed 

to seG if they depended on other factors . 

Fie; . XIII shows hov: the percentage standard 

deviations depend on the numbers of particles 

counted per samp l e . Each r esult is the mean 

of more than 30 co.m.parisons. T.r..e percentage 

var i ation betwe en obs ervers inc reas es rapidl y 

as the nu1nber of part ic l es counted decreases 

below 250 , but above this number, the varia­

tion remains constant . No increased accuracy 
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rosul ts fro.11.1 counting more than this number of 

particles per samp l e ; this again points to a 

saving in labour in. the pre sent .Pr act ic e of 

counting a t l eas t 400 !'.)o.rticles p er sample . 

Another ana l ysis was made to see if 

the variatioh be t ween observers depended on the 

density of depos i t i n the s amples , i . e . on the 

average number of particles per traverse . 

Samples in which the total nmnb er of particles 

count ed was l ess than 1 50 " .. ,ere excl uded , due 

to the incr eas ed errors arising in su ch counts . 

Tt.e results are given in '11abl e XVI . 

TABLE XVI . 

Nunbcr of Aycrage Percentage Particl es per 
Travers e. ,S tandard Deviat ion 

L c r:[, · t han 50 7;, 0 
50 - 100 6 . 7 
1 00 - 1 50 'J .7 
150 - 200 4.9 
200 - 250 11. 3 
250 - 300 7 . 2 
300 - 350 s . 2 

More than 350 8 . 8 

There is no indi cation that t he vari ­

ation between observers dep ends on the density 

of depos it . 
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Tb.e variation of about s~t betwe en t he 

counts by ex1) e1~ i en cod observers of the Sa1i1e 

s lide i s p art~y ac c ounted for by the combined 

Hcount i ng o.nd traverso 7
; Gl"ror ass ociat ed wi t h 

each obser ver s count of t he slide , p revious l y 

a s s essed a s ab ou t ~ ~- Tho r c~aining error 

5 . 31; j i s due to other random 

variations bot ·ween tho observer s ' c ount s , and 

i s called t ho observer 's er r or , __ 3~ It is 

proba bly higher wh en one or both of t he obser ­

ver s is i neA~ cri enc e d . 

( d ) Tl:.e vo l ume er 1"or ( 64J . 

T~i s i s the onl y .ti1easurement a ctually 

made under ground i'vhe:.1 tak ing a ther ma l p recipi ­

t a t or samp l e . The wat er l e aving the a sp ira t or 

i s coll ect e d i n a sui t abl e cont a iner and measur­

e d i n a 100 c . c . 111easuring c ylinder . Vo l '\.J.111es 

range f r om a bout 1 0 c . c . s . to 1 000 c . c . s . de ­

pending on the t yp e of ex}_'.)eriment . Be caus e 

c ondi tions i n a mine ar e not conducive to 

accurat e ·work , thi s neasurement may be a sot1rce 

of cons i der able er r or . 

Various diffi culties aros e in at temp t ­

ing t o design experiments to measure t he magni -
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tude of thi s error in t ests underground . 

I n s tead an experiment was carried out in the 

laboratory . 27 beakers , containi ng from 75 

c .c. s . t o 570 c . c . s . of water wer e each meas­

ured 6 tines by six~fferent obser vers; i. e . 

36 .i.:1.eo.surer'.1ents v.rere made of ee.ch volmne of 

1vo.ter. TJ:c observer s were made to take their 

me asurements as rapidly as possibl e - each 

observer made 162 measurements in under 2 hou~ s . 

It ~a s as sumed that this woul d l ead to errors 

of the SOJ:ilO order as ViOUld arise i.'1 the cs.se 

of s.n obs erver .making a singl e observation 

und erground r hen ho is not hurried but is sub-· 

ject to t he di f ficulties of bad lighting , 

crrunp ed surroundings and various distract ions 

sometimes encountered in a mine . 

rrhc 1°csult s shoi.,,red t v;o types of 

error -

( i) ,Snmll r andom errors of the or6.er of a 

few cc s -

(ii ) Oc cas ional gro ss errors , e . g . 10 ccs 

(in 3~_; of the observat ions ) and 100 cc s 

(in 0. 6~, of t he observat ions). 

The overall p ercentage st andard de -
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viation of tho errors 1'1a s 3 . 3 and t hi s has 

been acc ept ed as soao est i mat e of the volru11e 

error ((f 4 ) • 

( e ) T_:-to variation betvveen instruments (6 5 ). 

I n. t he e:-,_rporiments aention ed in 4 .1 

above, simultaneous sar.1p l os 1vere t aken on 4 

therr,10.l procip i t a t ors . Er-:\ ch sc1mple wa s count­

ed by diff erent observer s , usually three . The 

mean of thre e counts of the srune slide will 
1 

have r.::- = 0.58 t ho error of a singl e count. To 
/ 3 

provide informat ion on the variation between 

the actual ai::1ounts of dust collect ed. by e a.ch 

t her mal procipitator tho .mean of tho counts by 

all obs ervers of oac h t her ma l precip it ator 

s arnplo was conp ared with tho r11ean of all counts 

of all inst r uments in each exp eriment. rJ:h ese 

were found to have a standard deviation of 

10.6~ , but of this 0. 58 x 8 = 4 . 6~:, is due to 

combined counti ng , traverse and observers er r o~ 

and 3 . 3~~ to volus,10 errors s o that t he actual 

variation bet ween ins tr1,ments is 

= 

This varia tion bet ween ins t runents (6 5 ) _,·-..c.y be 

due to r eal di fferencesin the dust concentra-
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tion i n tho 2.;ir s o..r,1pled by c ch ins t rument. 

}foy,1ev 0r sinc e tho ins t rur.10nt s ,,;e r e plac e d 

within o. f en i n ches of o&ch other, and the 

samp l os t o.kon over o. p eri od of f i ft e en L1inut e s 

to o.n hour 1.d t h the air jJ1oving continuously 

over them , it is considered unlike l y th at t h is 

can ac c ount, f or o.11 t he var iation. 

A more like l y explanat ion is t ha t 

occ a s ionc.l l y the s o.r,1p l o f r om one or i1lOre of the 

t her mal precipit o.t or s bo corJ.es cont a mina ted by 

extrane ous du s t sett l ing on t he s lide or in 

s ome ot h er vmy , l e etc1in to n spur i ou s ly high 

count . 

I t i s nl s o poss i bl e t ho.t er r or s sone­

times c,r i s o i'r oa f aulty op ero.t i on of t ho ther mal 

p r ec ip i t o.t or , such c.s f a i l i ng to ensure an a ir­

tight conn oct i on between tho SOJ11.9 l ing heo.d nnd 

t h o nsp i r ntor , or not us i ng t he p r oper curren t 

to heat tho vvire . 

O.t' .C or .-10 r e of these r oo.son s may 

account for t h i s r ol ~t i ve ly h i gh vari ation 

between the · osult s obt a i ne d wi t h o.n inst r ument 

which is knovm t o h:ive a high so..mp ling 

e f f ic iency , 
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4 . 4 T.:., c combined var iation. 

1J..1 he est i mat e s der i ved above of the 

various s ourc es of var i ation 2.re summaris ed in 

Ta ble XVII 

TABLE JfY11_. 

Counting '1 er r or = 5 . ef';:i 

Tr r.v Grse error = 3 . Zfj~ 

Obs erver's error = 5 . 35'~ 

Volu.r1.10 Gr r or = ,.., ~· o • /o 

Vcri o.tion betwe e::n 
ins t rument s = 9. 0% 

Co ::1bining these , the tota l vo.r i o.t iol1 

is given by 

/ 2 2 2 2 2 
\! 5 . 6 + 3 . 3 + 5. 3 + 3 . 3 + 9 . o = 12 . 7~b 

which is in s a.t isfnctory agr eement ·with the 

overall s t nndnr d deviat ion of 13% rep ort ed i n 

section 4 . 1 
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5 • A MODIFIED FOHH OF THERMAL 

PRECIPITATOR 

Bo ceuso of tho limi t ations of the 

konimo t or thoro is a need f or a more o.ccuro.te 

instrument for r outine dus t sampling in 

VJi t:'iC.t ersrnnd gold mines . '11::0 st :rnda.rd form 

of thermal prec ipitator i s suf~iciently 

accuro.te but is not suitab l e for the following 

reo.sons :-

( r. ) It i s too largo and heavy. 

(b) Considerable skill is required to 

operate it correctly. 

(c) The covor gl asse s nr o fro.gil e , they 

mu st be cho.ngod under ground aft er each 

so.mp l o, o.nd t v.ro o.re used p er sample. 

(d) The tine r equired to set up the in­

stru.aont Gnd t ake o. srunplo is too long. 

( e ) Tho mi cro s.cope exnmino.tion of the 

samplos requires skilled observers, 

to~es o. considerable time , and has un­

avoido.b l c stuti stico.l errors connect ed 

with it. 

No other f or m of dust so1I1_P ling in­

stru.i.nont ho.s boon found which is sufficiently 

accuro.t o o.nd conveni ent. Tho principle of 
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thermo.l precipit ation ho.s therefore boen re­

t c.ined in a modifi ed forr,i of the instru.rne nt 

which overc omes th e nbove objections . The new 

instrument wc. s nlso designe d to colloct a sam­

ple of dust in which p2.r ticles of vnrious size s 

o.ro collect ed a.pproxiri10.t e ly in p rop ortion to 

their retention in t he humo.n lung. The 

dosiro.bili ty of this sar,1.p ling charo.c t erist ic 

wo.s montionod in Se ction I of this thesis . 

This modified form of t hermal p:reci­

pit2.tor ho.s boon fully described in o. paper by 

43 tho o.uthor o.nd n colluo.guo - n copy of this 

po.par forms App endix I. The so.l ient f oo.tures 

only will bo mentioned below. The three 

principo.l p o.rt~:; a r e the sc-u:1:pling heo.d , t he 

me cho.nic o.l a sp i rat or , und tho eloctric o.l cir­

cuit. 

5.1 The SOI:1.pling h eo.d. 

A number of so.r.1p l es nro collect ed on 

n single 3 11 x 1 11 gl ass microscope slide; o.ft er 

ea.ch sru.1pl o ho..s beon to.ken the slide is moved 

inside tho so.n1.pling head so t ho.t a n ew portion 

f cwos the hot vd r e . 1 2 samples mo.y be t o.ken on 
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c. s ingl e s lide ·:,ri thout renoving it from the 

s ru:1_pl i ng hec~d ·· th is is suff icient for o. 
V norno.l da ys ,_,_,o:; ir . 

The s . ide a oves a long an ac curately 

no.chined f oc e '. n si do the samp l ing he a d . It is 

held firfll y o.gt inst thi s f a ce by spring s in t he 

covor of tho h ·.o.d . Tho hot wire, vihi ch deposits 

t ho du st , i s srpp ort cd o.l ong its whole l ength 

in G bl ock of refr o.ctory .mc.terial. This bloc k 

is nount ed in ti1e SD..mp l ing heo.d so tho.t the 

gl ass s l ide i s O. 20 nm r.:rway fror.1 t he wire . 

Air fJ :)ws into t he S8I!1pling head 

through a. llori z :rnt o.l channe l 10 mn wide, 2 liJfi 

high El..tl d 1 0 j_,1m l ong ( i n the d i rection of air 

flow) • Those c: L~11ensions were so chosen t h at, 

vrit h tho rnte c ':' air flow used , o.11 silica 

part icl es L .. rgc :.' t han 10 microns din.me t e r 

woul cl s et t l e tc t he f loor of the chn.nne l 

during t hoir p c Js age throu gh it; p art i cles of 

smal ler diar.ie t c·-. s ett l e in varying percentages 

dependi ng on t h,Jir sizo . After leaving the 

entran c e channc ,_ t he o.ir pas s e s the hot wire 

whic h doposi ts -l:; he dust onto the glass slide. 
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5.2 The me chani ca l aspirator. 

Vfa:t c r a spirators havo various di s­

a dva nt a ges - the r a te of aspiration ve.r·ies as 

the hydraulic head· c hanges , the volume of 

wat er hns to b G .2100.sur·ed f or eac h sample and 

reserve supplios of wo.:tor h ave to be c arried. 

A mechanic o.l 8..Spirator wo. s therefore developed 

f or the 1:10di fi od t hernal p r ecipi t a t or. This 

bonsists of a bellows which is extended by 

cords a ttached to a drum driven by a small 

li.1otor. Th0 bellops i s nade of e. r ubberized 

fabric. 

Originally a clocbvork motor was used, 

but t his 1.:72.s l a t er rep lB.c ed by a small fraction­

al vmtt e l ectric n ot or. The ri1ain spindle of 

the n o tor .l:12. :~o s 25 00 r evolutions per rninu te, 

and this i s gc·,r 0d dor,;n t o tho spindle carrying 

the drum and revolving a t io th revolution per 

minute; the t orque i s ther e fore hiesh . This 

spindle ext ends t hrou gh the casing of the 

s.spirator s.nd c arries a pointer which moves 

over a scale . One revolution of t he drum t ake s 

10 a inut e s and extends t he bellov,s sufficiently 

to draw 100 c.c.s. through the sampling head. 
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\i110n a so.mp l o i s to b e t a ken, ·the 

-
point er i s rot a t ed o.nd sot to a spirat e any 

desire d volur,1O, up t o 100 c.c.s. The o.ction 

of r ot r,t ing t ho point er c au ses the drur11 on tho 

spindl 8 t o ·wi n d up co rds which conpress the 

bell ows. A s i ople cl ut ch, op erat e d by press­

i ng do·wn t ho po int er, dis c onnect s the drum 

spindle f r o~ the mot or dur i ng t h is op er ation. 

When t ho clu tch is r ol eas od tho e l ectrica l 

supp l y i s aut omat i ca lly conne c ted t o the rnoto:r; 

t h i s drive s t he drum i n t l10 oppos it e dir ection 

and the bellows i s ext ended . A switc h cuts 

off the e l e ct r ica l sup ;_ l y t o the motor when 

the bellows i s full y oxt onded. 

Tho t orqu e of t he drum spindle is 

suff ici ently h i gh t o ensure that t he speed of 

rotation doe s n ot change o.s t he l oad i nc r eases 

when t he be llows a r 0 approach i ng t he i r I.'laximu.111 

extonsion. Exp er i ments ha v e s h ovm t hat t ho 

relationship bet ween t h e displac ement of t h e 

moving end of t ho be l l mvs and the v olume of air 

aspirat ed is pro.ctically lin ear. This means 

that the volume of air a sp i r o.t e d p er minut e 

s h ould be cons t o.nt, o.nd a ctuo.l .measuronont has 
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shown that t ho volu_r.1e in f act i s 10. 0 ccs per 

minute, wit h a standCcrd devi ation of less than 

0.1 ccs. 

In addition to overcoming the dis­

advantages of wat er aspirators mentioned above, 

this me chani cal aspirator has the additional 

advo.nto.ge that 1•1hon tlrn pre- selected volume of 

air ho.s been o.spiro.tcd , the aspir a.tor stops 

itself. ~he op er ator need not dis continue 

other work to attend to it unti l it is con­

venient to do so . 

5.3 The electri ca l circu,ll. 

The current for heat ing the hot wire 

and for driving the motor is taken from an 

accumulator of the ty9 e used fo r miners ' cap­

l amp s. Provi ding a large number of samp l es 

are not · t ru<;: en in a day, an accumulator of this 

typ e has suff icient capacity to operat e the 

thermal prec ipit at or as we l l as the observer 's 

cap-lan1p. There is therefore no additional 

wei ght for the observer to carry to provide 

power for the ther nal precipit~tor. A rubber­

covered l ead connects the accumulator t o tho 
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modifi ed t hor riial pr ccipi t at or. The circuit 

i ncludes a sr.10.+l ½ ohn r-hoostat which incor ­

porates a sn i tch , o.nd a i t inch diame t er 

ru~11c,t er. Tho s o a r o s o vvired t hat adjustm.ent s 

of the r hoost ot to kocp the cur r ent in the · 

heat i ng wiro _to tho r equi r ed 2 ar,1per es al s o 

adjus t s the notor supply current t o a constant 

value , so t hat it maintains a cons t ant sp e ed 

i ndep endent of vo l t age cho.ngo s i n the accuruu­

l at or. 

5. 4 . Met hods of using t ho modi f i ed ther nal 
precipitat or . 

Tho inst r uncnt cnn be sc re·wed onto a 

light photographi c t r ipod , or it can be su s ­

p ended by a s t ring or Hire pass ing t l1rough an 

eyel et scr owed i nt o tho top of t he h ead. Al­

t ernativel y it is l i ght and Sl!lal l enough to be 

car r i od in t ho hand ·whi l e th e s o.np l e is being 

taken and this enab l es i t to be moved around 

in t he ·wor king place s o t hat o. n ore r epres en­

tative rec or d of the du s t conditions is ob­

tained . It has bo on us ed i n several pos itions 

in t1ines vvher e t h e u se of the standar d t herma l 

precipit at or was i mpract i cable . It has proved 
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to be sufficiently robust to st and up to 

nor mal us e i n tho n ines . 

The t otal we i ght of t he modified 

thermal precip :Lt t... t or i s 2~· lbs; the s t.andard 

forn weighs 26 lbs . 

5 . 5 Tests of t he modi f i ed t her mal 
precipi t o.tor. 

All t ests have boen made by t aking 

simultaneous sa.mpl0s , s i de by sido , on the 

modifi ed i ns tr1J .. mont o.nd t vJO s tandard instru­

ment s . 'I1lle s amples wore t hen count ed 1,1nder 

iden t ical condi tioi1s , o.nd t he nur:ibcr of part i­

clos of vari ou s sizes coll ected by the c odified 

thernml pr ec ipi t o.t or compar ed ,'Ji t h the number 

of partic l es col lect ed by the s t o.ndard instru­

ments . 

Various t es ts wor e carri ed out during 

the dcvolopn cnt of tho r;1odified t h0 r ·.12c l preci ­

pi t a tor to det er mine the op timum values of 

various din ons ions i n t he now ins trument , in 

particular the r at e of aspiration , the heating 

current for tho wire, and the distance between 

the wire and tho slide . The effect s of changes 

in t hese throe dLnen·s ions arc int er - re l o. ted. 
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Tho fir s t sor ios of OJ-...'})Orimonts iNi th 

t lrn final forr:1 wor e no.do in cm a irtight du.st 

chanber in the l abor atory. Du s t clouds of 

difforont c oncontrution and sizo distribrition 

wer e creat od by spro.ying s.n o. q_ue ous or a lc oho­

lic suspens ion o f dust i n to the air and allow­

i ng time f or the l iquid to evapor o. t e . The o. ir 

was k ept i n gentle Ho tion by a fo.n while the 

so.m.pl os ·wore to.kon . Betwoon 1 6 o.nd 28 oxperi ­

mon t s wero nude for occh size of part ic l e . 

The s lop e of tho regr es s ion line con ­

n ecting the nu.mbe r of particl es of o. g iven size 

found in the nodi f i od t hernal procipitator 

SQ..Clpl o ..:ii th t ho nun b r shown by t he s t andard 

ther mal precipit crtor s , r a s t o.ken as the col­

l ecting off icicncy of th0 .::1od i fi od t hori.10.l 

pr ecipi tator for t hat p article siz e . The r e ­

sults wore correct e d for t he snall drop in 

samp ling ef:2' ic i ency of the s t andard thermal 

proc ip itator for lar~or p article s. 

The r e sult s of those t es ts wer e quot­

ed in det ail , toget her with confidence limits 

and co-e ff i c ients of corre l at ion, i n the p ap er 

descri bing this work - se0 paees 300 - 301 of 
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Appendix I . 

The s ru.ip lin g eff iciency of tho n odified 

thor n a l prGcip it c..t or for p a r ticle s o f var iou s 

sizes is g i.von in Fig . XIV , and a sn ooth curve 

is drawn thr ough tho ob s0rvcd poin t s . Th is 

fi gur e a lso s llovrs tho l ung re t ention curve of 

particl os of vo.riou. s typ os , a s previou s ly 

given in Figu r e I , ou t o.d just od s o that t he 

po i nt of na.xir.1w::1 ro t ontion is shown o.s 100~~ and 

other r e t entions i ncr eas ed. in proport ion . To 

a fi rs t o.pproxiaation t ho n odifi od t her mal 

proc i p i t e:.tor i s s runp l i ng dus t p a.r t ic,l os of 

various siz e s i n prop or tion t o t he ir r e t ent ion 

in th e hu1:1an lung . I t i s t ho fi r s t dust samp ­

ling i n s t r ur:1ont vri t h t .::1 i s i nport o.nt charact e r ­

i st ic . 

Tho s e c ond s ori os of t ests wa s 

carri ed out underground i n v~rious gol d mines . 

More than 200 t ests we re i.lc.1.d o a n d t ho e f f ect s 

of various f a ct or s (depth in the Hine , re lat iv~ 

humi dity , t emp erat ur e , du8t concEmt rat i on and 

air velocity ) on t he coll ecting e f f iciency 

wer e invest igo.t ed . These result s ar e given in 

detail in Appendix I , p ages 301 - 303 
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The on l y f a ctor f ound to influence 

t he co llocting officioncy significantly was the 

air v e l oci t y . If tho sanpling or if i c e fo.ces 

the air streaa , L11d the l o. t tor ha s a ve l ocity 

oxco edi.ng 250 - 300 f oot ~}Gr .Gi nu t e it r:ll S 

found tha t l arge part i cles (s ~y size 2 u icrons 

di ru:1ot or o.nd gr out; er) ere ar i von through the 

entrance cho.nne l V.'i t hout settling as they 

normally t end to do ; and o.ro dep osited on the 

slide resulting in a hig..11.ur of fic i oncy of col­

lection for these si z es than s ho Nn in Fig . XIV . 

This eff ect i s e lir.d.nated i f .tho instru.Hont is 

us e d so that t he f a. c o containing the air int ake 

i s kept parallel to tho air s troc .. n . SeJaples 

taken in th i s way showed approxir:1at oly the 

same aver a :.:; e coll ect ing off icienuy for parti­

cles of var ious sizes as wero ob~ai ne d in the 

laboratory t ests des cribed o.bovo 

Practical exper i enc e v1i".;h t he !llodifi od 

thermal precipit ator over -cllo pns t thr ee y ears 

has indicat e d t hat it i s suitable for routine 

dust sampling ·work, r:-m d it will g ivo far more 

accurate re sults t han the konime-~.er " '11he method 

of assessing dust s ruap l os taken \ ;i t h it is de s ­

cribed in s ection 7 . 
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6 . T;HE • EYi..A.:HN.ATION OF DUST SAMPLES lJ NDER 

THE MI CTI OSC OPE. 

'Tho mos t · c orn·.~on .mot hod~ of o.ssos sing 

du st so.r.1.p l us is t o count tho number of parti­

cl e s present i n t h em under a .mi cr os c op e . Th is 

mothod co.n a l so prov i de i nf or mo..t i or. on t h e 

size , s hap e and gener a l ap poar anc o of the dust 

particl os . Sinc e it i s des i r ed to ,.:t e t e r .mi n e 

pa rticlos dorm to t ho smo..ll cs t p os r:n .bl e size 

this asp ec t of du s t samp l ing has bo(.n kept 

const antly und or r ev iew. Al t hou gh :,110 r e sults 

quot ed be low npp l y specif i ca lly t o c.u s t sampl es 

t o.ken with tho t hor r.1al pr oc i pi t a t or tho me t h ods 

describe d .na y be app l i e d to dus t s n.'p l es col­

l ec t ed in othe r wo.y s . 

6 .1 High power light fi Gl d i l lumina t i on . 

A gen eral .21ic r os cop e t echn i qu e for 

examining t her mal pr oc i pi t a t or s amp l os ·was 

sp ecifie d by t hose r~spons i bl e for ~.t s dov el op -

t 6 6 Th • d d • 0 • 1 men • i s r e co~:men _e using a r..., !.!1.r.l . oi 

i mmers ion obj ect i ve v1i th ligh t f i ol c illUflina­

tion t o obtain t he f!laXimw n r esol u tion and to 

show t he sma ll es t p ossibl e p ar t i cles . Ot her 
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details v1Gre des cribed in c;eneral terms only , 

and soon aft er t he introduction of the thermal 

precipitator in South Africa it was found that 

improvenent s in the mi croscope technique would 

result in finer part i cles being .r:iade visi ble. 

Although text - bo oks on microscopy 

coI1Lmonly deal at l en[sth with the limi t of re ­

solution, there i s comparatively little pub­

lished work on the l L1its of visibility - one 

pap er on the subject 67 does not extend down to 

the limits considered here . Although the two 

limits are to some extent related , factors 

such a s cont ras t and glare play an ap_p reciable 

part in det er;dning the limit of visibility 

but are not s o i mportant when cons idering the 

resolving po 'rer . Se veral of the procedures 

recommended below improve the visibility, 

usually by inc r easing contrast or decreasing 

glare, nt the cost of decreased resolution . 

Numerous experiments were made to de­

termine the best microscope conditions f or· 

showing the maximum number of particles . After 

the optimum cond it ions had been discovered the 

effect of varying each factor separately , 
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keeping all others constant, ,,;as studied by 

counting the number of particles visible in a 

fixed area of a dust s ample . Since dust sam­

ples from mines contain numerous partic~es at 

and below the limit of visibility of the 
. 

optical microscop e , . this _provides a critical 

test of any adjustment; a ver y slight im­

provement in the limit of visibility will show 

an increas ed nur,1ber of particles. The effect 

of the various factors will be dis cussed under 

sep arat e headings , and v.,herever possibl e the 

results are given gr a9hically . 

Effect of mounting med~. 

It i s co.::-n.mon pract ice to ro.ount micro­

scop e specimens i n a medium of high refrac tive 

index to inc rease the r esol ving power . However 

the contrast is dep endent on t he difference 

between the r efractive i ndex of the material 

examined and that of the mount i ng medium. 

Since quartz has a r e frs.ctive index (1. 55 ) close 

to tha t of many Iuount i ng mediums , e . g . Canada 

balsam, ( 1. 52 - 1. 54 ) t he contras t is very 

poor and the finest part i cles cannot be seen. 

Exp eriment s were .amde y,ri t.h many mounting 
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mat eri a l s but i t ·was found t hat the maximum 

numbe r of part ic l es wa s visible if no medium 

was us ed and t he du s t particles examine d 

mount ed dr y - i. e . a gain s t a backgr ound of air. 

Amer ic an wor k68 has shown tha. t if dust 

particles are coat ed wi t h a film of very high 

r efractive i ndex (gr eat er than 2 ) the differ­

ence in contras t i s suffic i ently great to show 

the part i c l es clearly and t he increased r esol­

ving power can ther ef or e be us ed e f f ectively. 

Such f ilms can be produced by sput t er i ng s el e ­

niwn i n vacu o onto tho s lide carryi ng the dust 

samp l e . Thi s .ilOt ho d ha s not been tried sinc e 

the labour invo l vod in treat ing ever y dust 

s amp l e i n t his vmy appears t o preclude i ts 

app licat ion a s a matt er of' rout ine . 

Eff ect of numer:J cal ap er t ure of ob_j ecti ve . 

Counts were made with obj ect ives of 

diff er ent numeric al. ap erture , and are s hown 

in Figure XV . All the obj ec t i ves we r e apochro­

mat s ; count s with achro1;mt i c obj ect i ves of the 

same nw-11.erical apertur e gave lower count s . I t 

was found t hat i f a gi von ob j ec t ive wa s r educed 

to a .lower numer i cal apert ure by placing a 
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diaphragm behind its back l en s i t then gave 

approximately the same count as an ub j ective 

of numer i cal aper t u r e equal to the re duc ed 

value . Thi s i ndicat es that i t is rn:i.morical 

aperture ·wl1ich i s th e cont rol l i n ?; f 8c t or, and 

not the D.iagnif icat ion of t he ob j e c t :ive . 

These r esult s shov,r tho.t i t ·i_ s neces­

sary to us e a. 2 ir.Ji1 . ap oc hro.t11atic ob .~ective of 

numerical ap ertur e 1. 3 . ~1:he obj oc t .·ve of numer­

ical aperture 1. 4 s hovrn fevrnr par t icle s and 

this may be due t o t ho di if i culty of providing 

adequate corr e ction f or spherical ah erration in 

objectives of such h i gh ap ertur e . Al·chough 

various manufa ctur ers ma ke ob jec t ives to the 

above optical sp eci f ica t ion, co1npa rat;j_v e t es ts 

proved t hat . on e part icular ma ke (Be ck , London) 

showed a s i gni fic antly gr 0at er ll'J.mber of parti­

cles than other makes. 

Effect of conden ser . 

Sj_mple un c or rect ed typ e s of su b-stage 

condens er such a s t he Abbe , r esult e d i n a loss 

of about 30;~ of the particle s. Pro7id i n g an 

achromatic and aplanat ic condens er .; f numeric a l 

aperture 1. 0 is us ed t here ap ) e are d '.: o be no 
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di ffe r enc e bo tv,.re en di f fe r ent t yp es . 

Most t ext - books r- oco.IT1ii1Emd t hat t he 

ap ert ur e of the condenser shou l d be reduced' by 

an iris diaphr ag;a to about t wo- thirds of the 

ap ertur e of thG ob j ecti've to give the best 

r esolut i on . However t his s t il l produces too 

much gl ar e fo r the f inest p ur.t i cl os to be s een 

a gainst a light fi ol d , and Figur e XVI s hovJS how 

the counts increase a s t he ap er t ur e of t he con­

denser i s r educ ed st ill fur t hor . 

11 Cri ti cal 1• i llu.r:1ina t io n in whi ch t ho 

i mage of the l e.up i s fo cus s e d i n t he p l ane of 

t he ob j ect e;avo higher c ount s than 11 Kohl or 11 

illuminat ion , i n v.rhich the it;iage of the l amp i s 

f ocus sed on tho back l ens of t he co ndenser. 

Eff ect of eyepie c e ma gnifi cation. 

Count s v..;e r o made with compens a t ing 

eyepi eces of di ff er ent powe r s and with t wo 

objectives . One ob j ective was t ha t which had 

given t he highest count s in t ho compar ison of 

obj ec t i ves whi l e t he other was of average pe r ­

formance . The Tesults ar e given i n Figur e XVII . 

'r he ' be s t' ob j ect i ve bene f i t s from a 

hi ghe r eyepie ce magni f i cat i on , but in g ener al 
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it has been found p r efer able to standardize on 

the xl 7 eyepi ece . \ii th higher .magnifications 

the images of tho smallest particles become so 

diffusod that t he i r contrast is insufficient to 

enabl e t hem to be s een . 

Ef fec t of tubel ongth . 

The objectives used were designed to 

worlc at a tubelength of 1 60 m.ms • The counts 

shown in Figur E:J 1.'VIII w0re obtained at other 

tubel erst hs . This r esult was publishe d soon 

after it was discov er ec169 • The reason .may be 

that the obj ective i s corrected by the .manu­

factur er to work with n continuous medium of 

high refractive index between the front l ens 

and the object (i . e . immersion oil , cover-

glass and mounting mediurn ) wher eas in this work 

the obj oct is in air . By alt ering the tube­

l ength so.me cori1pcnsation for ups etting the 

.manufacture~s calculat ions f or the correction 

f or spherical and chromat i c aberrations .may 

r e sult . 

The op timum t u belength varies from 

ono obj ective to anot her , but is alwn:ys less 

than 160 .mms . The best t u be l ongt h for a given 
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objective al so dep ends on t hs thi ckness of the 

cover- glas s . 

r elationship 

For one part i cular object ive the 

T. L. = 14 9 - 84t was e st a b-

lished , whore 'I1 . L. == ootir.mm tub ol engt h o.nd 

t = thicknes s of cover - glass , both in milli­

metres . 

Effect of intensity of illumination . 

The br i ghtness of the sub-stage lamp 

was vari od over a wide range . The counts ob­

tained ar o plot t ed in Figur e XIX a gainst the 

power us ed for the la.mp . The r esults indicate 

that t hi s is not a criti ca l factor , and it is 

probably bes t for each obs erver to choose the 

l evel of illumino.t ion wh ich he finds most 

comfort a ble . 

It wqs al s o found that the int ensity 

of illut1in0.t i on in tho room is not import 2.n t; 

no significant differ ence in counts was found 

whon this ·wo. s vari ed f ro~n compl et e darkness to 

a normally well - lighted room. 

Effec t of wave l engt h of light . 

Counts were made using light of dif­

f er ent wavebands obtained f rom a set of 

spoctru.1:1 f ilt ers . The lamp ·was adjust ed to 
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give the same apparent bri ghtnes s with each 

fi l ter , The results are gi ven in Figure XX. 

Ther0 is o wide zone , around 5 , 000 Angs trom 

un i ts , in whic h wavel ength app ears to have 

litt l e eff ect . Pr esumabl y the improved re­

sol ution at shor t er wavel engt hs is balanced 

by th8 decree.s od sensitivity of the eye . 

Comparison of counts . 

A numb er of s lides were count ed using 

t he op timum conditions found as a r esult of t he 

above vvark , o.nd al so the condi tions commonly 
70 us ed befor e t hi s v10rk 1•1a0 r eport ed . The 

i mproved methods shov:ed a tot&l of 3 , 540 

partic l es whi l e the other me thod showed 2 , 720 

part i c l e s . Tho i 1nproved method has increased 

the count by 30'/4 . 

The s ize of tho smal l es t particles visible . 

It vms i mport ant to know the size of 

the smallest particle s shown by the i mpr oved 

t echnique . At the t i me of the exp eriment s 

(1937 - 1939 ) there was no simp l e me thod avail­

abl e f or determining thes e siz es direct l y . 

A slide cont a ining particles covering 

a wide sizo r o.ne;o wo.s exa..rnined using objectives 
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o f vari ous numeric al ap ertures , and a l s o high 

apert uro ob j ect i ves with their ap erturGs r educ e d 

by di aphro.gms p l a ced behind t he ba ck l ens . The 

numbers of pa rticl es v i s i bl e vri th· each ap e rtur e 

was count ed . The s li de YI..:.. s t he n examined under 

tho best c ondition s and the s i z e bf each parti­

cl e whi ch cou ld b e measur ed a ccurat e l y wa s 

de t er mined us i ng an eyepi ,·,c o mi crome t er . From 

t hese t wo s ot s of obser ve ·~ion s the sms.ll e s t 

size of p arti cle de t ec t a ble at var i ou s numeri­

co.l ap erture s wc.s dc t e rmL1Gd . rrhe se r e sult s 

v.ro r o extrElpo l at ed t o nume r i co.l a ,.:iorture 1. 3 , 

and this i ndic at ed t hat the smallest s i z e of 

p o.rticle vi s i bl e v.ras 0.13 mi cron s diamet er. 

The same r e sult was obt ain ed i n another way by 

-r,- • tt 71, 
.L\.J. 0 ' ho c entr i fu ged susp ensi on s of p arti-

clos under condition s whic h voul d remove a ll 

p a rticles of a g i v on s ize , r:tn d t hen obs erved 

t he re s idue un der t h mic r os copo . I n this 1No.y 

h e w2:. s a b l e t o deter mi ne tho s izes of . the 

smallest p or t i cl es visible under t ho micro s cop e . 

Mor e r ec ently dire ct comp c.r ison vd th e l ect r on 

micrographs ha s been po ss :;.ol c . Rosul ts in 

Great Br i t a in72 ha ve conf i r.1°10d t ha t t h i s i s t he 
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order of size of the sr1allost ) article s 

visible under the optical micros cop e . 

6.2 Low power darlc fi el d illum::_nation. 

Low power obj ective s -~ th dark fi eld 

illumination aI'O u s e d for coun-,~ ing lrnnimet or 

samp l e s . A 1 6 m-:1. obj ecti v o and xl5 eyepiece 

is commonly us ed , giving an ov,;ro.11 magnific a ­

tion of xl50 . The method is s :Lmple r than the 

high po·wo r li e;ht fi e l d t e chniqu e and has bo on 

proposed for counti ng thl:rriml ~Jrccipi t a tor 

sau1p l e s 70 • 

This syst em c an however on ly show 

particles down to about o. 20 m:_crons diamet er, 

and efforts to reveal small er ~a rt i cles wi th 

it hnvo not been s uc cessful. J'rot aganists of 

this method sugges t thnt count :· by the t wo 

methods .mi ght h,:xve a fixed r e l ct ionship to 

ea.ch other, in which case the r ounts by tho 

one method could ea s ily be c onv er t e d to counts 

by the othe r method. A mm.b ar of su ch com­

parison counts wore there for e n ade and are 

given in Figure XXI. Tho me an line is drawn 

through tho observation s , and a lso lines cal-
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cula t ed to c ont a in 95% of the r e sult s . 

The result s show -

(a) The correlation between the two ~ethods 
• 

of counting is poor . 

(b ) For a givon conc entrat ion shown by one 

method there is a large r an ge in the 

counts obtained by the other method. 

(c) As tho conc entration increas es, the low 

power dart: fi e ld method shOViS a decreas­

ing :9 erc ontage of t he particle s pre s ent; 

that is ns the dust increases in dange r , 

t ho l or,r p mver me thod ten ds to further 

under- es t imat e t ho danger. 

The lov, p ower dark fi e ld mothod of 

counting is ther e for e n ot suf f iciently accurat e 

for count ing thermal ) r cc ip i tntor s21..mp l es . 

6 . 3 Me di u .r:1 pov.ro r dark fi eld illumination. 

Fith a given object ive db.rlc fi e ld 

illu.mino.tion wil l show finer particles tho.n 

light field illut!lina tion . Al t hough dar t : fie ld 

illW11inat ion wi t h a 1 6 r::ir.1 obj e ctive wa s found 

to be unso.tisfo.ctory , thoro app eared to be a 

po s sibility of using a ~odium power object ive 
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and do.rl( field illumination to show up more 

particlos thun v•.r8 r o visibl e with the 2 mm. 

light fi e ld sys tem . 

·Experiments were made to determin o the 

bos t conditions for two medium pov1er obj ectives; 

t wo diffe r ent li ght sourc es were used. The 

!le.in difficulty occurred i n finding suitable 

sub-st2go condenser s , and vvit h ths 4 mm objec­

tive the condenser hnd t o be used in oi l 

ir:unersion cont c.ct with t he bottom of the slide 

carrying tho dust so.mp l es . Us i ng the best con­

ditions for cnch arrang ement the counts shown 

in Tabl e XVIII were obt o.in ed; these counts 

o.re rol e.ti vo to a count of 100 of the s ar.1e 

slide v1i th t ho 2 mm light field t e chnique . 

TA BLE XVIII . 

0bJec tive Lrunp Count 

8 .mm o.p ochro.mo.t; • numer-
ico.l ap erture 0. 65 8 - v\rat t substage 108 

" 500-·watt o.rc . 100 

4 l~1Ii1 apoc.hromat; • nu.mer -
ic e1. l c'..perture 0.95 8- wn.t t substage 135 

,? 500-watt arc . I 156 
I 



- 113 -

With t he 8 mm objective the arc lump 

gives too bright a ba ckground r e sulting inn 

slight lo s s of p nrticles , but with the 4 mm 

obj ective tho oxtra light is required du e to 

the hi gher .r,mgni fic o.tion . 

Exp eri ments v.rc rc nlso made v.rith 0. 

4 nm object i v e of the Cto,paan-Aldridge type. 

rrhis is fit t od vvith ci.n nnnul r,r r,1irror C'.round 

the obj octi ve , this refl ects light dovm onto 

tho p o.rticles fr oiil nbove o.nd produces n type 

of dark fiold illu..r:1inc.tion . This system g ve 

a rel o.tive count of only 52 part icles . 

Al though me d iur.1 powe r do.rk field 

illwninution hec s been prov ed to s how Hore 

::;:,art icl os t han c nn be seen with tho bes t 2 mm 

light fiold c ondit ions th o .method is no longer 

of groat interes t due t o t ho advont of the 

electron :.1icro scop c , Hov;0ver tho f a ct t hut 

tho 8 m.n obj ective sh ows approxinat ely the 

same nwnbcr of pc.rtic l es as the 2 ru.1 light 

field me t hod is of s o.me use . S01npl e s fro .1 t he 

stiJJldard t h cr ;:10.l pr oc ipi t ::::..t or aro count ed using 

tho latt er method, but t h is cannot be use d f or 

sample s fro"'- t he modified the r mal precipit a tor 
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sinc o t hoso ar0 collected on a thicker slide, 

e.nd t he 2 : :1i:l object i ve cannot focus through 

this. The 8 mm object l ve with dark field 

illumina tion can hov,over be used with t he 

thicker slide nnd t hi s enabl es equiva l ent 

counts t o be obt ained. 

6.4 High contrast photomi crographi c methods. 

Ono of t ho princip o.l fc1ctors control­

ling tho visibil ity of snall particles under 

tho optic a l micros cop e is t hat with decrease 

of part ic l e sizo the int ensity of the dif­

frac t ion rings decracse s until it is so closo 

to the intensity of the bac kground tho.t the 

differen ce cc:_nnot be det ected by the hu..n:1an 

oyo . 

One mo thod of r evealing smaller p ar­

ticles is therefore to use high contrast 

photogr aphic .Gw t llods to det ect differ ences of 

intensit y S.'.110.ll or than can be seen by ey0 . 

Experiments ·wer e mc,.de to show the 

best cond.i t i ons for obtain i ng such photogr ap hs, 

and t he r osul t s 1"o re pu bl i s.b.ed 7 3 . rrhe in­

vest igations covere d the bost combination of 

nicros cop e conditions , tho mos t sui t abl e 

• 
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plates and developer, the best combination of 

exposure and development times, and the effect 

of di f f erent wavelengt hs. 

I n gener al t he best microscope condi­

tions were tho se whi ch had been found best in 

the researc h done by vi su al observations 

(section 6.1), except t hat the lowest possible 

eyepiece magnification should be used; in 

photomicrograp hy the plate must be placed some 

distance away from the eyepiece in order to 

produce a reasonable size picture, this intro­

duces additicnal magnification and this is pre­

sumably the reason why a lower eyepiece magnifi­

cation is suitable. Y'i ith the particular pro­

jection microscope us ed for these investigations 

the eyepiece us ed was X6 and the projection 

distanc e 42 ems. 

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. 

Photographs were taken at wavelengths 
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dovm to 4 ,000 Angstrom units , and i t was 

found that t h o short er the wavel engt h th e 

gr 00.t e r the nu_rnber of pa rticle s revealed . 

Apparat us f or exp or i .r1cn ts wi th · ultra- violet 

light was not avai l able . 

Using t hese phot omicrographic me thods 

tho nwnbor of particle s made visi bl e was 

about t wic e the nwnb er vvhich cou l d be s een 

visually i n the same fie ld; the siz e of the 

smallest part icle s r;mde visible vms belioved 

to be s lightly l es s than 0.10 microns dia­

met er . Th is met hod wa s us ed to invest igate 

tho nu_'.'.1b er of pnrticlos of t his size in dus ts 

produced by vo.rious mining p r ocess e s 74 • 

Dur in _ the cours e of t he se experiments 

t wo int eresting subsidiary investigations were 

mo.de . It v0c.s found tha t t h e focu s had t o be 

oxc.ct to show the maxi.mun nu..r..1bor of particles. 

A sp ecio. l s low motion dr i ve was fitt ed to the 

normal fi ne focussing a d justment of the pro ­

jection c.icroscope , and p hoto grap hs were 

to.ken in which the focus was changed by 0.l 

microns aft or e a c h ox-po sur e . Tlle resul t s 

showEd t h at a c hanc e of this amount was 



2-or 
1nv1s 1ble ot 

lower 
apertures 

1·51 

c,, 
c:: 
Cl 
\... 

. \..J 
'-
t:: 
" :::: l·O 
llJ 
"I ..... 
V') 

'!...) 

c:: 
t 
C) 

~ 
"1: 0-S 

0 0·2 0 ·4 

FIGURE XXIII 

APPARENT SIZE OF PARTICLE AT 

DIFFERENT NUMERICAL APPERTURES 

0 

0 
I 

0 ·6 0 ·8 

Numencal operlure or oD_/ e ct.ive 

l·O 1·2 1-4 



- 117 -

sufficient to make the finest particles dis­

appear completoly, in other words that the 

depth of focus was les s than this amount. 

This is less than the amount postulated by 

theory. A note on this observation was 

published 75• 

The second investigation was concern­

ed v_;i th the a!x? arent size of particles photo­

graphed with objectives of different nu.r-ieri­

cal aperture. The sizes of the same parti­

cle as measured from the photographic plat e 

o. t different apertur 0s are shown in Figure 

XXIII. As t he nur,1ericnl aperture decreas es 

the apparent size of t he ·pa.rt icle increases 

-
1 until the particle f inally becomes invisible 

when it i s so large and diffuse that therG 

is insuff icient cont rast to distinguish it 

from the background. A theory of image 

formation of fine particles has subsequently 

been publish0d76 wh ich explains this obs er­

vation. 

6.5 Phas e contrast microscopy. 

Comparison counts have been rn.ade of 

the srune slide wi t h a phas e contrast 2 .mm 
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obj ective, and 1·1i th tho standard t echnique 

used for ther.c.1al procipi t o.tor samp l es , No 

increase in counts was obtained, 

Pho.so contras t ne thods hovvovor app ear 

to offor possibiliti es of identifying t ho 

nature of smaller particles than ca.n be 

achieved with st nndard pe trological net hods 

or tho Boeke line t echnique , but this sub­

j ect f ulls outside the scopo of tho pres ent 

work. 

6n6 Electron microscopy, 

TJ:o ex-_p erinents described in sections 

6.1 to 6.4 above wore made before 1940 when 

sonc .me t hod of det orri1ining the number and 

s izes of particles below the existing limits 

of t he optic ul nicroscope were urgently 

r equired. Electron Microscop es were not then 

commercially o.vail~ble. 

The advent of the eloctron cicroscop e 

ha s enabled the r ange of invest igation of 

dust particles to be ext ended by soveral 

or ders of size, , A snall 01:1ount of work·hns 

boon carri ed out overrseas ·011" nine dusts77 ,78,79 • 
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An el ec tron ni cros cop o has been in­

st alled ut tho Research Laboratories of tho 

Transvaa.l Chamber of Mines . Bofo1-- o i t could 

be us ed to i nvesti go.t o t:ii ne dusts a method 

of collect ing such dus t in o. form suitable 

for exru11ination ho.d to bo developed. The 

supporting fil .r.1 ho.d to be suffici ently robust 

to withstand handl ing in the mine and yet be 

transpa\'ont to t h0 e l ect ron boaH; it o.l.so 

had to wi ths t o.nd heating t o about 5oo 0 c to 

remove carb on and ot her particles f r on the 

s o.mple ru1 d be f r ee of crys t alline structure 

so that electron diffraction s t udie s could 

be n.ade of the dus t p o.rti cl es . 

The s t andard collodion filil use d in 

electron micros copy cannot be hoat ed to tho 

r e q_u i r ed te.r1perature . Aft er exp eri;~1ent ing 

with various films the fo llowing· t echnique 

was evolved. 

Tho ordinary copper support i ng grid is 

given a t hi n coe.t ing of alumini Uir1 by 0vapora­

ting -~he a l ill:1iniu1i1 i n a vacuum. A moderate­

ly t h ick collodion f ilm is t h en cas t on this 

in wat er i n t he usual way8 0 • Th e grid with 



- 120 -

the collodion filn is then plnc od in a 

vo.cuun chQ.i:1bor and a th in fi h1 (approximate­

ly 100 Angstrom units thick) of s ilicon 

monoxide depos it ed on it by evapor ating t he 

silicon .monoxido on a suit ab l e filar,1ont 

nearby . 

The grid with t he t v,10 filns on it is 

t hen t 2.ken underground and tho sample collec­

t ed in a sp ecially modified ther nal precipi­

tator. The grid is kept oscillating about 

t ho hot wi re in the t hcrHo.l pr ec ip itator 

during the saapling process so that each area 

of the s amp l e contains a representative 

sar:wle of the dust. This i s necessary since 

the area which can be examined in the elec­

tron a icroscop e i s very small. 

On return to tho l aboratory the grid 

is heat ed under controlled conditions . This 

heating rea oves the unwanted carbon part icles 

and organic Liatter present i n t ho dust sample, 

burn s off the collodion supporting film. and 

converts the s ilicon monoxide i nto a form of 

s i licon dioxide which shows no crystalline 

struc t ure . The specimen i s then shadow-cast 
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ELECTRON MICROGRAPH OF DUST FROM 

A WITWATERSRAND GOLD MINE . 
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and examined in the electron microscope . 

. The thin layer of aluminium on the gr id 

appears to improve the adhesion between the 

bars of the grid and the silicon dioxide film. 

Figure XXIV is an electron micrograph 

of dust fr6m 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 cou,riting of partiqles, 

The counting of particles under the 

microscope by eye is a laborious process, and 

ao shown in section 4 has various errors 

associated wi th it. 

Automatic methods of doing this have 

received considerable attention in recent 

ye ars, particularly in Great Britain81, 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 is recorded 

electronically. By measuring the time the 
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boan of light is i n contact with the parti­

cle , or by mo2suring the int ensity of the 

scatt er ed light, or in other ways , the sizos 

of the partic l e s may also bo det er mined. 

This n othod was suggest ed by the 

author 83 prior to the publication of the 

overseas oxp orir.ient s but f acil i t i es for 

·building the appar a tus were not available. 

Later tho author and a coll ea gue , 

IvTr . R;. T. J amie son co 1.111:.1enc ed construc tion of 

such an app aratus but the work was abandoned 

as t he ap:,;:> aratus is n01i\1 available .cor.uaer ­

cially . 

This -t;ype of appar atus will have 

several advantages over t he optical method 

of counting dust samples -

(i) The hwnan factor is e l iri1inat ed. 

(i i ) A much larger fr action of the sample 

or the whole san1.p l e , can b~ exa~i ned , 
\ 

thus r educing the er r ors which are 

unavoidable if only a small fraction 

of the samp l e i s count ed. 

(i ii ) The srui1p l es can bo a s sessed more 

rapidly - counting rat es of 1000 par-
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ticlos por second or high0r can be 

usod; ·with hu_r:1.an counting 1 to 2 

particles por second is tho maxfr1un 

rate. 

At present these devic es aro still in 

the experi1:1ental ·stage, they will r equire 

skilled naint enanco , and their cost is high . 

Thoy are unlikely to be suitabl e for use by 

personnel on the n ines, and an alternative 

method of assessing ssmplos is described in 

the next section . 
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7. A PHOTO-ELECTRIC i.:ETHOD OF ASSESSING 

DUST SAMPLES 

The r.1o thod of asses s ing a dust samp l e 

by an observer counting under a microscope 

the nw.>:1bc r of part ic l cs present in it has 

sevGral di sadv2ntages :-

(a ) Tho process is laborious and t ine -

consuning . 

( b ) Ob servers require l engthy training 

and c onsidoro.b l s • cxporienco befor e t hey 

becone proficient . 

(c) Tho result s are subj ect t o variations 

du e to the hunan factor . 

( d) Usually onl y a sriiall fre.c t ion of t he 

whol e sanp l e can be exami ne d, and t his 

may not be representative . This l e ads 

t o unavoi dabl e errors in tho resul t . 

(o ) There is considerabl e doubt if pa rti­

cle nunber is an accurat e indication of 

the danger to healt h of tho dust . 

Somo of t hese natters have been dis­

cusse d earlier in this t hes is . 

7 .1 Basic theory of t ho photo-elec tr ic 
apparatus. 

There is a ne od for a me thod of 
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assessing du st sanples which is rapid, con­

sist ent and si1i1ple to us e , which olin inates 

the human f ac tor, and which measures a 

prop ert y of .t he du s t c losely relat ed to its 

danger to h ealth. In s ection I it was 

sugge sted t hat the pa1·a mot er .r.1oasured should 

be tho surfac e area of the particles retained 

in the lung with over - esti.mation of particle s 

in the r egion 1 to 2 ~icrons, and under­

estimation of the particles below 0.5 microns. 

The modified th8rr.1al ~') r ecipi tat or has been 

shown to sample dust approximately in pro­

portion to the retent i on of tho various sizes 

in tho lung; parallel to the development of 

the modified thermal p recipitator, a photo­

e l e ctric apparatus was designe d and . construc­

ted to e nabl o the sam.~)l os to be measured 

rapidly and convenien~:.ly. It was exp ected 

that an instrument r.10 ►.:. suring the li ght ox-

t inguished by the dus "~ po.rt icl es in the 

sample would provide a reading l"O l a ted 

closely to the surfac e area of tho particles. 

Richardson84 s ;~o,Ned that the light 

extinguished from a be a..~ by a collection of 
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dust particlos placod in tho boar:1 was pro­

portional to their proj ec t ed surfnc e nroa 

when tho particles wore large compared with 

the wavelength of the light, but that as tho 

~article s ize decrease d, and approached the 

wavelengt h of the li~ht, the light extinguish­

ed per unit surface a r ea increas ed. The 

solubility of particles per unit surface area 

also increas es over the same range of size. 

Tho increased solubility per unit surface 

area, and the increased amount of light ex­

tinguishod per unit surface area, vvith de­

crease of particle s ize down to t he wavel ength 

of tho light used, are approximately eq_ual. 

The pos sibility of using thi s r elationsip to 

provide a use ful me thod of ass essing dust 

sanples was pointed out by the author85 

Whon the pe.rticl o sizo is small cbm­

pared with tho wavelengt h of the light, the 

Rayleigh law of scatt ering applies, i.e. tho 

scattering i s proportional to the sixth power 

of tho diameter, and the light extinguished 

per unit surface area f alls rapidly to 

effectively zero. 
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Sinc o vi s i bl o light has a mo an wav0 l ength of 

approximat el y ii· micron this i 1'!lpli os t hat 

apparatu s m0 asuring the oxtinction of visi­

ble light wou l d givo a floasurement of the 

surface area of t he particlos, wi th an over­

estimation of t he sur fac e area of particles 

slightly largor t han t ho wavel engt h of light, 

i. e . particles of t he or der of 1 mi cr on dia ­

me t er and wit h a r ap i dl y i ncreasing under­

estiaat i on of t ho surface area of particles 

below 0. 5 mi crons . As was shown 1n Se ction 1 

of t ]1is thes i s , t his woul d rep roduce quali­

t a t i vel y t ho toxic i t y of si lic a particles. 

At pres ent there i s i nsuffici ent pat hological 

ev i denc e t o p l a ce th i s rolationshi p on a 

quantit at i ve basis. 

Thi s re lationsh i p forms the basis of 

the apparatu s described be low. 

The laws of s cat tering and 0xtinction 

of light by small p articlos ( of t he order of 

size equal to t ho wavel ength of t he light) ar e 

complex. T.hey havo been investigat ed by 

Rayl eigh86, Mi e87 , and more r ecently by 

Sinclair88 , and i:mny others. Tabl es of 
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scattering function ho.ve boon publi shed89 

Mtwh of th is r.rork app lies only to spherical 

po.rt icles, o.nd t he l m'.jS co.n only bo applied 

in practic e if tho particl es ar c homogeneous 

i n compqsition, s iz o and shap e , if the re­

fr active index i s known , if tho light is 

monochromatic, and if tho geometry of des i gn 

of t ho app aro.tu.s for measuring the a.mount of 

scat tering or extinction i s specified. 

These r equir ements rogarding t ho particles 

do not hold in t ho cnse of .r.1ino dusts, and 

there ap~)oo.r ed t o be no p ossi bili ty of cal­

culating th8 design and p orforr.mnc e of an 

instrument 1:.rith prodct er .r.iinod measuring char­

act eristics. Instead var ious exp erimental 

designs wer e tri ed on an optical bench, t he ir 

charact eristics measured , and a f inal design 

construct ed in a fo rm suitable for use by 

mining p ersonnel. The actual prop erty of the 

dust measured in t his apparatus was then 

det er mined in a series of calibrat ion t ests. 

7.2 Description -of t he ] hoto-el ectric 
apparatus. 

The basic cons tru ction of the apparatus 
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is shown dio.gra,.,1ri11. tico.lly in Figur e XXV. 

Figure XXVI i s o.. ~?hot ogr o.p h of th e apparatus. 

Tho apparo.tus is bui lt on n he avy 

bas e pla t e '.vi th l.Lght -t i ght thin metal sides 

a.nd lid. All i nt crnctl no t al surfaces nr e 

paintod :.mt t bl o.c .: to ::1in imize stro.y light. 

T}:e appara tus is .2.4 11 long , 15 11 1:rido and sri 

high. 

The lo.I!lp A has a co ile d vertical fila­

ment, approxL1at o . y 3 / 8 11 high and 0.04 11 wide. 

It is r,1ount 8d on rt bo.so ·.rh ich can bo move d in 

throe d i r1onsions "Jr tilt ed so tha t wh on u 

- lamp is chc1.nged c.d jus t mont can be made to 

cor:1.p onsa t e for sLLght differences · i n tho 

posi t ion of ·i:; ho f i l a:,1en t . The lamp is ro.tod 

at B. 5 vo lt s , 35 watts, but is under-run 

slightly to i n crea.s e th o life. It must be 

f ed by a st a bl e supply; Gither a 12-volt 

car accurJ.ul e.tor or· a co ns tant volt e.go trans­

forri1er ho.s bocn found suitabl e • lj_
11J.o circuit 

include s a 3- ohr.,1 , 10-amp or e rheostat and an 

ai:11.net er. I t has bean i'ound essential to 

solder t he l eads t o the bas e t er minal s of 

the lamp to ensur e a steady contact . The 



FIGURE XXVI 

THE PHOTO-EIBCTRIC APPARATUS . FOR ASSR~S_ING 
DUST SAMPIBS. 
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lrunp housing i nclud0s o. louvred ventilator. 

Tv,o indenti co.l boan s of light from 

tho lamp pas s through tho apparatus . Adjust -
• 

o.ble diaphr o..g.t.1s a t B dot cr n ine tho dimensions 

of the beams rd1 ic h then p as s t hrough l0nses C 

(foc al l ength 2ri ) and nro rofl octod by mirrors 

D and r e f ocussed by l 0nses E ( foco.l length 4;, ). 

The boams p ass close to each other through a 

glass slide F (vrhich carri es tho dust samples) 

and fall onto b.:u ri or-la·yer photocells G. 

Tho gl as s s lide is car ried on a 

supp ort H Fhicll i s moved lo.t orally by the 

s orewod r od J 2n d ho.ndl e K. Tho lid i s s eal ed 

onto the apparatus so that tho optical arrango­

nents cannot be int orfer ed with, and the 

slid0hold0r His t hor oforo designed to trave l 

out into a conI>o.r tmcnt L ,vhen the s lido is to 

be chang0d . This compartment ho.s a light-

proof door Ii . Inside the box are baffles N to 

r e duc e stray light. A s1nall ob s er va tion hole P 

enables the gl a ss slide to be obs erved . 

Tho t wo p hoto-cells nro connect ed in 

opposition through a 25 -ohr:1 potentiome t er Q and 

a point er t ype go.l vanomet er R VJh i ch ho.s a 
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s ens iti_vity of 4 .milli.mctros p or .1'.:1icroo..r:.1p cre, 

o. res-isto.nc o of o.pproxino.t ely 150 o.h.i:1.s o.nd n 

p eriodic t i ne of 2¾ s econds . It has n centre 

z ero. 

Tho apparatus ho.s been made heavy to 

prevent acc idont £t l knocks upsetting tho optic o.l 

arrangements, It has beon made fnirly long 

since the photocells havo a t emp erature co­

efficient and t he ir outptt may o.lt or if they 

are heat ed undul y by tho lamp ; it was :found 

that t he use of heat-absorbing filt ers did not 

r educ e t heir dr ift npprociably. 

Tt o illumination at th e dust deposit 

must bo evenl y di stributed. Th i s is achieved 

by the Kohler sys t em of illumination, i. e . l ens 

C thr ows an i ;:10.go of t ho lnnp filnnent onto 

l ens E, and l ens E t hror~ an image of tho 

surfac e of l ens C onto t he s lido H - since all 

parts of l ens C r eceived light from all part s 

of th e l amp f i l amc:mt it s i me.ge is evenly 

illuminated . The dimensions of t ho lamp 

filament and the diap hr agm B are such tlla t, 

taken wi t h t he ot her di a ons i ons of t ho 

apparatus , tho imo.ge of tho diaphragm B t hrovm 
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on tho dust s l id. o is tho sano l10i ght as, Gnd 

slightly -r.ridor t han , t ho du st saI!lple s on tho 

s lido . 

Tho photocell s r ocoivo an out -of-focus 

imagG of t he l i ght filan1ent . Tho ir e f fective 

are a is controll ed by n as ks so t hat t his image 

fill s their surfo.c o . Any light from the beai.11 

scatt er ed by tho du s t partic l es i s thoreforo 

not r ecorded by the photocells. 

Mat ch ed pair s of photocolls v,ere 

se l ec t ed , but despit e t his and the gonor al 

syri1metry of t ho two be ams , it . vms found 

necessary to incorpor at e the potentiomet er to 

enabl e tho galvanonot cr r eading to bo brought 

to zero •Nh cn both boru:1s of l i ght traverse a 

blank portion of t ho glass s lido . There a r e 

day-to-day vari ations in the ealvanomot cr zero 

reading as . ·well as a gradual drift during a 

day. This i s ad just ed by r oset ting t he 

pot ent iomet er . rL1 he s ensitivity of the appara­

tus , i. o . the de flection of tho gal vanomet er 

for a given Binount of dust , is controlled by 

ad.justing the s iz e of the diaphragms B, and by 

varying t he bri ghtnes s of the lamp. 
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Two beans of light arc us ed; this 

compensat e s to o. l o.rgo oxt ont for slight vari­

at i ons in l o.r:ip bri ght ness during a series of 

mo asuro .. 1Gnts , and i s nlso nocossary because t he 

surfac es of t he glass s lide oft en scattor as 

much l i ght o.s tho dust parti c l os . , -hon a 

measurnont i s .:!1.ado , ono boar1 of light pas s es 

through tho du st s ur:1pl o and gl o.s s s l ide , wh i l e 

t he other p asse s only through the gl ass slide 

nearby - va r i at ions f r on avorago in t ho re­

flect i vity of t ho glass and in tho amount of 

absorbtion of' light i n tho gl ass ar o t hus 

auto~atically coup ons at od for and t ho differ ­

enco in the int ensity of tho t wo light beams 

is t her e for e du o to t he light scatt er e d or 

a bsorbed by t ho du s t part i cl es . 

7.3 Operation of t ho photo - e l ectric apparatus . 

T~,o lamp i s switched on at l 0ast 15 

minut es bo forG i t is dosirod t o measur e a 

samp l e . T_1i s nl l m,rs the photoc el l s to r oach 

a f a ir l y s t ab l e output aft er wlli ch dri ft is 

gr eatly r educoa.. The lamp current i s adjust ­

ed to 4 .0 anp oro s . 
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Tho gl a ss s l ide is i nsort od i nto the 

slidG ho l der and by t urning handl G K i s br ought 

i nt o a p osit i on '\,ihcr c bo t h b0arn.s of light 

tr a verse -oortions of tho s l ide whic h havo no 

dust dep osited on then . Tho po t entiome t er is 

t hen adjusted to br i ng t he gal vanonetcr r ead­

i ng t o z ero . 

Th0 s lide is n ovod until t he f irs t 

dust s a1.11_P l e is s0 cn t hrough tho obsorvo.t ion 

hol e to be in t he centre of on o of t h e light 

beams; t hi s posit i on i s j u dged by obs rvation 

and t he s li do is t hen .c.1ovod s lowl y f r om side to 

si de unti l the gal vanomot 8r re a ding i s a maxi­

mu.r1 ; thi s reading i o not ed . ~~he sane dust 

samg l a is then brotlght into the other bean M d 

t he pr ocess rep Gat od , with a gal van ome t er r ead­

i ng being obt ained on t ho ot her side of z ero . 

The t wo ga l vm-1O1.·1.c t er r-0 2cdings a dde d toge ther 

give th a s sos snont of t ho dust s anp l o . The 

n ext du s t sru'!lp l e on t he s lide is thon tr1O 0.sure d 

i n the sar:1O ,·:o.y . Ea ch reading t akes a bout 10 

s e c onds to nake , co1np o.r·0 d with 10 t o 20 n i nut e s 

nor ~:1ally r oc1uirod to c ount a t her::ml p ro ci_p it a ­

tor sample . 
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An a l t erno.tivo I.:.ct hod of ao._ ing t ho 

no o.suronont i s t o us e the pot ont ioaet cr to 

bring the gc..lvc..no1:1ot o:c po inter to z ero whon the 

du st sample i s in one bean . This Hnull 11 

n ethod appear ed to have no advo.ntago s over t ho 

metho d described o.bovo , and a longer time i s 

needed to obt a i n t he reading . 

7 . 4 Consist ency· of no e .. sur ononts . 

T~~ o vvholo dust so.r1p l o i s evaluat ed in 

t his appnro..t us . Tl10ro is thus no er r or such 

as occur s in r.ii crosc op o counting whor e only a 

fraction of t ho whole sa.::,1p l o i s o:canino d and 

assuilod to be ropr c sent~tive of tho whol e . In 

t h0 studi es rcJ ort od in section 4 . 3 of t his 

t hesis , t his source of error was found to have 

o.. pGrcont ago standard devio.tion of 3. 31; . 

Vft.en the sa.ne observer counts the 

same t herr.10. l precipi t c. tor so.rapl8 a nu1nber of 

tin es under tho mi cros cop e it vo.s s hown i n 

s ection 4 . 3 that t he counts hcve a p erc ent age 

standard deviat i on of 6 . 6%. On e obs erver 

made 45 .meusurement s of tho S81!16 dus t s c~a:1p l e 

in t he photo- el ec tric ufJarat us and t he per ­

cent c.ge s t andard dov i o.tion of tl;.o roe.dings was 
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0 7c' 
• I J • Tho r c v1c.s no si esn in t he clnt o. t h Gt tho 

obs ervntioss be e~ ~ erratic wi t h t i n o , i . e . 

t he re i s n o indicc tion of a f 2ti cu o affe ct 

sucll a s v;c.s ov idcmt 1"110n r op c&toc1 :.1icroscop e 

counts v.m r o n ado . 

h·hon di1' foront obs ervers count t ho 

s 2·_·10 sl i de undor t ho ~-.1ic roscop o it \'!a s found 

tlw.t t he ir count s v c.r i cd on the avo r 2,go by 8;: 

v;hen bot 1 observors 1"cr 0 oxp crionccd , and by 

up to 13, 'Nhcn ono wo.s inexp eri en c ed . Fi vo 

obs ervers r.1c c:. sured t ho s a.·.1c S8.t1_P l e in tho 

photo- e l e ctric DJ> ·::ic.r o.tus , c111d t ho ir moo.surer:1onts 
- . 

wer o 23 . 3 , 23 . 4 , 23 . 4, 23 . 5 and 23 . 5 . Tho 

p or cont a g0 s t c:1.n cl.ard doviat ion i s O. 4~': . Tho 

socond nn d fift h noa sur enonts r e spe ctive l y wor e 

ma do by observer s ,f,r i t h no p r evious exp crionc e 

of tho app aratus ; i n :1icros cop e counting it 

i s fo \.1. ncl that inexperi enc e d ob servers t end to 

obtain sign i ficantly lo,:;0r count s t h o.n tr&ine d 

obs ,rver s . Now obs ervers ca n be tr21in ed to 

op erat e the ap~)o.ra tus i n about 1 0 r.ii nut e s . 

The various s ourc e s of er~or inherent · 

in hlicrosco~o count ing o.r e t h erefore l o.rgely 

elirn.i n 2.t Gd i n thi s Cippo.r o.t us . Rondings 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 variety of minerals. 

It is not practicable to produce dust 

clouds, of say quartzi 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 each 

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 therm.al 
• 

precipitator and evaluated in the photo-electric 
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e.ppnro.tus ; fou r or fi vc noo.sur u 1ont s rro r o .•.10.do 

of Cc.'. ch sru:1ple , c:.nd t hose i nvo.r ±o.bly e1gr ood to 

bct t or t hun l )~ . Tho dus t sc...t.1p l os For e then 

exG..minod una.cr t ho r,iicroscop o o.nd t he nt1n ber 

a nd size of p Grticlos os t inat od ns in t ho 

standG.rd r:1ct hoa. of dust c ount ing . ii.b out 1 , 000 

po.rticlos nor c count ed end ::ice.sure d in ec,cll 

s c:U'.lP 1 o • 

Tllo tot ~l ~rojoc t c d surf~c o nrca of 

o.11 tho particl os i n tho Scu.l~) l o rTas tlrnn c o.1 -

cula t ed fr◊~ t hese obs ervations . It should bo 

not ed here t ho.t ctl t h 01..1.6h t he 1.1icroscop o .':1cthod 

l eo.ds to o. dot crr,1inat ion of t he projected sur ­

f ac e aroa of tho p ~rticl cs , t his is r ol - t od by 

a c onst ant (¼) to the totGl surfnco ar oo. of the 

particles , even if t ho partic l es dcvio.tc fron 

o. spherical shap e by C'. cons idoro.blo o.taount go . 

Tl.'.c ca lculat Gd proj oct od surfo. co area 

and t ho p hoto - e l ectric noc.sur ci_1ent for 52 such 

oxp erimGnt s e.ro plott od in Figure JQCVII . 

Alth ough thero is soao i n di cation of a r e l a ­

tionship , thG scatt e r ab out the iloan l ino is 

cons idcra blG . Th o avGr age sizn of p o.r t ic l o in 

Gach s an1p l 8 wo.s t hon ca lculat ed. usiri.s as a 
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.raoasur o of rae nn p~rticlc siz e , GS i~ custo£Gry 

in such 
-- 2 

1 ~- - 11 d 1 • t 1 l f 1;-,orK ---- 1;v_1or o n 1s - 1c nw·_l)or o • 
• ' ~:- nd 

p c.rticlos of di Cli.1o t or d in t ho snl:1plo . 

1 ~, nr_s f ound t lrn.t point s l ying a bovo 

t ho ~--iean lin--: · re sult ed fro1~: ox-_p or i nont s in 

1,rhich tho s.voro.gu pc1.rticlo siz e --.·c. s s tw.11 , 

whil o poihts lying below tho ~can lino wor e f or 

coc.rso dusts . The avcrac o part i c l c s iz os m:: o 

shown next to o. f ov-- po i nts i n Fi gure X:XVII ~o 

i l lustra t e t his . 

Photo- ol cctri~o2..di~ 
The ro.tio Pro j ect ed surfac e aroo. 

then co.lculatod for 0ach oxporinont . Tho 

va lue of this ratio i n each oxp ori nont is 

plott ed agains t t ho ave rage part i cl e s ize ir 

Figura XXVI ::r:I . Deviations fro;:1 the gonorctl 

trend ar e pro bo.b l y duo i"'min.l y to err ors in 

measuring the s iz os and numbers of purtic l o::; 

undor t ho Hicroscop o , since tho u.cc·1r8.cy of 

this typo of work is l ow . 

The resul ts in Figuro 1u.:VI I I indic :i. te 

t hat for sru:1plos of c oars e dust ( av 'Jro.gc di F':­

mot or gr eat er t han 1 . 8 t.:ic rons ) t he p hoto­

electric r eading is dir ectly p roportion~l t G 

the surfac e c.roa . As the s i ze docr oLso s t ho 
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photo-Gl octri o roadinG 9or unit surfa ce aroa 

increases nnt r onchos c n c.:x:i1:1w--1 of neo.r l y t hro e 

ti.aes the nor.m:.l ve l uo ,·hen tho aver a ge parti­

cle dia.r.1et c r i s in t h e r c.-J1gc 0.5 to 0.6 nicrons 

dianot or . Bolo~ 0 . 4 flicrons t ho extinction p er 

unit surfc:~c e area dG crons c s shc.rply o.s ox-pected 

fron the t heory of light s cattering . 

The s iz c o.t ,.- ·l1i ct. no.xi::mm ovor -

ost i.:10.t ion of sur f o.c o a roc. occurs is sor:1cwhat 

smaller t han thQt dosi~ ~bl c fron a cons i dera­

tion of t h o toxicit y of silica dusts of differ­

ent siz e s ( soc Section l ). Hov!Ovcr the ·wholo 

curve could bo n ovo d to t Lo right by using 

light of longer wa vc l unGt h , i . e . licht in the 

rod or near infra- rod r cc; i on of t ho sp octrUI11. 

Ho1,,cvor in t!.10 abs onco c, f ~1oro precise quan-

t itativo data on the t oxic ity of p articles 

t his step is not yet r o ~nrdod a s u arrantod. It 

would not i nvolve an~r n o. jar a l t orations to tho 

present for.n.1 of th e o.ppo.ratus. 

~xtinction fa c tors for onc h particlo 

sizo 1-vor e t alcon fr 01:1 Fi E.r,ur c XXVIII and usod to 

c onvert the measured sur f ~c e a r oas in tho 

original oxp orimen-bs to H xtinction surfac e 
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o.reasi1
• Tho total ext inction surface aroo. for 

co.ch scunpl o was then ca lculat e d and is plott0d 

ago.ins t tho photo- oloctric r ending in Figuro 

XXIX. Alt hough thoro is s ome sc e1tt or a bout 

t ho monn lino t ho corrolo.tion is so.tisfQctory 

nnd th0 r c l nt ion ship c..ppoc.rs to be lineo.r wi th­

i n t ho r nngo o f c onc ent r a tions t os t od . This 

r c..nge covers the conditions nor r.10. lly found in 

Wi t wC'.t crsr o.nd go l d min es . 

SL:iilo.r oxp eril':lonts wor e nc.de u sing 

dusts produc ed f ror.1 n vo.riEYty of ot her sub­

s tanc es - co o.li kaolin , sulp hur, o.n d vnrious 

ri1inornls , - c.s wa l l o.s dusts obt c.i nod i n gold 

:min es ( a mixture of quc.r tz c.nd vnr ious sil i,­

c nt os ). Tho we i ght ing f Gctors to obtnin th e 

extinction surfc.co r.ron of t hose S<'Jnplos woro 

t akon fron tho oxp or i J.:1en ts on pur e quo.r t z. 

Figure XXX sho;,1rs th o ro l r.tionship bet woon tho 

photo - ol octric reeding o.nd the extinction sur ­

f o.c o c,roo. . It will bo so on thc\t tho r,10an lino 

through tho points c.gr oo s clos ely with t hnt 

obt o. inod f or quartz , 2.nd a.p c. rt possibly f rom 

the result s 1.vi th sulphur then:; is no ovidonc o 

tho.t nny o f t h o subs t o.n c os t os t od show o. 
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ma.rkedly difforont rol,..._tionship to tho others . 

Those r esults show tho.t th0 m0~suro­

nont of t ho dust s ~rwl cs obto.inod in this 

photo- ol octric epp o.ro.tus provid.os bnsioa.lly a 

noo.suro of surfac e aroa of tho perticlos , with 

an ovor - ostino.t c of t ho surf c.co of p8.rticlos 

botwoon 0 . 5 c.nd 2 nicrons , boliovod to hnvo an 

onhanc od toxicity ]? or unit surfa c o o.r oct , o.nd 

with o.n undor- cs t innto of tho surfo.co of 

pnrticl os bol ow nbout 0. 5 mi crons diono t or , 

which nro boli ovod to hc.vo o. lowor toxi ci ty 

p Gr unit surfo. co nr on , o.nd whi ch prob o.bly pl cty 

o. ninor rol e in tho production of silicosis 

du o t o thoir c o.r.1pnr c.t ivoly ro.pid disuppo c~rc.flc e 

fro r.1 the l ungs by co;:_1plot o so lution . This 

r:ior.sur or.icnt i s probo.bly o. noro nccur r.1.te c.ssoss-

mont of tho silicosis ho.zo.rd of c-. dust thc,n 

nny pr eviously avniloblo meo.suronent . 

7 . 6 Advo..nt o.gos of tho phot o-electric r:iothod 

of assessing dust so.r:iplos . 

( i ) Ropoo:t od moo.sur os of tho s rui1e slide · 

o.ro more consist ent (perc ont ngo sto.ndnrd 

a.evic tion l oss tho.n 1%) thnn r op oat od 

n oc.suror.ionts of tho so.ao slide under the 
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n i cro s c op o (p rc ont c.ge s t o.ndo.rd 

dovir..t ion ei bou t 7'f:; ). 

( ii ) I nt er-observer vc.rintions o.r e l oss 

(iii ) 

(o. ~; ) t hen int cr - obs orvor vc.ri o.tions 

with tho n icrosc op e ( 8%). The humo.n 

f a ct or is pro.cticcl l y e li~ i n~t ed . 

'I1h o whol o SCJ.:1p l o i s c.ssoss od . V{it h 

r:1.icro s cop o not hods only c. fr nction of 

th e s c .. 1.:1p l o c o.n be oxo.n ined crnd uno.voi d­

o.bl o orror s c:ro t hus introduced. 

( i V ) Sc:npl os C C'.11 be nsseEJ sea. v ery r o.) idly 

( s ew 10 seconds ); t he usuc.l ni c ro s c op e 

oxc.::inntion of c. t he r ~·c.l procipi "l; c.tor 

so..rnp l c t c.kes 10- 20 t:1i nut cs . 

( ) I1 v ' ho p:r·op ort y of t he s c:.r.1_p l o nor.sur ed 

i s be l ieve d t o be £1. be t t e r n ee.su r e of 

the d. r.nge r to hoc.1th of the dus t them is 

r.:1ec.sure£:1on·b of t h o number conc ontro.tion. 
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