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Abstract 

A manildn and. an automatic resuscitator were used in this 

research to simul.ate the human respiratory tunction in order to 

investigate the performance Characteristics of various commerci~ 

available dust respirators currently in use for protection against 

tibrous dusts. Some of the se respirators which have been approved 

by the U. S. Bureau of Mines and other non-approved types are exten­

sively used for protection against pneumoconiosis-proclucing and 

nuisance dusts. Eleven respirators, seven of the approved type and 

four non-approved, we;t"e tested in this study'. 

The performance characteristics of these respirators were 

evaluated for three different tiber dust concentration levels. Each , 

level was maintained for a six-hour period. of test for each respirator. 

The etficiencies of a1l but one of the respirators were 

in excess of 95 per cent for the conditions maintained in the tests. 

Furthermore, these etticiencies increased with a rise in dust con­

centration and with the length ot time under test. 

However, sutficient data was not available tor a com­

parison of perfomance ot the dust respirators for tibrous dust as 

opposed to an equidimensional dust. 
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INTRODUCTION 

Health hazards associated with inhalation of fibrous dusts, 

especi~ asbestiform varieties, have become a matter of increasing 

concerne 

1 

Although the best procedure to prevent the inhalation of 

harmf'u1 fibrous dust by personnel is the removal. of the dusts at their 

source of generation or the reduction of the dust concentration to levels 

sufficiently low so as not to cause bodily harm, fhere are situations 

where, for one reason or another, these procedures are inapplicable, im­

practical, impossible or not adequat~ effective. In such situations, 

an efficient persona! protective respirator is utilized to protect 

personnel. 

The use of respirators of lll8l\Y' designs has long been promoted 

by in:lustrial hygienists associated with the mining J.mustries am the 

factories which manufacture asbestos products. In general, most respirators 

are selected from the list approvecl for protection against pneumoconiosis­

producing dusts by the U.S. Bureau of Mines. It is recognized, however, 

that there is very little published data concerning the efficacy of these 

respirators for protection against fi brous dusts in particular. 

In v.iew of this fact, Prof. F.T.M .. White: eh.airman of the 

Department of l-üning Engineering and Appliecl Geophysics, McGill University, 

has therefore, accepted a health research grant trom. the :i;n4ustl-y for 

performing this research. 

The criteria of this research àN based on the normal human 
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respiration rate in order to facilitate the investigation of the 

characteristics of each respirator's performance. It is necessar,y to point 

out that each respirator had been subject to a six-hour experiment tor 

each dust concentration level rather than a common test period of 90 

minutes only. Furthermore, the tests were made at three different dust 

concentration levels. As there were eleven different types of respirators 

included in this research, the time for recording experimental data was in 

excess of six months. 

This inf'ormation should be usefuJ. to industrial hygienists and 

safety engineers in aiding them to select the proper dust respirator for 

protection against fiber dusts. 
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Chapter l 

GENERAL DESCRIPTION 

1. The Mineral - Asbestos 

1.1 Mames or Asbestos 

Asbestos is a name which contradicts the essential characteris-

tic or the mineral" an:l it does not bum. The word asbestos is derived 

rrom. the Greek verb 'shennumi" which means "to quench"" ''die down" or 

"ext,inguish". The contradiction probably arose through confusion with a 

rabulous stone which '\'las reputed to bum with an inextinguishable tlame. 

The word "asbestos" is used in North America and in North 

European languages; but in the southern Latin languages" it is called 

"amiantos"; in Dutch am. Russian - "asbests"; in French - "asbeste" or 

"amiante"; in ItaJian and. Spanish - flamianto" and "asbesto"; in Czech -

"asbest" or tfj)obsina"; in Polish" Slovakian and. Servian - "azbest"; in 

Hungarian - "azbeszt". It has also been known in Ge~ as stone tlax 

"steinflachs"" am. French-Canadian miners rerer to it as cotton stone 
, 
~ 

"pierre-a-cotton". Crocidolite and. chrysotUe are Greak words meaning 

''wooll.y stone" and. "fine rair or gold." respectively. 

1.2 Humansand Asbestos 

The use or asbestos Can be traced back to ancient times. It 

was almost certainJ.y woven into the wicks or the "perpetual lamps or the 

Vestal Virgins". It was also said ~hat cremation cloth was made or 

asbestos" and in which dead. bodies were enwrapped to be consumed. by tire" 

and" it was rererred to by the people as a rare am costly c10th - ''linum. 

viwm" - "the tuneral dress or Kings". They be1ievecl it to be or vegetable 



4 

origin, the highJ.y sD.ky appearance and unctuous feel giving them the im-

pression that it was an organic sUbstance. 

In 28 B. C., a Greek doctor Anaxilous discovered. that asbestos 

could be used as a material for acoustic purposes after he had found that 

if surrounded by asbestos linen, a tree could be felled. noiseleesly. 

Charlémagne's tablecloth, which he recovered harmlessly from a tire in a 

suècessfUl attempt to impress an en~, was undoubtedly of woven asbestos, 

and our ancestors are recorded. as having used. the material for napkins 

which could simply be cleansed. Dy throwing them into a rire. Later on, 

a Venetian magazine published that a substance, which was incombustible, 

lIas found in Italian mines~24) 

Before the l7th centur,y asbestos was merely an object of super­

stition and curiosity, and untU sometime in the 19th century, when ser­

pentine asbestos (or chr7sotUe) was discovered. in Canada, the emphasis 

l'laS placed. on conservation of heat by lagging rather than resistance to 

rire. 

Following the great progression of science within these recent 

severa! decades, w·hel1 .. m"a"nr.eal.-ized that asbestos is most abundant 

and usefUl to industry, its output has increased. over a 1,000 - fold in 

60 years, compared with a mere 50 - fold. for oil - an industry often 

regarded. as the symbol of industrial grawth. 

1.3 The Uses and World. Production 

There are more than 3,000 recorded. uses of asbestose Since 

asbestos is a major constituent in such a wide variety of products, a 

fact that we tend to take for granted., the terme for asbestos as: 



"the mineral of a thousand uses", "the magic mineral" am ''the mineral 

of unparaJJ.eled. propertiestt" are most suitable. The absence of asbestos 

from a specific product could in manw cases radic~ change its form 

and thereby remer it useless for the reqŒirement involved.. 

There are many uses of asbestos,95% of which can be considered. 

to be chrysotile. Longer fibers are used in spinning am weaving, e.g. 

cloth and ropes. The shorter fibers are stronger and interlace more 

readily, an:l are used. in rigid compositions" liquids am semi-solids. 

5 

The general uses to which asbestos is put, are listed as belo~'l:-

Acetylene c.1lin:ler paCkings; Acid-reSistant compounds; 

Acoustic plaster; 

Asbestos cement; 

Asbestos cloth, yarn, woven, 

spinning" tapes and ropes; 

Asphalt compounds; 

Bulkhead lining; 

Cements; 

Ch10rine cell diaphrangms; 

Dry m:tx; 

Fibrated greasers; 

Fi1ters; 

Floor TUes; 

Insulation material; 

Oil.-well muds; 

Pipe fiber; 

Adhesives; 

Asbestos millboard" 

rollboard, wall board; 

Asbestos paper and felt; 

Boiler coverings; 

Caulking and sealters; 

Ceramics; 

Curbing; 

Extruded; 

Fillers; 

Fire resisting materials; 

Friction material; 

Magnesite flooring; 

Paints; 

Plastics; 



Profile calender; 

,Roof coating; 

Shingle; 

rlick packir,g. 

Raw material; 

Sheet packing; 

Welding rods; 
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Asbestos probably occurs and is produced in nearl1 every country 

in the world. The major producer in t~e world was Canada; but in recent 

years, there has been a great increase in Russian production which now out­

ranks Canada as the major producer. Due to the recent development of the 

Coalinga fiber deposits in Californ1a, the production of asbestos has been 

increased in the United States over the past few years. Since the Australian 

crocidolite mines were closed in 1966, this source was eleminated from the 

market~ South Africa remains as the significant,area producing crocidolite 

and amosite. 

The world production of asbestos bas increased from 500 tons in 

1880, to 330,000 tons in 1925, to 446,000 tons in 1938, to 2,055,000 tons 

in 1958, to over 3,000,000 in 1968, and that it is still rising as shawn 

in Fig. 1. 

2. Asbestos in Modern TechnologY 

2.1 The Geology and Its Occurrences 

Asbestos did not originate as a primary constituent of the earth's 

crust because it is a metamorphic or transformation product of other 

minerals or rocks. The genesis of asbestos was extended over millions of 

years - it is necessary to distinguish between transformation processes 

(metamorphoses) and asbestos-producing actions. The different phases of 
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asbestos formation did not proceed uniformly because the,y were affected 

by the prevailing local tectonic movements and geological conditions. 

These involved repetitions, changes in temperature, disturbances, over-

lappings# pressure, tension and torsion, as well as the other factors 

such as intrusions, dislocations, fissurings# intenaè crushing {myloni­

tization), etc. 
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Studies by Riordon(94), Mevenkov(77), Gabrielse(45), Berger(15), 

indicated that it ia essential to distinguish between two kinds of 

metamorphic proceas: the formation of serpentines or serpentinitès, and 

the production of amphibolitic substances. Both metamorphoses vere asso-

ciated with an enrichment of the starting materials with Si02. The 

formation of serpentine occurred with auxiliary uptake of water. Both 

types of transformations (processes and products), are of prime importance 

in explaining that asbestos shows many phenomena and characteristics. 

Apparently, asbestos is made up of Si02, metal ôxides# and water. 

Their theoretical composition can be viewed as a surface in the triangular 

co-ordinate system (Fig. 2). 

The transformation processes may be based on the following formulas:-

a) .3 (MgFe)2Si04 + Si02 + 4H20 ---+-2(MgFe)3 (OH)4 Si205) 

(peridotite (hydrothermal (serpentine) 
or dunite) solution of 

Silicic acid) 

bl .3 (MgFe)2Si04 + (MgFe)Si04 + 4H20~ 2(MgFe).3 (OH)4Si20S) + (MgFe)O 

(ser}2entinel (oxides) 
( serpentinite) 
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1) Chrysotile, Serpentine, Antigorite 3) CrocidoIite 5) AnthophylIite 
2) Tremolite 4) Amosite 6) Olivine 

FIG. 2: THEORETICAL AND AcrUAL COliPOSITION OF ASBESTOS 

(Olivines arc shown to illustrate absorption of water in formation of serpentine) . 
( Berger, Reference 15 ) 

9 
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(serpentine) (a pyroxene) 

-~~ (CaMgFe)7 (OH)Si4011] 2 + 3(CaMgFe) ° + 3H20 

(an amPhibole~ 
amphibolite) 

(oxides) 

d) 3Ca Mg (CO~)2 + 2Si02 + 2H20 -+-Mg3 (OH)4Si205 J + 3 CaC03 + 3 CO2 

(dolomite) (hydrothermal 
solution of 
'silicic acid) 

(iron-free 
serpentine) 

e) 2Mg3 (OH)4Si205) + 5 FeC03 + 4 Si02 

(serpentine) (siderite) 

(calcite) 

---,~.. Mg#e5 ( (OH)Si4 011) 2 + 4MgC03 + CO2 + H20 

(dolomite) 

(riebeckite) 

(hydrothermal 
solution of 
silicic acid) 

(actinolite) 

(magnesite) 

(calcite) 

The varieties of asbestiform minerals can be divided into two 

ma.in groups on the basis of their crystal. structure: serpentine and 

amphiboles. 

(1) Serpentine - chr,ysotile asbestose 

(2) Amphiboles includes five recognized asbestiform varieties: 

crocidolite, amosite, tràmolite, actinolite and anthophyllite o 

The geology of asbestos deposits are such that their formation 

needs the common geological principle of the right host rock, basic structura.l 

features, and ideal conditions of temperature and pressure. 

"Chrysotile ll : Th~ most valuable deposits oceur in serpentine, 

eontoured by hydrothermal alteration of ultrabasic rocks such as dunite, 
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peridotite, and pyroxenite. Emplacement and subsequent alteration of an 

ultrabasic rock mass below the then-existing earth's surface took place; 

the alteration of form followed,including folding, faulting, an:l shearing 

processes. The serpentine shattered in specific regions affording fractures 

for entry of hot· water. Subsequently these waters dissolved the serpentine 

(hydrous magnesium silicate) over a certain period of time, pursued by a 

decreased pressure and temperature until the solution became supersaturated. 

Fibrous crystals ~f magne sium silicate began to graw within the solution 

filled channel ways , maintained in their open state by tremendous hydrostatic 

pressure. These crystals, which we caU chrysotile asbestos, .st~ 

to grow on both walls of the fracture am sprouted inward toward the centre. 

The width of the fracture defined the ~ length of the fiber. 

This is the most common type of chrysotile asbestos deposi t 

whose variations are: (a) slip fiber; (b) mass fiber; and, (c) cross 

fiber. 

Slip fiber deposits are transformed from serpentine. Hot waters 

saturated in the highly shattered rock which was sUbjècted to continual 

shearing actj.on during crystallization, and fiber growth presented parallel 

to the fracture faces. 

Hass fiber deposits, for instance: the Coalinga, Cali.forn:ia type, 

display extreme intergranular and faulting processes in the serpentine 

host rock, through which hot waters diffused. Fibers occur within the 

sheared rock as smal1. white leathel"Y platelets or clumps. Apparent~, its 

crystal growth occurred throughout the rock. 

Cross fiber in dolomitic limestone, its process of formation is 
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the same as that in the normal cross-fiber deposit. The host roCk is of 

sedimentary origin, but hot water dissolved the magnesium in the dolomite, 

forming supersaturated solutions in contract features. 

"Crocidolite and Amosite'!: Both have a common origin and occur 

in similar rocks. The host rocks usually are banded ironstones, which are 

transformed from sedimentary formations. The zones within the seams con-

taining the erocidolite veina are soda rich in eontrast to the amosite zones; 

but crystallization occurred in situ under conditions of moderate pressure 

and temperature in the presence of moisture fromthe surrounding rocks. 

"Tremolite, Actinolite and Anthophyllite": They generally oceur 

in lenticular forms of mass fiber, and are widely found among schistose 

igneous and metamorphic rocks rich in hornblende or pyroxene. Also tremolite 

and actinolite are often found in impure limestone and dolomite that has 

undergone recrystallization. 

2.2 The Chemical and Physical Properties 

Asbestos differs from other minerals and its chemical and physical. 

properties are of an entirely different origine In this aspect much work 

has been published in recent years by Speil & Leineweber(102), Hendry(52), 

Gaze(46), HOdgson(54), and Deer, Howie & zussman(34). The above-mentiened 

characteristics will be discussed briefly as follows:-

2.21 Chemical. Composition: 

The chemical composition of the asbestos ls dependent on the 

asbestos group and its occurrences. 

The range of chemical analyses for asbestiform materlals are 

listed in Tables 1, 2 & 3. 
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Table 1 

PERCEXTAGE CO~IPOSITION OF ASBESTOS 

Varicly 8i02 MgO Iron oxides CaO 
Al2O, Na20 H 10 1 

Chrysotiles 2 35-44 36-44 0-9' 0-2 12-15 
Crocidolites 49-57 3-15 4 20 t-lO' 2-8 2--4 
Amosites 45-56 4-7 31-46· 1-2 1-3 
Montl\Sites 
AnthophylIite 52-64 25-35 1-10 0-1 1-5 

asbestoses 
Tremolite- and 50-63 18-33 . 2-17 

i-
1-10 1-4 

Actinolite 
asbestoses 

1 The water contcnt should not be equatcd with the loss on ignition. 
1 Cross- and It)n~itudinal libers. 
1 The contl'nt (J! niar;nctitc (~·C.O,) lIIaybe as high as 4%. the content or FeO and FezO, may 

reach 6<;0 eneh. the rntio FeO/Fe,O, "nries bet\\'l'cn 0.5 and 2.0. 
4 Tho brh:ht bine erocidolill's !rom Doli\'ia nnd Chinn wilh hi~her MgO- and lower iron 

content cnnnot be reg:lrùed 1\9 nnolllnlic~ and hence lhey were inc1uded here. 
1 Tho proportion of iron (II) is around 00% in crocidolite; about 90% in amositc. 

(Reference 15) 

Table 2 Chemical Composition ot Chrysotiles 

Xe\\" ldri:l, 
.!l'iT ,.(')' ,Ti lin Côoliiol'Ilia .MI'Ï<:a 
:\~hC~lo:,. Qla'Le(' (Cl):lljll~:l ) Arizona 'fl':lll:'\'n:tl 

-1-1.1 :IS.4 ·11.lIi 41.Xa 
·tUi· 3!Ul 42.:~r, 41.:m 

O.!!:! 1.1 O.·l:.! 1.:W 
O.SIi ~!. ·1 0'.1·' O.OS 
n.a·t Il..1·1 (Ui.') o.:m 
n.lll!l n.al Il.na 
n.mll (J. l.~ Ir 
o.m O. IO O.Oi 0:0-1 
11.I~1 Il.llti 1.02 Ir 
11.01 (1.0:; (1.111 . Il. (j2 
Il \OÛ .1, ,'''; tr -
(I.IH (1.fJ.l (l,O:; 

• la.:! J.I CI la. !,j la.liti 

(Speil & Leineweber, Reference 102) 
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· Table 3 
-

(·!t~:"l'·.\!. (· .. ·II·(1<IT:',,, Ill' .\"!1!;>:Tn·.)n\~ .\'II'III1I1I1.t:S 

CHII':t!1I1ilt\ ..\ :n ..... jl(' .-\nl f."I,hyllilc :\ ;·Iil·.· .• litc Tt"I~III •• !iIC 

Hill: ·I!l.j:! 49· .i:! 56·58 51-'>6 SS 60 
~I;;O 1). :1 1-; :!S:H I;j :.!U ~ I·-:'!.' 
l'cO l:l-:!II 31-·1·1 :J--12 5- If, (l-·l 
Fe"O~ li-:10 0-:\ 1). li.;; 
.\I~O~ ()..IL:.! U.5-J .r, J • ti-a u .') -_.il 

CnO Il.a··:.!. i IU-l:! 11-·1:1 
1\:0 II-O. ·1 1l·1I." (HI.:; II-Il li 
Xu:O -t.1l S .• l Ir O.;'H.:; 0-1.5 
IT:O :.L'j-4.!) 2.5-·1.5 l.1l li .0 \';'j ·2 .;; Il ;j-:U, 

( Reference 102) 

The ideal formulas of the six kin:is of asbestos as deduced fram. these 

considerations are contrasted in the following c~~piliation:-

ChrysotUe 

Crocidolite 

Amosite 

Anthophyllite 

Tremolite 

Actinolite 

1·Ig3 (OH)4Si20s1 

Nai~Fe (OH)Si4°u'l 2 

l'lgFe6 C(OH)Si40ul 2 

{Hg Fe)7 (cOH)Si40n1 2 

Caz.'IgS (OH)Si4°nl 2 

Ca2{1Ig Fe)S «OH)Si40u) 2 

2:22 ~sical Properties: 

The physical properties of asbestos" which have been knOlffl for 

~ years" include its resistance to heat" noiselessness,high tensUe 

14 

strength" fiexibility" texture" spinnability and acid ·resistance. Chrysotile 

is blackish green, yellowish green or white in colour. In most cases the 

fiber, when drawn out in threads, ia white, with silky luster.The croci­

dolite's luster i5 very silky, and of a dull, lavender blue colour due to. 



15 

f' 
the presence of ferrous ions in the molecu1e. Am0site usual1y is 

a brownish yellow to a1most white in co1our. Tremolite and Actinolite 

are generally white, grey greenish or yellowish in colour. 

Their physical properties are shown in Tables 4, 5 & 6. 

Table 4 

TYPICAL PUYSICAL PROPERTIES OF CHRYSOTILE CROCIDOLITE AND AMOSI , , TE 

Chrysotile CrocidoUte • Amosite 
white asbestos blue asbestos 

Approximate 
, 

diameter of micron 0.01 0.08 0.1 -
smallest fibers 

Specifie gravit y 2.55 3.37 3.45 

Average tensUe Ib'/inch2 350,000 500,000 
strength 

175,000 

Modulus of Ib./inch2 23.5 x 106 27.0 x 106 23.5 x ià6 
elasticity . 

( Gaze, Reference 46 ) 

1 
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Table 5 

PUYSICAL PUOPERTIES UREn FOR Cll/lt.'\C'n:IU1..-\TIO:-: OF A!;IIJ~~:TIRORl( ~lt:-:t:H_\I • ..; 

r-------------------------------------------------------------------------------------·--ï 
DC!lsity YcJJt3 

11:: r.lnc~ (:\Ioh'l,) 
Cl'yst!11 syRtcm 
Unit ecU dimcnsionR-'-a 

h 
e 
.., 

Uerract ive indt!x a 
D 

,. 

Chr~-:!Otile 

2.56 
·11 
-2 

:\lonuclillic 
5.aO ± 0.002 A 
9.10 ± 0.05 
7.32 ± 0.0",2 

!)3° 
1.532-1. MU 

1.545-1. 556 

CrocillfJlit·:, 

3.02-3.42 
5 

:\Ionoc1in: (! 
9.75~\ 

IS.1l 
;'.3 
103° 

1. 6f,4-1. 701 
~ (:O)~-·1. 711 

1. 6GS-1. 717 

.\tn".~ile 

3.10-3.60 
5-6 

l\lolloclinÎ(! 
9.GA 

IR.a 
ii.a 

IÙf.i" ,;1; 
1 . fili;)-l. mm 
Uii 5-1. 709 
1. 6!l1\-1. 729 

AllI hOJlhylliw 

2.Sii-:J.:iï 
5~-G 

Ol·t.hnrhombic 
HUi .:t 
IS.h 
5.:; 

1.5!lü-l.Gtl4 
Ui05-1.71O 
1. GI5-1. i2:! 

AClilllllil'" 'l'n-m,·lit.' : 

:;'O:..!-:L-I·1 . ! 
;;-(i 

:\l"'lU(,lili i(' 
!l.S:; À 

IS.I 
r..3 

IO-lo 50 
1. ii!ltI-l. liS"'; 
l.til:!-l.liHi 
1 . fi:!:.!·-1 . 70t) 

1 
1 ., 
1 
1 

1 

------------------------------------------~ 

( Reference 102 ) 

... 
0\ 
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Table 6 

PROPERTIES OF ASBESTOS FIBER 

Chrysotile Crocidolite Amosite Tremolite Actinolite AnthophylUte ! 

Flexibllity Very fair to good good brUtle brittle brUtle to 1 
1 

flexible flexible i 

Length short to 3" short to 3· 1/4" to 6" short to shortto short 
long long 

Texture harsh to harshor coarse but harsh to harsh harsh to 
silky soft pliable soft soft 

Tensile very hlgh very hlgh fair weak very wea.k weak 
strength 

.. 
\ 

1 Acid fairly very good good fairly hlghly fair to 
1 resistance soluble resistant resistant good 

1 
Bplnnabllity very good fair (air poor poor Jloor 

Resistance to good poor good fair to very good 
heat 

, 
good 

( Hendr,y, Reference 52 ) 
.... 
'1 
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2.23 Thermal Behaviour: 

The resistance to the action of heat is one of the most important 

properties of asbestos. The thermal behav!our of the various varieties is 

not the same. In general, the chr,ysotile is more heat-resistant than the 

amphibole asbestoses, and the anthophyllite asbestos has the best stabi­

lit y at elevated temperature" so its thermal utilization limits are the 

highest. t'The transformation products resulting from the changes in the 

crystal structure (chrysotile - olivine or enstatite) ma.v themselves be 
(79,105) 

determined roentgenographically" • The melting points and the 

specifie heats of a number of varieties are shawn in the follm~ng table(15). 

Asbestos Heltil]g point Specifie heat 
(OC) (keal/kg OC) 

Chrysotile circa 1500 0.251 to 0.266 

Anthophyllite asbestos circa 14S0 0.210 

Amosite circa 1400 0.193 

Tremolite asbestos 1320 to 1380 0.212 to 0.217 

Crocidolite -= 1180 0.201 

The influence of temperature after exposure to heat is listed 

in Table ? a.na !!~es j. & ~ 
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Table 7 

INFI.UEXCE OF TE:\IPERATURE OX PERCENTAGE WEIGHT LOSS 
OF AMPHIBOLE ASBESTOSES AFTER EXPOSURE TO HEAT FOR 

120 MIXUTES 

Anthophyllite Tremolite 
Temp.(oC) Crocidolite Amosite asbesto8 asbest08 

204 <0.1 0.2 <0.1 <0.1 
315 0.3 0.6 0.2 <0.1 
427 0.7 1.0 0.4 0.2 
538 0.9 1.2 0.4 0.3 
650 1.0"!· 1.4 0.5 0.4 
760 1.03 1.4 0.5 0.5 
8iO 0.9 1.5 • 1.1 0.7 
980 0.8 - 2.4 • 2.2 • 

• Ternpe",turc required to rCllcb tbe IllAximlllloss or wciçbt 

( Reference 15 ) 

.... ~ ~~_~_~I€A 

~ ~--~-----------~-~--

~ 
~ 5 

li 
~ 10 

CHRYSOTILE 

O!---,±OO'--2?c 3bo -450~ 600 7/;0 8XJ 9CO 
TEMPERATURE 1 ·C 

Differential thermal analysis eDTA) and 
thermal gravimetric analysis (TGA) of 
chrysotile. Sensitivity was decreased 
above 750°C in the DTA. The weight 
loss due to dehydroxylation is approxi­
mately 13 per cent. 

Fig. 3 

( Reference 72 ) 
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b 

• .. Loss of weight (%) 
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Ir 

Losses in Weight of Ural Chrysotile 

a) Effect of time at various temperatures 
b) Effect of temperature at different times 

Fig. 4 

( Reference 15 ) 
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2.24 Acid Resistance: 

Since 1885, the reactiv.1ty of chr,ysotile with acids had been 

recognized. (lll), am, in 1890, chr,ysotile was found to be the most suscep­

tible to acid attack of ail the serpentine minerals by Clarl<: and Schneider (23 ) • 

Later on, an electron microscopie and X1ray diffraction study on acid-treated 

chr,ysotile and antigorite l'laS made by Nagy ani Bat~~~) and their experimental 

results agreed with the above conclÜfdOn. Badollet (10) also summarized the 

available information on the stability of asbestiform minerals. Strong 

acids can decompose chrysotUe rspidly with the removal of ail HgO and a 

total \'leight loss of about 60%. The time required to reach this maximum 

loss depends on the length of exposure, the kind and concentration of the 

acid, temperature, and ~~e degree to which the asbestos had been opened. 

In contra st to the amphibole ssbestos, the chrysotiles, because their 

ratio Si02~'~ - l, have lost practi~ ail of their strength at the 

~ loss of weight and conse~ently they should be designated as 

acid-non-resiBtant. The data of solubility of asbestos minerals in 25% 

of variety of scids or caustic solution is shawn in Table :8 .• , 

Hodgson(54) studied the rate of decomposition of asbestiform 

tibers in boiling 4N hydrochloric acid. He fOUln the following relative 

order of stability as shawn in Fig. 5" 

2.25 Reaction with W&ter and Humidity: 

Asbestos fibers are subject to atta~ by water(56). An experi­

ment had been made to prove that the concèntration of magnesium in the 

extract was qui te high during the tirst .3-4 hours of soxhlet extraction 

and afterwards began to decrease. The decrease in magne sium. concentration 



Chry:: ,:;t(! 
Cr\11::,! .!itc1 
AlII("ito 

.l.ntlt"J,hym:.! 

.\.::ti:,,,lilt, 
TI'f':Jl. .. lite 

lICI 

;;:U;~ 

·U.8 
J~.S-t 

:.?SG 
:!O.31 
4.7i 

Table 8 

('\[[1 'OI! 113\'( 1 .. 

:!;L·I:! 5: .IS 
lU)! .J.3: 
~ .Ii:l 1I.ûï 
1.l.1j() 3. tH 

I:!. :!,~ :!O.1:I 
l. ta!} 4.99 

( Reference 102 ) 

Fig. 5 
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Acid resistance of asbestos (4N Hel boiling) 
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U\ 
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Arnosite 
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2 l 4 
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( Hodgson, Reference 54 ) 
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was accomplished by the formation of a precipitate of amorphous magne sium 

silicate. Alter the initial rapid reaction, the quantities of magnesium 

and silica removed are proportional to the chrysotile composition. The 

removal of silica may be preceded by the formation of colloidal silica 

or by way of solution. Doubtlessly, chrysotile is slowly Il soluble Il in 

water under conditions of continuous extraction. 

For crocidolite, Thompson(112) had made an experiment and noted 

that 4% of the silica and 6% of the sodium are removed by soXhlet extrac-

tion with water. Under this coulition, the action was equivalent to that 

of alkalies at correspouling temperatures. 

Asbestos fibers take up moi sture from the air by potency of 

their adsorption capability. The difference in the rate at which moisture 

is taken up and the degree of this adsorption(72, 87), in relative humi-

dit Y of the air, are shawn in Figures 6 & 7. A fiDting that compressibilit7 

umer constant pressure increases with rising humidity ar moisture content, 

i5 important with respect to the use of asbestos blankets far thermal 

insulation. The following results vere obtained with Canadian chrysotile 

(30 grams). 

1 

BEFORE COMPRESSION AFTER COMPRESSION 
Relative Humidity Volume Density Vol. Change Density 

(%) 
(cm3) (g/cni3) (cm3) (g/cm3) 

, 

0 82 0.37 27 0.50 

60 68 0.44 24 0.57 

(Reference 15) 
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( Kartinez, Reference 72 ) 
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2:26 Tensile Strength: 

The tensile strength of the bundles of fibers is dependant 

upon the variety and grade of asbestos and is the determining factor 

with regard to their extraction from the rock and, this strength 

in combination with the length and flexibility of the fiber, controls 

other characteristics such as their spinning qualities. On the other 

hand, the strength of the fibers is reflected in the strength of the 

finished asbestos products. Zukowski and Gaze(138) revealed a strong 

dependence of strength on fiber length with maximum vaiues of 

61,000 kg/cm2 for crocidolite, and 58,000 kg/cm2 for chrysotile, 

with a fiber length of apprvÀimately 2rnm. The data on tensile strength 

of asbestos 1s shown in 'l'ables 9 & 10. The decrease in strength of 

asbestos after exposure to heat for constant per10ds at variable and 

constant temperatures 1s also shown in Table 11. 

Table 9 
Tensile Strength of Asbestos 

Ore j:,'\mlllcs 

('hn'::otilc, ~\rizun:\, CS.A. 
Chr~'::utilc, Thctrord, ('all:HI:\ 
Cro~idll1ill', Ko('!!:\", C;Illl' Province 
{'r.>ridlllitc, Ku(';::!'" (';IpC Province 
Crol:Ï,lnlitc, l'omfrct, Cape Province 
Crori,!"litl', Pl,mfn'I, (':tJle Prc>vincc 
Cru!:Ï,Io.1ilc, Cuch:th:ll11bo. Bolh'ia 
AIIlm:ilt', Ul'IIj!.C, Tr:1I1::;\'ual 
Am·,,,ilt', l'Cllj!l', Tr:IIl::i\":t!l1 
~hlhIlJll1yJliIC. Pa:lkill:t, }:inl:md 

Tcnsile shcngth 
eXI0', kg/cm~) 

38.5 
31.1 
29.0 
31.5 
47.5 
36.2 
14.·7 
26.3' 
20.2 
2S.0 

YOUllj!;S mlldulus 
(XlO' kg/cm~) 

l.4S 
1.49 
1.50 
1.5-1 
1.72 
LiS 
l.i3 
1.46 
I.-1G 
1. SU 

( Reference 102 ) 

A \'crnge cro!>i­
F.{'('t iOllal are:l or 

fibers tcstcd 
(XIO-' cm') 

2.0; 
2.13 
1.65 
1.33 
I.Gt 
1.3-1 
2.43 
2.71 
J.S3 
0.95 

" 



Table 10 

TEXSILE STIŒXGTII OF ASBESTOS 

.1sbestos 

Chrysotiles 
Quebcc 
Ural 

S. Rhodesia 

Transvaal 

China 

Crocidolites 
S. Afr. Rep. 

without closer 
designation 

K'.!..'"Um:m, Prieska 
Pietersburg 
Malips River 

Amosite 

Anthophyllite 
Tremolite 

TClIsile strenyth Elongation 
(kp/mm2) (%) 

30 to 125 
30 to 67 
75 to 230 1.8 

16 to 110 0.5-1.6 

34 to 79 3.7 

46 to 58 1.2 . 

Remarks 
(V ... variation 

coefficient) 

General statemcnts 
V= 31 to 62% 
Extremely different 

test conditions 
Span 16-39 mm; 

fineness, 0.09-0.3 
mm' 

V= 39-41%; 
different test 
conditions 

v= 47.4% 
Nm= 1680 

10 mm betwccn clamps 

70 to 225 General statements 
60 to 135 1.5 Va 39 ta 90%; 

ditTerent test 
conditions 

58to 140 Std. dey. 9-25 
51 to 60 Std.dev.4-5 

100 Standard deviation, 
10 

llto63 Different test 
conditions 

<3 
<6 

In comparison: Steel wire= 50-150; cotton= 30-70; glass fibers= 80-200 
kp/mm' 

( Reference 15-) 

Table 11 

DECREASE IX STRENGTH m'' ASBESTOSES AFTER EXPOSURE TO 
HEAT FOR COXSTAXT PERIODS (:3~nX, 60 l\HN) AT VARIABLE 

AND COXSTANT TEMPERATURE 

Type Temperature Strength Decrease in strength. 
. (oC) (kp/mm2) (%) 

Chrysotil.e 20 92.0 0 
(strength of 315 8-1.4 (';'0.3)· 8.4 
fibcr bundles 427 67.5 26.7 
20 to 301' 538 54.8 40.5 
diamcter aCter 650 29.5 (VI)· 68.0 
3 minat OC) 

Chrysotile: Strengths 42 to 52.0 24.0' to 35.8 
Quebcc 3-F 

Chrysotile: at20°C, 33.3 to 673 12.0 to 15.0 
Quebcc 3-K 

Chrysotile: Dccrea..c;cs 127.5 18.5 
Quebec Crude 1 

Chrysotile: aCter 60 min 88.3 21.5 
S. Rhodcsia 
mill fiber at 375:1: 

Crocidolite: 99.0 64.2 
80. Afr. Rcp • 10°C 

• Valu~ in parenthl!SÎ5 alter 00 n.Înutcs exposure to heat. 

( Reference 15 ) 
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2.3 The MOlecular and Crystal Structure of Asbestos 

Asbestos' subdivision into chrysotile (serpentine) and amphibole 

asbestoses was iiscussed in the preceeding pages. As in the case ·of aIl 

natural silicates, the basis of the structural unit of both kinds of 

asbestos is composed of silicon-oxygen tetrahedra; the structural difference 

in the constitution of the two kims of asbestos is due to th! different 

arrangement of the Si02- tetrahedra. In chrysotile, their structure is 

of Si205 - double layers (laminar structure) in amphibole asbestoses they 

join to reproduce Si40,1 - double chaine (banded structure). The chaine 

are h.l~ together by primary linkages (principal ~lences) of interrelated 

cations, but the Si205 - layers are interlocked with layers of brucite 

(Mg(OH)2) • 

2.31 Chrysotile: 

The crystal structure of chrysotile asbestos was recognized by 

. (124 125) 
Warren, Bragg & Herr~ng , • These investigators reàlized that the 

mineral has a layered type structure similar to the Kaolinite group. 

Thié structUre is based on an infinite silica sheet (Si205)n in which all 

the silica tetrahedra are painting in the sarns direction. Attached to one 

side of this sheet is a brucite Mg(OH)2 layer in which two-thirds of 

hydro~ls are replaced by the apical oxygens of the silica tetrahedra. 

The result shows a double sheet (see Figure 8). The mismatch in the 

dimensions of the silica and brucite sheets brings a strain in the 

structure. Better matching of the layers and relief of the strain can 

be accomplished in three ways(102). 

(1) Substitution of larger ions in the silica sheet or smaller 



Fig. 8 

OUiLD-UP OF SHEETS INTO FUNDAMENTAL FIBRILS 

l)j~ ~ 
. I~ 

~;:::~~::=~;~~}:;~:t;:~~~--:-~~:~,;~~~ -=:~/ 
F\1Jldamcntal ·sh('t't of chrysotile. 

( Reference 102 ) 

Figo 9 
High resolution electron micrographs of chrysotile 

( Reference 102 ) 
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ions in the brucite sheet. 

(2) Distortion of the octahedra brucite network or of the tetrahedra 

silica network. 

(3) Curvature of the sheet with the brucite layer on the outer surface. 

After a detailed study from the electron micrographs, Maser, 

Rice & Klug(73), and, Yada(134) discovered that the fibers are not solid 

but hollow tubes formed from rolled-up sheets. Chrysotile asbestos, 

therefore, consists of bunches of these tubes tightly packed together, 

and it seems that the tubes themselves, and spaces between them, are filled 

with crystal fragments or amorphous material of the same composition. 

The tubes do not stick .together very strongly, and a good quality chryso-

tile may thus be fiberized. From an analysis of the eleetron micrograph, 

it appears that the single ultinate tubes are present while most of the 

fibers normally eneountered eonsist of bunches of tubes. By means of high 

resolution electron microscopy, it is noted that the aetual crystal 

lattice planes are both parallel and perpendicular to the fiber axis (Figures 

9 & 10). The tubular structure i8 also observed by examining bunehes of 

fiber "end-on" (Figure 11) in the electron microscope. The mean internal 

diameter of the elem~\ntary crystal (fibril) of the hollow chrysotile fiber 

is about O.OleAl, the external diameter averages O.034~. No elementary 

fibers actua1ly are found; however, in practice, the diameter averages 

between O.75~ to 1.5~. Anon(6) claimed that the cylindrical crystal 

làttice (even if filled with amorphous or partially oriented matter) 

induces a contrasting effect under the electron beam, giving the appearance 

of hollowness in the fiber structure (Figure 12). 



Fig. 10 

High resolution electron micrographs of chrysotile 
( Reference 102) 

Fig. 11 

. ,HJ~nd, .. ()n·' "ie\\' of C'."lindril'iil fi. 
ber, ... '-, f ,.lOwllIg Ille mal('rial iit inL,":-s!icl'l'. 

(Pundsack, Reference 88 ) 
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Fig. 12 

,,-Schcnlatic drnwinJ{ n'\lI'C~l'ntillJ!: a por­
tion 'of the CUI.'n~d wall laYH Ilf ehl'y~llli1c. 'l'IH' fibc,' 
consisls of In)'('I',: uf lll:lalwdr:11 ~h(','ls of n~a)~ml­
sium h"droxi,ll' and tetrllhl'drnl !'IWl'f" of sll!eull­
OXyg'l'n: The fihl:'l' walls nn: l:t·jit,\,('(1 tu hl' ma\l(' 
ni; of twcl\'(~ tn twelll\" su ch layer..:, with l'ach IlIlC 

bcill~ nhout 7.3 A thick 

( Anon, Reference 6 ) 

Fig. 13' 

, -.. Schema tic representation of the structure of chrysotile asbestos. 
Not.e the curvature, resulting from the "tight fit" of the tetrahedral silica layer. 

, -
( Gaze, Reference 46 ) 

31 



32 

f The sheet structure of the tubes or serolls is made up of two 

t 

layers: the first layer is eomposed of a continuous network of tetrahedral 

silica which ls interlocked with the second layer, a brucite-like sheet of 

oetagonal magne sium hydroxide. The spacing of the hexagonal silica sheet 

is somewhat tighter than a perfect fit with the brucite layer and the sheets 

are thus contorted into scrolls or tubes 'with the magne sium hydroxide layer 

on the outsidè (Figure 13). 

2.32 Amphibole: 

The basic crystal form of the amphibole mineraIs is not 50 co~ 

plicated as the serpentines. A double siliea chain (5i401,) i3 its basic 

structure. These chains are twined "back-to-backtl , with a layer of hydrated 

cations in between to meet the negative changes of the silica chains. The 

final structure is composed by the staeking of these sandwich ribbons in an 

ordered array 0 An illustration of this structure is shown in Figure 14. 

Fig. 14 

(Reference 102 ) 
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The various minerals in the amphibole groups are characterized by the 

cations which occur in the structure. The main cations are sodium, 

iros calcium, and magnesium. As the bonding between these ribbons is 

quite weak, the crystals can easily be cleaved parallel to the ribbons 

along A-A. 

For each v~riety of asbestiform amphibole, a different mineral 

name is given to correspond with every massive forme Generally, the 

varieties of asbestiform material are not found along with the massive 

counterparts. Undoubtedly, the local geochemical conditions existent at 
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the time of formation contributed to the relative ease of cleavage of any 

specific deposit and, therefore, to its commercial utility. Bath the massive 

and asbestiform varieties are of the sarne chemical compositions and crystal 

structure. In spite of their similarity, a petrographie examination and 

p~sical properties still can distinguish the difference. 

As shawn on an electron micrograph (Figure 15), the structure of 

amphibole asbestos is apparently quite different from that of chrysotile. 

It is sufficient to use an electron micrograph of crocidolite as an illus­

tration of amphibole fibers as a whole, and it is generally impossible to 

differentiate with eertainty between the various amphibole fibers by elec­

tron-optical methods. The mean diameter of amphibole ranges from O.1~ to 

O.2~ No elementary fibers actually are found, but in commercial saœples, 

the diameter averages between 1.5~to 4.0~. The smallest fibers of the 

amphibole varieties are solid and they are coarser than the finest fibers of 

chrysotile. Amphiboles have a very good construction consisting essentially of 

octahedral cation-oxide units arranged in narrow strips and sandwiched between 

corresponding strips made up of hexagonally arranged.silica tetrahedra. The 
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strips are only loosely " bonded to each other along the edges and faces, 

and fibrous cleavage readily OCCt~S (Fig. 16). _ 

Fig. 16 

f,':' 

Î 

,,' ,. 

f" 

. Schematic reprcsentation of the structure of amphjbole asbestos. 

( Reference 46 ) 



3. Hasards of Asbestos to Human Health 

3.1 Pulmonary Deposition and Penetration of Inhaled 

Asbestos Dust. 
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The respiratory system serves as the portal of entry into the 

body for a great variety of air-borne substances, both gaseous and parti­

culate. l1any of these atmospheric contaminants are capable of producing 

injur,y and disease when they are deposited and accumulate in sufficient 

amounts in the lungs, or, after transfer from the lungs, in sensitive 

"t d "thin th bod Timbrell(ll3) sta· .... e d. tha.a. particles s~ es eeper ~ e y. v.~ 

are deposited in the respiratory system by the action of four different 

mechani1S1lls: 

(1) Particles are removed from the inhaled air by settlement 

under gravit y, the magnitude of deposition being proportionaJ. to particle 

free falling speed and. the time annàbh for sedimentation. 

(2) When a change in the direction air f'law occurs, parlicles 

O\'1ing to their inertia tend. to continue on their original paths. Some 

may be deposited in this way on the nasal hairs and on the walls of airways. 

The efficiency of inertial deposition depends on the relative magnitudes 

of the drag and inertial forces. The magnitude of inertial deposition is 

thus proportionaJ. to the particle~ free-falling speed. 

(3) Particles suspended in the air are unier ceaseless bombard­

ment by gas molecules which oonstantly displace them and may cause their 

deposi tion on SUrfaces in the respiratory system. particle removal by 

this mechanism is significant only in the smal1 pulmonary air spaces. 

(4) Thee 1s a fourth mechanism. For a compact particle to 
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remain suspended in the air, i ts centre must be separated from aD. surfaces 

by distances greater than the particle radius. Deposition occurs when the 

distance from a surface reduces to equality ldth the particle radius. The 

magnitude of deposition by this interception effect in airways increases 

with increase in the ratio of particle size to tube diameter. For compact 

particles 10 microns and smaller in size the effect is of no real signif'i­

cance even in the finest airways which are several hundred. microns in 

diameter. 

According to Timbrellts experimental result, 

Il The falling speed of a fiber is predominantly determined by 

the diameter and shows little sensitivity to the length, especially when 

the aspect ratio is higb. If a fiber has a sufficiently small diameter, 

the falling speed can be low enougb for the fiber to escape deposition by 

the settlement, and inertial precipitation mechanisms in the upper part 

of the reapiratory tract, and deep penetration to the pulmonary air spaces 

is possible. ft 

The more s.y.mmetrical a fiber, the greater its chance of penetrat-

ing .. The limitation of the lengths of the fibers which reach the puJ.-

monary air spaces ia imposed by the nasal hairs and by the small diameters 

of the respiretory bronchioles. Timbrell also stated that taking 10 microns 

as the upper limit to the diameters of spherical particles of unit density 

that can reach the pulmonary air spaces, the expected upper limit to the 

diameters of long regular asbestos fibers that can reach these spaces is 

about 3.5 microns. 

The compact particles found in significant numbers in alveoli 
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are 10 oicrons a..'>'Jd s:Jaller in size. It is true even l"lhen men are kncr.m 

to have been e;:posed to aerosols containing larger cœ:xpact pal.'ticles in 

sensible concentrations. On the contrary, asbestos fibers 50 mcrons an:l 

even 200 mcro:ls am longer have been f"ouni in alveoli. 

Tmbrell (ll3) also illustrated the states of penetration of 

asbestos dust through the respiratory systeIl by Figures 17, 18, 19, 

20A & 20B). 

Fig. 17 
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-- -
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0-30 30 -60 60 -90 

ANGLE TC AIR STREAM 

. Frequèncy ]lis~gl"a.n;s in which percent:lge of fibers is plott<:ld 
against angle to the airstream (axis of duct) in the aerosol spectrometer, .for 
glass, amosite, chrysotile ami crocidolite fib~l"s with aspect ratios <5. 

( TimbreII, Reference 113 ) 
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Frequency histograms in which percentage of fibers is plotted 
against angle to the airstream (axis of duct) in the aerosol spectrometer, for 
glass, amosite, chrysotile and crocidolite fibers with aspect ratios > 5. 

Fig. 18 

( Reference 113 ) 
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. Calculated penetration curves for fibers through one, two or three 
stages of nasal hairs. 

Fig. 19 . 
( lilèf.'e:r;ence 113 ) 
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. Calculatcà penetration curve for fibers into a respira tory bronchiole. 
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. Calculated penetration curves for fibers through branching of a 
respiratol'y bronchiole, for cases of two, four or eight branches. 

Fig. éD A 

( Reference 113 ) 
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3.2 The Pulmonary Patho1ogy of Asbestosis 

The patho10gica1 view of the chemica1 lite history of the asbestos 

body, suggests that, if an asbestos need1e is thrust···, across, magnesium 

hydroxide, which gives an alkaline reaction when it is dipped in an indicator, 

is fonned at the free end. A series of chemical reactions oeeur a10ng the 

sides of the need1e, and such reaction induces i1lness which is genera11y 

unique in indus trial pulmonary disease. These asbestos bodies are about 

3 microns thiek and 70 lidcrons long compared with the dimensions of the 

naked needles of asbestos lying free in the 1ung which averages 50 microns 

in length and 0.5 micron in diameter. Although in shape, they look 1ike lia 

chain of beads ll as well as lia match with heads at both ends", they are 

usually described as !'dumb bell". Whi1st the nakecl needles in the lung induce 

a physi.~·chemiea1 change to the asbestos, these asbestos bodies become lese 

fragile and less ri~id than the naked needles. As it lies in the tissues, 

the needle gradually become encapsulated with a c1ear substance which slow1y 

becomes manifest after about two months in the lung. 

An illustration of the chemical lire history of asbestos body 

was made by Browne(18) (Figure 21), and his detai1ed description is reproduced 

as fol1ows: 

Il This coating first appears as globules along the centre of the 

need1e which gives a chain-of beads appearance. Then the ends become sur­

rounded wit h a thicker curved eovering whieh fonns what the German workers 

pictüresqùely call a 'hull'. The material t'rom which this 'hul1' is made 

is amphoteric, reacting with either acid or a1kalij it gives a positive 

biuret reaction and it is dissolved by the proteolytic enzyme, trypsine 
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The evidence, therefore, strongly suggests that the substance which 

surrounds the asbestos needle to form the body is a proteiDe Indeed, a 

kind of asbestos b~ has, in fact, been s,ynthesized by coating a needle 

with egg albumèn. As the asbestos body becomes older, the needle in its 

centre becomes less noticeable, and finally disappears. No needles can 

be sean which are ahorter than 10 microns which suggests that they eventuaJ.1y 

go completely into solution. An asbestos needle count in the lung also 

suggests gradual solution, as the longer the patients survive after last 

inhaling asbestos, the smaller the intrapulmonar,r fibers appear to be. 

The whole asbestos body eventuaJ.ly becomes segmented and radial cracks 

appear in the bulbous rounded ends, ani at last, nothing is left but a 

string of dark granules which appear to be iron oxide which has gradually 

accumulated in the protein envelope as i t has become older. \fuat, therefore, 

started as a clear symmetrical asbestos needle ends as an opague collection 

of amorphous iron granules. " 

3.3 Hazards of Asbestos Exposure and Associated Diseases 

The c1inical. symptoms of asbestosis are similar to those of 

silicosis, nevertheless there are some marked differences. Silicosis 

renders a patient particularly susceptible to tuberculosis, while asbestosis 

seems to lead to enlargement of the heart and often to death by )leart 

fallure. 111croscopical. exam:i.nation (13) showed varying degrees of fibrosis, 

from dense, relatively acelluar fibrous tissue obliterating lung structure 

to mild interstitial fibrosis (F.igure 22), in which the general archi­

tecture of the lung is preserved. A small portion of the llUlg showed normal 

alveolar walls; in these areas fibrosis was concentrated around respirato~ 
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Fig. 22 

A Photograph of Hild Interstitial Fibrosis 

( Bates & Christie, Reference 13 ) 

Figo 23 
Asbestosis ljody in the Int'ersti tium 

( Reference 13 ) 
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bronchioles. ~ histiocytic cells existed in the alveolar spaces in 

the f'ibrotic areas am the al veolar lining cells were of'ten swollen and 

cuboidal. Large numbers of' asbestosis bodies were seen both in alveolar 

spaces and in the interstitium (Fig. 23). Scattered large cells were sean 

throwing OV~ and enclosing the bodies. Elsewhere, large cells were seen 

containiDg asteriod bodies. Hoderate thickening of' the pulmonary arteries 

existed. The pleural plaques were composed of' dense acellular hyaline 

tissues. 

In 1906, asbeBtos bodies were discovered by Montagne l<Iurray(Bl), 

in the lungs of' a man who died in 1900 af'ter having worked in an asbestos 

textile plant. Subsequently, King, Clegg and Rae (64) undertook a series 

of' experiments with asbestos dust in the lungs of' rabbits. They f'ound the 

animals exposed to long asbestos f'ibers developed nodules similar to the 

experimental silicotic nodule. The animals exposed to short f'ibers developed 

a "diffuse interstitial reticulinosis". Then, Cook~26) IvlcDonald (74), 

!{erewether(76 ), Berkley(16), Wagner(122), Holt(57), and Davis(33)also 

experimented with asbestos dust to study deposition and retention in 

animals. It was found that when ti~ asbestosf'ibers reside in the body, 

they are eventu.ally coated with an iron-protein substance which frequently 

forms clubbed ends, giving rise to the typical drumstick appearance. 

Eisenstadt (40) conaidered that fiber bOdies are f'ormed in a period of 

10 or more years. Over the course of' that latent period, the collagen coyer 

of' asbestos bodies ttripenslt by f'orming transverse cracks, enabling them. 

to breakdown and liberate a toxin which causes a reactive f'ibrosis in the 

lungs. This substance was thought to be carcinogenic. However, it seem.s 



unlike1y that any human physio1ogica1 process is capable of achieving 

complete destruction of these fibers. 

In CollinS l, (24) view: II The protein coating of the fibers 

is probab1y simp1y a defènsive mechani.sm rather than an aggressive one, 

preventing further migration of minute need1es capable of direct pene­
(61 ) 

tration of tissues. II Keal in 1953 quoted a report, by Wyss, of 

fibers in the urine of patients with asbestosis and they have a1so been 
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found in the thyroid and spleen. Kea1 brings this as evidence of haemato-

genous spread of fibers, and suggests that a combination of mechanica1 and 

chemical factors may determine the peritoneum as the location of neop1astic 

change. These findings may also be considered as evidence that fibers can 

and do penetrate tissue direct1y. 

From a peritoneal or ovarian cancer case's c1inica1 report, they 

revea1ed that there is a high incidence in women exposed to asbestos(61), 

and the portal of entry might probab1y be the genita1 tract. Thus, 1ympho-

genous spread of the tumours occurs, but haematogenous spread is rarely 

encountered(86). As fiber penetration of skin may occur, ingestion of 

fibers and skin contacts to fibers may, therefore, effect a simi1ar resu1t. 

In a study of the hemo1ytic activity of asbestos fibers under­

taken by MacNab and Harington(71), only chrysoti1e was found te have a 

marked hemo1ytic activity, simi1ar to that elicited by quartz. Other 

asbestos forms were either comp1ete1y inactive or only weakly 1ytic. They 

attributed the high 1ytic property of chrysoti1e to the adsorptive capacity 

of this type of fiber: chrysoti1e, in fact, adsorbs five times more pro-

teins from serum than 5ilica. 
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As a result of the study in vitro on the hemolytic activity of 

different asbestos types (chrysotile, crocidolite, amosite,antRophyllite), 

Secchi & Rezzonico (99) observed that chryso.tile proved to have potent 

hemolytic activity whereas crocidolite, amosite and anthophyllite were either 

completely inactive or only we~ lytic~ 

Wagner (121) stated that a number of hypotheses to explain the 

pathogenesis of asbestos disease have been proposed, but none is wide1y 

acceptai:-

" (a) The original theory of physical irritation -- that the 

presence of the asbestos fibers in the terminal airspaces oaused irritàtion 

am damage to the walls of the alveoli 1eading to fibrosis. 

(b) The solubili ty theory -- that the fibrosis is due to the 

effects of silicic acid and metal ions leaëhing out from the asbestos fibers. 

(c) The autoimmune theory, in which th.ere are two concepts: 

(1) The presence of the asbestos in the lungs and its reaction within the 

alveolar phagocytes or fibroblaste, either produces, or localizes, abnor.mal 

globulin, the presence of which can be discerned by the presence of ~heumatoid 

factor' in the circulating blood, and in the tissue by immunofluorescent 

techniques. (2) That the effect of the fiber on the pulmonary phagocytes 

combinai with their being entrapped in the respiratory bronchioles may be 

a factor in the initiation of the fibroeis. The suggested mode of action 

being that lysis of the phagocyte at this site releases a substance that 

is not accepted by the tissue as 'self'. 

(d) The stagnation of phagocytes theory - this is similar 

to the second concept in the autoimmune hypothesis, but involves no 

immuno10gical mechanism in the tissue-destruction and fibrosis. Il 
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From the histological viEnipoint, symptons or asbestosis ma.y have 

the rollowing occurrence '\'tith respect to exposure o-r humans:­

Pûlmonary ribrosis (asbestosis), 

Bronchogenic Cancer, 

l-Iesothelioma, 

Ferruginous (asbestos) bodies, 

Pleural plaques. 

The rollowing data, presented by Buchanan (19), shOl'/S the incidence 

or asbestosis and lung cancer, and, the average or 'asbestosis' cases at 

death according to type, recorded rrom 1924 to 1963 in Great Britain (Tables 

12 & 1.3h-
'fable 12 

INClOF.NCE 01-' ASI:ESTOSIS .4NO LUNG CANC$R 1924-1963 

Males 

Perlod Ail Asbestosis and J)er cent with 
cancer of asbestosis cancer of 
the lung the lung 

1924-1930 13 - Nil 

1931-1940 66 13* 19.7 

1941-1950 92 21t 22.8 

1951-1960 144 45 31.3 

1961-1963 77 42~ 54.5 

1924-1963 392 121 30.9 

*Includes one case recm-dcd as "cancer of pleura." 

tIncludes one case recorded as "sarcoma of pleura." 

~Includes four cases recorded as CmesotheUoma of pleura." 

AIl 
asbestosis 

7 

82 

45 

40 

18 

192 

( Buchanan, Ref'.erence 19 ) 

Females 

Asbestosis and 
cancer of 
the lung 

-.' .. 
5 

5* 

11 

4 

25 

Percent with 
cancer of 
the lung 

Nil 

16.1 

11.1 

27.5 

22.2 

13.0 
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A VEltAGE AG.: OF • ASDF.sTCSlS' CASES AT DEATII ACCOROINll TO Tv ... : 

-

Males 

Asbeslosis + Perlod Asbcslosis only luberculosis 

Cases Av. age Cases Av. age 

1924-1940 43 49.3 23 44.3 

1941-1950 54 55.9 17 42.1 

1951-1960 86 58.1 13 55.3 

1961-1963 34 60.4 1 53 

*Average age at deatb based on 50 cases ooly. 

tOne case also had .pulmonary tuberculosls. 

-
Females 

Asbestosis + 
Asbealosls ..-inlralhoracic Asbeslosls only luberculosis cancer 

Cas(!s Av. age Cases Av. age Cases Av. age 

13 55.6 52 39.6* 32 33.7 

21 54.3 31 45.2 9 37.6 

45 56.4 28 56.7 1 51.0 

42t 57.6 13 57.8 1 54 

Table 13 
( Reference 19) 

Asbcstosls + 1 

inlrathoraclc 1 

cancer 
1 

i 

Cases Av. age! 

5 49.0 
1 

1 

, 

5 41.2 

11 
• 1 

51.0 1 

1 

4 62.5 

1"· 

-l="' 
\0 



Chapter II 

THE ASBESTOS HYGIENIC STANDARD 

AND ITS CONTROLS 

1. attienic stan:1ards for Asbestos Dust 

1.1 Motes & Fibers in the Air 
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In the mining ani processing plan-œ of the asbestos industries, 

the sources of air-borne particulates may be classified as follows:­

(1) Fibrous asbestos 

(2) Asbestos type minerals (serpentine, antigorite, etc.) 

(3) Non-asbestos type minerals occurring with asbestos 

(magnetite, perido"t:ite, chromite, quartz, nickel.) 

(4) Non-process materials (air pollution) 

An air sample fram an asbestos plant taken bl" any efficient 

device am examined. microscopicaJ4r~ev§a-l.s that there are motes an:1 

fibers. The grains or motes can be represented. as spheres in shape, am 

the fibers may be represented as greatly lengthened. cl"lir:ders. The 

hygienic significance of the two types of particles is different. There-

fore, motes and fibers can be discussed separately. 

Motes: Because ther.e is an inherent size classification in 

airborne dust, IIlal'V investigators (51, 32, 49, 106) discovered. that one 

seldom sees particles larger than 10 microns diameter in an air samp1e 

from any mineral dust producing operation. Al"er an:1 4rnch (7) took air 

samples, from an asbestos textile plant, which appear to be from the 

process, and the size-distribution of these other mineral particles was 

as follows: l-Iedian diameter: 0.45.)A.. to O.S)l.; 30 to 55 per cent 1ess 
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than 0.5,......; ~ to 9S per cent less than 2)c.; 1 to 4 per cent above 5)1., 

the major proportion of the dust by weight of either the total sample or 

a respirable fraction is contributed by particles larger than 1 micron. 
. (3S) (44) 

Fibers: Dreesen and Fulton reported that the normal 

diameter of airborne asbestos fibers was less than 0.5 micron. Electron 

micrography confirms this; in fact, the diameter of most of the airborne 

asbestos fibers is less than 0.1 micron. When the aspect ratio of a par­

ticle is greater than three to one, it is defined as a fiber, most of 

which, by number, are short; median lengths from e1ectron micrographs 

are between 1 and 2 microns. 

Typical geometric standard deviations of air borne samples' fiber 

length are 2 to 4. The median length of fibers: 2.5 microns to 3.5 microns; 

S to 15 per cent less than l micron; 65 to 75 per cent less than 5 microns; 

~ to 90 per cent less than 10 microns. Median diameter (thickness) of 

fibers: about 0.55 micron; 43 per cent less than 0.5 micron; 82 per cent 

less than 1 micron; 98 per cent less than 2 microns(49). The larger dia­

meter (up to l micron) fibers contribute the major portion by weight of 

respirable fiber, and among which, there are ~ small diameter fibers, 

most of them are well under 5 microns in length but with virtuall.y no 

upper limit to the microscopie length. Fibers up to 50 microns in length 

may be visible in the respirable fraction of air samples J however fibers 

500 microns and longer, some with diameter 3 microns and less, have been 

found in clouds of asbestos particles. 

The most applicable respirable airborne particle diameters. for 

asbestos sampling appear to be those suggested to the Office of Health 



and Safety of the United States Atomic Energy Commission by a group of 

consultants in 1961, and adopted in AEC regulations. They are:-

% Respirable 

100 

75 

50 

25 

o 

Particle diameterdt (unit density sphere) 

10 

1.2 The Theory of Fibrous Dust Toxicity 

Due to a considerable difference in respiratory tracts and 
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the number of exposed fibers between humans and animals, it is difficult 

to apply any conclusion to human asbestosis from the results of experi-

mental asbestosis performed on ailimals. However, the experimental 

asbestosis has given ri se to two causation theories which throw some light 

on the relationship of particle size :to~ pathogenicity in asbestosis. 

They are the the ory of mechanical damage and the theory of chemical damage 

and. ehemical · .. ct'fon, !l'es:peciiivé17. 

The theory of mechanical damage was tested by Vorwald, Durkan and 

Pratt(120). They found that asbestos dust particles which were smaller 

than 3 microns in length had little, or no reaction on pulmonary tissues. 

This was,greatly different from silicosis, which is caused by silica dust 

of the same size. Thus if asbestos particles no longer than 5 microns are 

inhaled, very little disease would develop and the process would advance 

more slowly than when the airborne particles contained a predominance 
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of fibers of 10 to 50~(20). In the meantime, Green(48) states that samples 

of asbestos, the cause of asbestosis, indicate that the majority of fibers 

are less than 10 microns in length and 2 microns in diameter. 

On the other hand, with the chemical theory, it discloses that 

fibrosis is the result of the chemical action of an unknown fibrogenic 

agent (could be silica) released by disintegration of asbestos bodies 
. (137) (83) 

ts~licates) • Nagelschmidt discovered that in over half the asbestosis 

lungs from Great Britain and South Africa, practically no asbestos fiber 

was found, irrespective of grade of fibrosis, and that asbestos dust might 

possibly be dissolved in the lungs, or become as minute particles. 

According to Findeisen(4
1
), there is an optimum size of between 

micron and 2 microns in diameter, at which maximum alveolar deposition 

occurs, decreasing to a minimum at about a quarter of a micron and increasing 

as particles become even smaller. Figure 24 shows the retention versus 

size by Davies(30). Evidently, the smaller partic1es of silica, down to 

perhaps a half-micron, act more quickly than larger ones in producing a 

fibrotic condition and, weight for weight, are more dangerous. Whilst there 

is no available evidence concerning the effects of silica particles around 

the 0.1 micron size, theyare considered as of less danger than those 

in the 1 micron region. Davies states that, although the fibrogenic activity 

of quartz mncreases as parti cIe size decreasès,: from 5 microns to 0.5 micron, 

at sone smaller size a reverse tendency must take place as colloidal par-

ticles produce less effect. 
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Fig. 24 
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1.3 Hygiene Criteria for Air-borne Asbestos 

In April 1964, The American Conference of Gcivernment Industrial 
'" 

Hygienists (A.C.G.I.H.) presented a threshold lirni t value' (TLV) for' asbestos 

dust, as determined bl" impinger samp1es, of S milli on particles per cubic 

foot (177-particles/ml) of air for a daily eight-hour exposure, 40 hours 

per '\'Ieek. This figure uas recormnended by Dreesen" Dalla Valle" Ed"!ards,, 

Hiller am Sayers (38) after a study of SU employees in three asbestos 

textile' plants using chrysotile. Only three uncertain cases of pneumo-. 
coniosis wer~ round in those exposed to dust concentrations under rive mppcf" 

l'Thereas 'numerous well-marked cases ''lere foUIXl above rive mppcf.' Both 
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fibrous and non-fibrous particles were counted. But in 1967~ Cooper(27) 

observed that the TLV of 5 mppcf for asbestos rests on shakier evidence 

than most TLVs. He principally argued that the impinger counts include 

all dusts and that a large proportion of asbestos fibers have diameters 

below the resolving power of the light microscope and are not counted at 

all. He pointed out that asbestosis appeared in insulating workers who 

were exposed to concentrations much below the time weighed average of 

5 mppcf. Leathart am Sanderson(67) in some observations oli asbestos 

.eon$idered a œLV of 5 mppôf to be too high. It has been suggested by 

various investigators that as there can be no certainty of a concentra-

tion which is harmless to man~ the TLVs for knawn or suspected carcino­

gens should be established as zero. Ayer & !;ynch (7) suggested that on a 

weight basis~ the present TLV for asbestos may be greater than l mg/m3 
of respirable dust. Crocidolite~ however~ has been shawn to produce~ 

in addition to the asbestotic inf1ammation~ also mesothelioma. In a 

statement issued in early 1968 by the A.C.G.IoH. ~ it states: 

n Since no safe limi.t can be established for Ws form of asbestos 

at this time~ until more definitive data are obtained~ it is reconunended 

that workers exposed to crocidolite be equipped with air S"llpplied helmets. n 

In I~ of the same year~ a new proposal was made by the A.C.G.I.H.~ 

on a TLV of 12 fibers per ml for asbestos fibers larger than 5 microns in 

length~ as determined by the membrane filter technique(4). However~ the,y 

did not allow sufficient time for various investigators to critically 

analyse the TLV of 12 fibers/ml. 

Further to the above~ they have in 1970~ proposed to lower the 
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TLV to 5 fibers/ml for ail types of asbestos fibers which are over 5 microns 

. l ,.,n+'h(5) 
~n e~'6u • 

The United States Atomic Energy Commission proposed that the 

concentration of the respirab1.e fraction can be compared to a modified 

maximum permissible concentration (NPCa) on a simple basis. The following 

equation as established. by the International Connnission on Radiological 

Protection can be used to calculate }IPCa 

10-7 qf
2 

r-IPCa = --------).lc/cnr'3 

Tfa (l-e -0.693 t/T) 

where 

qf2 - burden of radionuclide in the cri tical body organ (.M..c) -
f 2 - fraction of radionuclide. in critical organ of that in -

total body 

T = effective ha1t lite (clays) 

t - period of exposure (days) -
fa = fraction of the b~ burden in the organ of reference 

The published. l.fi>Ca standards for insolubl:e particles were calculated fram 

this equation using the factor fa to represent the fraction of the material~ 

taken into the body by inha1ation~ that arrives in the critical orgu. 

Àssuming fa = 0.125 in ail CliS.e-a l'lhere the lung is the critical organ, 

i. e. that 25% of the airborne dust is "respirable", and "one-hill of the 

respirable" dust is retained.. Thus, the r'IPCa for insolubl..e "respirable" 

dust should be 25% of the HPC for total airborne dust. The International Com-

D:d.ssion on Radiological Protection stated the following in cormection wi th 



57 

the value of fa : 

Il Retention of particw.ate matter in the lungs depenis on ma.r:w 

factors, such as Bize, shape, and density of the particles, the chemical 

form, and whether or not the person is a mouth breather; hawever, when 

specific data are lacking, it is assumed the distribution is as shawn 

belm'l. 

Distribution 
Readily other 

Soluble Compoun:ls Compounis 

Exhaled 25 25 

Deposited in upper respirator,r 
passages and subsequently 50 50 
swallowed 

Deposited in the l~S (lower 25 25~(o 

respirator,r passages This is taken up 
into the body. 

(%) 

* Of this, half' is eliminated from the lungs and swallowed in the first 

24 hours, making a total of 62-1/2 per cent swallowed. The remaining 

12-1/2 per cent is retained in the lungs with a half" lire of 120 days, 

it being assumed that this portion is taken up into the bod;r fluids. Il 

In Canada, Canadian Johns-Uanville Co. Ltd. :has- been using 6 fibers 

longer than 5 microns per cubic centimeter as· a Threshold Limit Value at 

their mining and miJJing operations. 

An informal limit of 4 fibers longer than 5 microns per cubic 

centimeter has long been utilized by the asbestos iniustry in Englani. 

The Committeeon Hygiene Standards of the British Occupational Hygiene 

Society(66) have r$connnenled that exposures which lie in certain ranges 

of dustiness be designated by categories according to the following scheme:-



DUST CATEGORY 

Negligib1e 

l'Iedium 

High 

CONCENTRATION A VERAGED OVER 3 MONTHS 

(fibers/czd3 ) 

o - 0.4 

0.5 - 1.9 

2.0 - 10.0 

Over 10.0 

5B 

and the,r have proposed a variety of acceptable instruments with alternative 

specific indices of concentration for samp1e collection of chrysotile asbestos 

dust. These indices are:-

NETHOD 

Membrane filter 

irRespirable" mass 

Thermal precip1tator 

Impinger 

Rayco particle count 

CONCENTRATION 

2 fibersjcm3 

0.03 mg magnesium/zn3 

0.04 mg SiO;/m3 

0.10 mg ashj~ 

0.12 mg aSbestosjm3 

25 partic1esj~ greater than 

l)l after incineration 

10 partic1esjcm3 

2 particlesjcm3 greater than 4 microns 

Good industrial hygiene practice terds towards controlling expo­

sures below the hygiene maximum rather than maintenance at the maximum. 

As the most relevant parameter of respirable fiber concentration 

(i. e. surface area, weight length, count) cannot be determined fram present 

bio1ogical evidence, some Germanic investigators (62,123) eleôted to use 



"dust factors" instead. of TLVs to evaluate working conditions. The 

formula of determining the "du st factor" is: 

where 

F=-----
100 

F = dust factor 

~ = total concentration of all dust particles in ppcc of 

air (ppcc - particlea per cubic centimeter) 

KA = asbestos fiber concentration in ppcc of air 
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Kesting(63) suggested the following categories for describing 

safe limits: 

Fl = 0-20 •••••••••• •••••••••••••••• no hazard 

F2 - 20-40 •••••••••• •••••••••••••••• low hazarcl 

F3 • 40-60 • ••••••••• •••••••••••••••• medium hazarcl 

F4 • above 60 • •••••• •••••••••••••••• high hazard 

He indicated that an asbestoa disease should not be expected with 

the range of F ;; 0 - 20. This suggested "dust factor" seems to be reason­

able as it depends upon both the total dust and the fibe~; and it is parti­

cularly more applicable in the mining industry, since there might be a 

percentage of up to 80 par cent of dust from the parent rock Whièh 

could be biologic~ relati vely :inert. 

As it probably applies in most dusty industries, there are no 

reliable quantitative hazarda of fibers and othar dust particles standards. 
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Rajhans (91) suggested: " The TLVs, or the safe limits established in 

various countries, are only meant to be used as a guide and should not 

be gi ven a legal connotation. It should further be unierstood that the 

values of TLVs have been, in some cases, decreased in the past and there 

is every possibility that they may be further reduced as fresh information 

becomesavailable, especi~ in the case of known or suspected carcinogens 

like asbestose ft 

2. Dust Control in the Hining In:lustries 

2.1 Sources of Dust 

The ma.ny possible asbestos dust sources in mining and mi 11 i ng are 

from open pit, drilling, blasting, loading, han:illng, grinding, screening, 

drr-tng, and so forth. In the mine, the most significant source of pollu­

tion lies in the uniqueness of the milling procedure, which is _ a dry 

process requiring large air flows. 

The separation of asbestos fiber from its ore, the opening up and 

cleaning of the fiber, and finaJJ.y i ts blending am grading are done by 

mechanical means. Whereas, most of other mineral dressing processing 

-uBual17 a!3-opt we t methods which are entirely different from asbestos 

dressing processing. And, asbestos miJling is, indeed,a dry process with 

considerable han:illng, which tends to produce large quantities of air-borne 

particles and fiber. 

Fiber is released by impact methods from the rock and is separated 

on vibrating screens. t-lith such methods, there is less damage in separating. 

fiber tram rock. In practic~ all phases of the operation, air is utilized 

to separate and to transport the fibrous material. Air is conBidered as 
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the life-blood of asbestos milling. Large quantities of du st are produced 

during dry asbestos milling. However, pneumatic transport is an inherent 

process component so that only a fraction of the total air moving capacity 

in a mill is provided exclusively far dust control. Every ton of asbestos 

fiber utilizes about 75 tons of process air, and 25 tons of air out of the 

process air, are utilized to remove dust at belt conveyors, non-aspirated 

screens, bucket elevators, pressure-packing machine, graders, hoppers, rock 

t 
(107) (58) and fiber bins, e c. As a rule of thumb, Horn mentioned that it 

requires ten tons of air to produce one ton of fiber. 

2.2 Dust control of the Environment 

White(128), in "The Total Environment of Miningll, suggested that, 

one of the aspects in the establishment of a comprehensively attractive 

working environment, is a composite one of physical, chemical, biological, 

psychological and sociological elements; together, they constitute the 

working conditions within the irrlustry - each giving rise to problems of 

co ntrol. Therefore, dust control of the environment should be designed 

to correlate the above suggestion. 

A critical design of dust control methods, is recommended as 

follows:-

(a) substitution of enclosed mechanical methods to replace manual 

handling for dusty work. 

(b) effective enclosure of dust-producing machines and plant 

(with automatic operation, if possible), 

(c) application of exhaust draught at dust-producing points, 

(d) general ventilation, 



(e) local exhaust ventilation, 

(f) substitution of wet methods for dry, 

(g) the use of dust respirators (and other personal protective 

devices), 

(h) decreasing the daily exposure through a short work period. 
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(i) isolation of the hazardous process fram the remainder of the 

plant with special protection for '\I10rkers necessarily included 

in the area isolated. 

(j) medical supervision. 
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Chapter III 

THE USE OF DUST RESPIRATORS 

1. A HistoEY o~ Respirators 

Dust respirators have been in use since Roman times and earlier. 

There was concern about the effects of dusts in 1ead mines and refineries, 

and through the ages there has been apprehension about dusts ~rom gypsum, 
(116) 

lime.stone, .and 60 f~ortl1 • 

In 1931, an investj,gation i'laS carried . ·out by the British Hedical 

Research Council at Porton, ::concerning' tb.e~ 'düsts which' cause .puilÙonaI'Y' 

disease in industry. From the study o~ a idde range o~ industries, it was 

revealed tha.t finer particles of dust, down to about hill a micron in 

diameter, l'l'ere to be found in the 1ungs of persons ~~ected by occupational 

pulmonary disease. Mter". several years' investigation, a general perfor-

mance specification for dust respirators wasdrawn up which inc1uded fil­

tering ef~ciena,y, resistance to breathing, comiort and wearability. 

This spec~cation was adopted by the Factory Department o~ the British 

Government, who had. become acti vi ty interested in dust respirators largely 

as a result of regulations published in 1931 which made dust respirators 

compulsory ~or some branches of the asbestos industry. 

Various designs of respirators were produced in WOr1d War l, 

eniing wi th the almost historic Sm.all Box Respirator, which was the first 

Government canister respirator design. Possibly one of the moat notable 

material benefits of World l'lar l respirator research was that it gave the 

world activated charcoal, which is usually an absorbent for gases and vapours 

in induati"y'. Under the inf'luence o~ war, the researc~. on respirators 



evolved the concept of mechanized respirator assembly methods, standard 

methods of test and inspection, and it gave a background of knowledge on 

the physiology of the respirator and some information on the variability 

of the contours of the human face. 

Subsequent to World War II, a result of respirator industrial 

developments have been encouraged and helped by the Government to design 

the filter materials and other components for war respirators. There are 
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a number of commercially designed dust respirators, which meet the required 

standards and approved for use in specifie atmospheres. 

In general, the dust respirator position is now better than it 

have ever been, but finality and perfection have by no me ans been reached, 

espeeially in view of the very much more toxie materials which are now 

being manufactured and used. 

2. The Principle of Dust Respirators 

By de finition, a respirator is a breathing a pparatus which in­

corporates a filter and/or absorbent which r emoves poisonous or unpleasant 

materials from the air inhaled by man. Respirators, as defined, are 

classified into two groups: CA) - Atmosphere supplying, and CB) - Air 

purifying. 

The first group CA) consista of the self-contained breathing 

apparatus, air-line respirators, hose masks, and air supplied hooda and 

helmets. Wearers of these devices are supplied with uncontaminated air 

from a source other than the surrounding atmosphere. 

The second group CB) ineludes the mechanical-filter respiratora, 

chemieal-cartridge respirators, and gas masks. The wearer of these devices 
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breathes the air from the surrou-~ing area, but a mechanical or a chemical 

filter removes most of the contaminants before the air is inhaled. 

The main purpose of this research is to study the dust respirators 

which are the mechanical-filter types. These are inc1uded in the second 

group. Dust respirators usually consist of a half mask, covering the nose 

and mouth, with a filter attached. A filter is made of fi brous material 

which permits the passage of air, but removes the har.mfUl partic1es by 

physical trapping in the filter as air is inhaled. The characteristics 

of the se protective devices create some discomtort for the wearer. As the 

respirator is used, the accumulation of contaminants in the fUter medium 

increases the resistance to air flow. 

2.1 The Filter l1aterial 

The filters are made of various typesof material. Commol'Ùy used 

materials are mixtures of asbestos with cotton or woo1 (the filtering action 

being overwhelmingly due to the fine asbestos fibers), papers of asbestos 

and cellulose fe1t, and, recently, of fine glass fibers and woo1-resin 

mediùm. 

The Canadian and British particulate filters used in the aI'miV 

canister are composed of a mixture of merino woo1 and asbestos in definite 

proportions. The civilian canisters contain pads of woo1 :iJnpregnatëd with 

resin, as well as the merino woo1 asbestos pads. The Americans use paper 

filters made of alpha cellulose impregnated with asbestos. The French 

particulate filters are composed of alpha cellulose plus activated charcoal. 

The Germans used p1eated cotton or woo1 pulp fiber, :iJnpregnated l'li th 

asbestos. 
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2.2 The Physics of Fibrous Filters 

The respiratory fUter media is composed.of i'ibers of different 

diameters, lengths and orientations in such a manner as pads, felts or 

papers, and, notwithstanding the apparent tight paCking, the interstitial 

distances are usu~ many times greater than the diameters of particles 

l'lhich i t is expected to remove from the air. Apparently, this word 

"filter" is no~ sensed as a sieve, but act~ its action is mainly 

through the inertial effect of' the larger particles and the Brownian motion 

of' the smaller ones. t~st the streamlines of the air bend around the 

fibers the massive particles take a more direct path and in doing so, due 

to van der Waals forces, may touch a fiber and adhere. The smaller 

particles are accompanied with air molecules to strike across the flowlines, 

and to f'ollow a tortuous path so that there are more chances of' str1ld.ng a 

fiber. Furthermore, small electrœ1aik charges on particles am fibers may 

help in increasing filter efficiency and it is also easy to observe that 

for particles which deviate by the equi valent amount from an air flowline 

those of large radii are more likely to touch a fiber; that is known as 

the interception effect. Brownian motion is more effective at the lower 

velocities while inertial effects are greater at higher velocities. 

2.21 Basic Law of Filtration: 

Filters remove particles umer two method.s: 

method and the Taylor (110) method. 

the RodebuSb(96) 

P~ebush proposed the following equations for sheet or l~er 

type filters: 
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-KAX -S 
= e - e 

;:; r • v • AX 
K • ÂX K c = 
r·v.AX r • v 

are number oi' particles in the smoke stream 

bei'ore and after filtration respectiv~. 

= thickness oi' the sheet 

= the stopping coei'i'icient 

= actual thickness oi' i'ilter 

= resistance per unit thickness 

= pressure drop across the i'ilter 

= the linear now in cms. per minute 

= KAX 

Taylor developed a method i'or the comparison oi' i'iltering materials 

on a standard basis. Ii' the i'iltering material and the cloud oi' particles 

are homogeneous" the i'iltration obeys the usual exponentiaJ. law i.e. the 

i'raction which penetrates the sheet decreases exponenti~ with the thick-

ness" therefore 

Darcy's Law" 

- loglO P = K· T 

U 

A 
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u • ( - log P ) • R 
A -

K • r 

A = Cl 
R 

· Ir 

Cl = U , - log P ) 
r 

v = A·T 

V = C2 • --1L 
K2 

U • 2 C2 = , - log P l 
r 

where 

U = Flow rate of air cC/min. 

A = Area of filtering material in sq. cms. 

T = Thickness of filtering material in cms. 

R = The resistance constant. 

V = Volume of filtering mate rial in ces. 

K = Penetration constant. 

r = Resistance in cm of H20 of a particular filter. 

P = The penetration of a fUter as a fraction of 

unity. 

Cl and C2 = Constant. 

The results of some respirator-filter experiments of percentage 

penetration related to the humidity, particle diameter, flow rate, and MaSS 

concentration, respectively, are illustrated by Dorman(37) in Figures 25 & 26, 

and. by Yaffe(135) in Figures 27, 28 & 29. 
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Experiments with Carbon Smoke (Particle Size 0.2 - 12.0 Micron) 
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Fig 27 Relationéhip between Mass Concentration and Percentage 

Penetration of Rayon-Asbestos Filters. 
( Yaffe, Reference 135 ) --.J o 



Experiments with Carbon Smoke (Particle Size 0.2 - 12.0 Micron) 

Fig 28 Variation of Penetration of Filter with changing Relative Humidity 

( Reference 135 ) "'-l 
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Fig 29 Effeet of Flow-rate on Penetration 

15 0 ' ;" ", ': "'l~~'" "200 ' 300 400 500 600 , 

Experiments with Oleie Acid Smoke 
(Particle Size 0.14-0.17 Micron) 

A Filter medium made from the beginning of the batch 
R Filter medium made from the midd1e of the batch 
11 Filter medium made from the end of the batch 

(Reference 135) 



2.22 Mechanical Theory of Filtration: 

Filtration is neither a screening nor a sieving effect. That 

this is so can be readily seen by comparing the diameters of the smoke 

particles caught and the pore diameters of the filters. Kau.fma.nh60) 

developed the mathematical theory of the fibrous type of filter. He 

considered each single fiber of the filter equivalent to a separation 

body as in Sell's(101) theory. The filter would then be composed of an 

irregular spaced lattice of such bodies. Kaufmann then considered the 
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streamline flow around these fibers. Four types of deposition may occur: 

(1) A fundamental separation may occur resulting from the relative 

location of the particles with respect te the cylinder if the 

distance of their path from the fiber surface at right angles 

to the current 1s less than the particle radius. Kaufmann con-

sidered this effect experimentally and found that it did not 

depend on the flowrate, but only on the geometrical configura-

tions of the filter. It was found that the filtering efficiency 

increased rapidly with the increased ratio of particle sizel 

fiber size. Thus far this type of filtration, the smaller fibers 

will be the more efficient. 

(2) Kaufmann then considered the centrifugal forces involved. Using 

Sell's relation, he obtained an effect which was a function of 

the velocity, the particle radius square, and the reciprocal of 

the fiber diameter. Thus, here again, fibers of finer diameter 

will increase filtration efficiency. 

(3) Filtration will also occur due te Brewnian motion, the so-called 

diffusion filtration. This deposition is assumed to take place 
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mainly on the sides of the fiber due to the passage of the air. 

~v.ith some approximations, Kauf.mannobtained the mathematical 

analysis of this effect. It was found to be a function of the 

reciprocals of the velo city, particle size, and fiber size. 

(4) Kaufmannalso considered the filtration due to electrostatic 

attraction between particles and fibers. This was found to be 

a !\mction of the reciprocals of the velo city, particle:. size 

and liber size. 

According to the Kaufmanntheory, the fiber radius plays a very 

important role in filtration problems. 

2.3 ~siological Aspects of Respirators 

An ideal respirator should be designedto meet the scientific 

requirements and the wearer's desire. In particular, there must be pro­

per aJJ.O\'lance for the physical and biological attributes of the l'Iearer 

and bis environment. AB a. respirator is inevitably a hinirance, so an aim 

of designing it should tend to keep those who are wearing them as near 

as possible llithin normal physiological limita. Cotes(2S) stated that a 

respirator should contorm to the anatomical and physiological criteria, 

as listed belaw:-

Relation to human anatom y and physiology and inii vidual 

variability, including: ( i ) Age and Sax 

( ii.) Hask Fit 

(iii.) Air FlO'\'1 Characteristics 

( i v) Oxygen or Air 

( v ) 11ask Deadspace 
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(vi) Gas Humidity 

(Vii) Temperature Effects 

2.31 Mask Fit: 

Generally, a half face mask is usually adopted as a dust respira-

tor against asbestos dust, and since·human faces differ from each other in 

size, it is difficult to cope with fitness. The United States Bureau of 

Mines(117) require a facepiece test in which the complete respirator shall 

be fitted to the faces of 15 to 20 persons having a wide variety of facial 

shapes and sizes. In order to test the suitability of the fit of the res­

pirator on these subjects, the exhalation valve and the inhalation portes) 

shall be held closed, and each subject shall exhale gently into the face-

piece until a slight but definite positive pressure is built up in the 

facepiece. The absence of outward leakage of air between the facepiece 

and the subject's face shall be evidènce of acceptable fit of the facepiece. 

2.32 Airflow Characteristics 

It is ver,y important for a designer to design a respirator with 

careful consideration in controlling the resistance to breathing. If it 

is too high, the filter may probably become clogged with use, respiration 

will be impeded and the wearer may adopt an attitude in which a leak 

occurs. Whereas, if resistance is very low the forces tending to suck 

the mask on to the face during inspiration are also low and the risk of 

leaks again increases. The relationship between the effect of age and 

the maximum allowable resistance is varied and this has not been fully 

explored. As breathing ability decreases with age, therefore, a resistance 

which is acceptable to a young man may net be tolerated by an older one. 
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Fig. 30 
( Cotes, Reference 28 ) 
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HcKerro\,,(75) has studied the effect upon maximwn breathing capa city in 

normal subjects of a series of orifice resistances (Figure .201:. 

Figure -JO· shen'Ts the acceptable resistance is likely to vary 

lr.Lth the subject's ventilation minute volume since it is more vulnerable 

to the effects of resistance at high rates of air flow. Thus" in the 

specification" it is necessary to include the anticipated work level which 

determines ventilation. 

3. Standard Test Uethods for Dust Respirators 

A specifie starxiard test for asbestos dust respirators haB not yet 

been announced by United states and Canadian Governments. As a rule" 

asbestos dust is considered as a kini of pneumoconiosis-producing dust. 

For protection against this kind of dust" the United States Bureau of 

Hines(1l7) has defined a standard test for its respirator" as follows:-

n Dust tests of respirators designed for respiratory protection against 

dusts having a TLV not less than 2.4 million particles per cubic foot" 

dusts" fumes" and mista having a TLV less than 0.1 milligram per cubic 

meter. Three respirators will be tested with a mechanical-testing 

apparatus under the following controlled conditions: 

( i) Relative humidi ty - 20 to 80 per cent. 

(ii) Room temperature - approximately 25oe. 
(iii) Rate of continuous air flow - 32 litera per minute. 

( i v) Test suspension - not Iess than 50 nor more than 60 rnj" j grams 

of flint ( 99 + per cent free silica) per cubic meter of air. 

The f'lint shall be grouni to pass 99 -t'per cent through a 325 

mesh sieve. The particle-size distribution of the test 
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suspension shall have a geometric mean of 0.4 to 0.6 micron, 

and the standard geometric deviation shall not exceed 1.96. 

( v) Duration of sampling period -- 90 minutes for each respirator. 

Tested under these conditions, the total amount of unretained test 

suspension shall not exceed a total of 4.5 milligrams for the three 

respirators nor more than 2 milligrams for any single respirator. Il 

" The resistance to airflaw of a complete respirator on inhalation and 

on exhalation will be determined on a mechanical apparatus before 

and after the tests are conducted. The contirmous rate of airrlaw 

will be 85 liters per minute. And, the resistance to inhalation of 

respirators approved for respirator.1 protection against radon daughters 

and asbestos dust and mist, and which shall not exceed lB mjJJ;meters 

of water-co1umn height before and 25 miJJjmeters height immediately 

arter each test, and the resistance to exhalation shall not exceed 

15 mj 11imeters of water-co1umn height at any time~llB) Il 

In England, penetration tests usually adopt heterogeneous c10uds 

of methy1ene b1ue or sodium chloride at rlow rate of 30 liters/mirmte; 

the size distribution is nearly al1 belaw 1 micron with a mass median 

diameter of 0.6 micron. The parlicul.a.te is sprayed from alper cent 

a~eous solution under controlled conditions and the solid test cloud is 

formed by evaporation of the water. The methylene blue test relies on the 

matching of the blue stains produced on esparto paper by difterent volumes 

of the t:Utered and unf'iltered clouds. For instance, if a 2 minute exposure 

of the t:Utered cloud (60 liters) matches 24 c,n{3 ot the neat cloud the 

penetration is 24 x 100/60,000 or 0.04 per cent. The British Standard 
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states that the penetration as measured on the methylene blue apparatus 

should not exceed 10 per cent. 

The sodium chloride test relies on the yellow coloration of 

a flame by sodium. A photo-multiplier views the f lame through appropriate 

light filters and the increase in intensity, indicated by the deflection 

of a galvanometer, gives a measure of the penetration, the relationship 

being linear. As the result of the measured penetration in this test 

is much higher than would be obtained by using natural dusts, (in which 

large particles are normally present) therefore, this result should be 

treated merely as an indicator which enables comparisons to be made 

between différent filters. 

The resistance to breathing is measured at 85 l/min. or 

3 ft3/min. This flow rate is considered to be about the peak rate of 

inspiration of a man breathing at a minute volume of 30 l/min. As for 

inhalation resistance, there are two fiëures mentioned in B.S. 2091 and 

1954 for testing dust respirators: Type (A) - 3/4 in. water gauge; Type 

(B) - 1 3/4 in. water gauge when the whole respirator is mounted on a hollow 

model in an airtight manner. The figure for Type (B) is to allow for 

higher efficiency fibers. In both types exhalation resistance should not 

be greater than 1/2 in. water gauge. 



Chapter IV 

STUDIES ON THE EFFICACY OF DUST RESPIRATORS 

1. A New Experiment for Testing Dust Respirators 

Since the U.S. Bureau of lünes had on August 20, 1934 issued. 

a test and approval schedule pertaining to parliculate filtering type 

respirator,y protective devices, including dust respirators, maqy 

experimenters (69, 93, 100, 12'7) have studied the efficacy of dust 

respiratorsj but most of them basically used a method similar to the 

U .S. Bureau of Mines. 

A ns~ idee for testing the efficacy of dust respirators 
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relates more to the human respiratory function than the above method, and 

is discussed in this chapter. This new experiment attempts to test the 

respirators under conditions similar to those of the normal human breath-

ing cycle. Such test will provide: 

(i) Efficiency of dust respirator filtration; and, 

(ii) Resistance of the dust respirator filtering medium. 

A block diagram of the sequence of performing the particular elements of 

the pro cess and their relationship, as a who1e ,.~s. illustrated in Fig. 

31· Fig. 32 demonstrates the experimental plant design. 

There are two major steps in the pur suit of the above work: 

collection of the dust samp1es, and assessment of these dust samples. 

1.1 Collection of Dust Samples 

In regard to the sampling process, it is necessar,y to consider 

the relationship between dust, air, respiration, an:l respirators. Firstly, 
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it is necessary to establish a defined level of dust concentration in a 

chamber where the temperature and. humidi ty are adjusted to simulate a 

normal working environment. Seconclly ~ a humanlike breathing machine must 

be connected~ together with the desired respirator~ for testing, to a 

manikin in the dust chamber. Thirdly ~ i t would be necessary to adopt 

various dust sampling instruments to obtain dust samples from within 

the dust chamber, and in the air which had passed through the respirator. 

Simultaneously, it is important to investigate am record the inf'luence of 

different filter materialson the resistance of the respirators. 

1.2 Assessment of Oust Samples 

As a sequence to the above procedure ~ the collected samples 

must be studied, classified, and evaluated, in order to determine the 

efficienc,y of the respirators. 

2. Air & Dust 

When asbestos dusts are inhaled in relatively dry air, they 

will increase in size within the respiratory s,ystem by water absorption, 

in consequence of the high relative humidity 't-lhich is maintained in the 

respiratory s,ystem. For this reason, hygroscopie ,articles are'depostted 

to a higher degree than non-hygroscopie materials of the same (dry) size. 

This is strikingly demonstrated by the comparative results obtained by 
(29) 

Dautrebande and Walkenhorst. In view of these facts~ the desirable 

working environment in the chamber has to be maintained by utilizing a 

humidifier in conjunction wi th a hygrometer (Fig. 33) to control the 

humidity. 

A Canadian chrysotile asbestos dust (Fig. 34) supplied by the 
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Fig. 33 Humidifier & HYgrometer 

Fig. 34 Micrograph of the fibrous test dust 

taken with phase contrast illumination. 
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Fig. 33 Humidifier & Hygrometer 

Fig. 34 Hicrograph of the fibrous test dust 

taken with phase contrast illumination. 
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Johns-Manville Research & Engineering Centre, Manville, New Jersey, U.S.A., 

was chosen as the fibrous dust fer preparing the test apparatus. This fiber 

is Plastibest 20, a specialty-grade fiber which contains less than 25% dust 

which will pass through a 200-mesh sieve. The fibrous dust was twice micro-

pulverized am twice air-jet milled. The resultant fiber is predominantly 

of respirable size. It is a specially cleaned source of chrysotile asbestos 

f.ib al" for research and development purposes. 

3. Respiration 

3.1 The Respiratory Function 

The major function of the respiratory system (Figure 35) is 

to provide an adequate amount of air into the lung, then to provide arteri­

alized blood at each moment to all of the tissue of the body. From a 

mechanical point of view, the lung consists of a large conglomerate of 

minuté, expansile air spaces that ventilate to the atmosphere through a 

complex arborized airway. The air spaces and air passages contain fluid 

surfaces and tissue that possess quasi-elastic properties(43). 

The funct~on of the lung i5, as already stated, to arterialize 

the mixed ~enous blood. This involves the addition of proper quantities 

of C02. This is achieved by pulmonary gas exchange which involves a 

number of processes (Figure 3'6) • The first of these is ventilation: 

this includes both volume am distribution of tœ air ventilating the 

alveoli. A large enough volume of inspired air must reach the alveoli 

each minute, and this air must be distributed evenly to approximately 

500 millions of alveoli with a mean diameter of 0.2 mm in the lungs(35), 

i.e. the volume of air going to each alveolus should be in proportion to 
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the volume of that alveolus. The second of these is the proeess of 

diffusion, by which 02 and CO2 pass across the alveolocapillary membranes. 

And, the third is pulmonar,y eapillar,y blood flow; this must be adequate 

in volume and all of the mixed venous blood must be distributed evenly 

to all the ventilated alveoli(25). 

3.11 The Lung Volumes: 

For many years, the only tests of pulmonary function were the 

measurements of the lung volwœs (Figures 37 & ~8). Actually, these do 

not evaluate function sinee they are essentially anatomie measurements. 

Changes in the lung volumes, however, are often eaused by alterations 

in physiologieal process, and for this reason it is important to know 

normal values. 

Pulmonar,y Function Tests: The most commonly uaed tests and 
(25 lOS) 

the normal values are as follQrls' : 

(1 ) Tot al Lung Capacity: The aum of the vital ~i-p~c!ty and the residual 

volume. Thia, in other words, ia the total volume of air in the 

lungs"'at maximal inspiration. Its normal value ia about 5500 to 

6000 cc. 

(2) Vital Capacity: The maximal amount of air one can expire aiter 

a maximal inspiration. Its normal average value is about 4000 

to 5000 cc. 

(3) Inspiratory eapacity, (formerly complemental or complementar,y air) 

is the maximal volume of gaa that can be inspired from the reating 

expiratary level. Its normal volume is 3600 cc. 

(4) Funetional residual eapacity ia the sum of the expirator,y reserve 
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The large central diagram illustrates the four 

primary lung volumes and approximate magnitude. The outer-

most line indicates the greatest size to which the lung can 

expand; the innermost circle (residual volume), the volume 

that remains after ~ll air has been voluntarily squeezed out 

of the lungs. Surrounding the central d1agram are smaller 

ones; shaded areas in these represent the four lung capacities. 

The volume of dead space gas is included in residual volume, 

functional residual capacity and total lung capacity when 

these are measured by routine techniques. 

Fig. .37. Static Lung Volumes 

( Reference 25 ) 
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TLC - Total lung capacity':":"'volume of air in the 
lungs after a maximum inspiration. 

VC-Vital Capacity-volume of air which can be 
expelled from the lungs with maximum effort 
after a maximal inspection. 

IC -Inspiratory Capacity - maximum volume of 
air which can be inspired after a normal 
expiration. 

FRC- Functional Residual Capacity-volume of air 
present in the lungs after a normal 
expiration. , 

TV - Tidal Volume - volume of air moving in or 
out of the lungs during each cycle. . . 

lRV -Inspiratory Reserve Volume - maximum vol­
ume of air which can !Je inspired following a 
nOimal inspiration. 

ERV - Expiratory Reserve Volume - maximum vol­
ume of air which can be expired following a! 
normal expiration. 

RV - Residual Volume - volume of air remaining 
.in the lungs after a maximal expiration. 

MV - Minute Volume - volume of air passing in or 
out of the lungs in one minute. (Rate x TV). 

Fig. 38 Lung Capacities and Volumes 

( Reference 2.5 ) 
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and the residual volume. 

(5) Tidal volume is the amount of air one normally inspires or expires 

during each respirator,y cycle. The normal value is about 500 cc. 

(6) Inspiratory reserve volume (formerly complemental or complementary 

air minus tidal volume) is the ma.xi.ma.l amount. of gas tha t can be 

inspired from the end-inspirator,y position. 

(7) Expiratory Reserve Volume: The amount of air one ean expire from 

the end point of passive expiration. The normal value is about 

1,000 cc. 

(8) Residual Volume: The volume of a:ir remaining in the lungs after 

one has expired all the air he possibly can. The normal value is 

about 1,500 cc. 

(9) Rate of Breathing: This is the total circulation of air movement 

per minute. The average rate of breathing is about 11-14/minute 

in healthy individuàls. The normal rate is 12/minute. 

(10) Minute Value: This is the total amount of air breathed per minute. 

The normal is 6 litera per minute. 

(11) Physiological Dead Space: This is the anatomie dead space and the 

gas ventilating alveoli in exeeas of that required to arterialize 

blood. The normal is about 150 cc. 

(12) Maximal Expiratory Flow Rate: This represents the maximal rate 

of flow obtained while performing a vital capacity exercise. The 

normal is usually 4 to 6 liters per second. 

(13) Maximal Breathing Capacity: The ma.x:ima.l volume of air that can be 

ventilated during al-minute period with maximal effort. The normal 



92 

value for the male is 125 to 150 liters per minute, for the female 

is 100 liters per minute. 

(14) Alveolar Ventilation: The actual amounts of inspired air which 

enter the alveoli each minute. The normal value is 2.3 liters 

per minute. 

( 1 5) Oxygen Consumption: The amount of oxygen taken in by the body per 

minute. The normal values range from 110 to 150 cc per minute. 

(16) Carbon Dioxide Excretion: The amounts of carbon dioxide given off 

by the body. Nozmal values range from 88 to 120 ce ·per minute. 

(17) Respiratory ~uotient: The carbon dioxide excretion divided by the 

oxygen consumption. The normal value is 0.8. 

Furthermore, Fowler(42) found that in a normal young man's lung,' 

about 40% of the inspired air provides ventilation to only one-sixth of 

the lung volume, leaving the remaining 60% to ventilate the other five­

sixths of the lung volume. 

3.·t2 Mechanics of Ventilation: 

Pulmonary ventilation is produced by the rhythmic contraction 

of the insPJiratory muscles which cause expansion of the thorax and lungs. 

The respiratory muscles must overcome both the elastic recoil of the 

tissues and the resistance of the airways to the fl.aaw of air through them. 

The elastic recoil is a static force detezmined by the size and mechanical 

properties of the chest wh il st airway resistance is adynamie measuremen& 

which depends on the size and properties of the airways(109). 

The elastic recoil of the lung is prcduced b.r two components of 

approximately equal magnitude o These are the surface tension of the fluid 

lining; the alveoli and the elas:t.ic~ty of the lung tissue itself ~ As with 
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the chest wall, the elastic recoil of the lung is proportional to the 

volume change throughout the normal rall5e of lung inflation (Figure 39), 

and the compliance is given by the ratio. 

Volume Ohange (Change in Transpulmonary Pressure): Since this 

measurement is made during a period of breathholding, it is knawn as the 

static campliance. Lung compliance is similar in magnitude to che st-wall 

compliaœe and May be taken as 200 ml/cm H20 in a normal adult. 

Rahn(89) used three types of measurement for the pressure-volume 

diagram of the lung: (1) maximum expiratoI7 and inspiratory pressure at 

different lung volumes·, (2) relaxation pressures at different lung volumes, 

(3) vital capacities, tidal air, and inspiratory and expiratory reserves 

at differerit lung pressures. Then, he exeirted for a few secoms a m.a.xima.l 

inspiratory or expiratoI7 effort through a mouthpiece connected to a 

Mercury manometer. Since this was a closed system, no actual inspiration 

or expiration occurred. In consequence of the muscular effort, the pressure 

in the lung was increased or decreased in relation to atmospheric pressure. 

The result of his experiment. is that, during relaxation, an increase of 

1 mm Hg in the pulmonary pressure increases the lung volume by 94 ± 35 cc. 

The pressure-volume,related to the thorax and lung, of breathiï~ 15 shawn 

in Fig'ln"es 40 & 41. 

A laboratory experiment. had been dOIle by Mushin(82) for the 

difference existing between "pressure at the mouth ll am "pressure in the 

alveoli" (Figure 42 ). The pressure as recorded at the "mouth" rises 
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3.2 Artificial Pulmonary Respiration 

3.21 Artificial Respirator.y Tract 
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The artificial respiratory tract used in these expériments, is 

coupled to a mechanical breathing machine (Bird Mark 9 respirator). Only 

the inhalation action of the latter is used in the tests. A 3/411 plastic 

hose connects the Bird Mark 9 respirator to a humanlike head model (Figures 

43A;:-·& 4313) which is fixed inside the dust cloud chamber. 

A funnel-shaped plastic section is installed in the throat of 

the manikin in order to prevent the dust from settling between the mouth 

and throat. Static Pressure Tubes are installed into the throat and at 

the outside of the head model in the chamber, respectively. These two 

tubes are conne cted to a micromanometer (Figure 44) whose reading s cover 

a range of 300 mm and can be taken quicklyand readily to 0.02 mm by 

subdividing the graduations of 0.2 mm by eye. The main purpose of this 

installation is to survey the resistance of the respirator. 

A staniard membrane filter holder is installed behirxi the manikin 

for collecting fibers which penetrate the respirator. Downstream from the 

filter holder, there is a probe fram an electronic spirometer (Figure 45) 

whose work is to measure the air flowrate. This unit is specially designed 

for measuring the air flowrate during respiration. Its measurement ranges 

are: Tidal Volume, 0 to 2 liters; and Minute Volume, 0 to 30 liters per 

minute. 

A one-w~-valve, fitted between the spirometer and the Bird 

Mark 9, prevents any reversaI flow caused by the differenti'& pressure 

exist:m,g between the Bird Mark 9 and the chamber during the respiratory 
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Fig. 43A Artificial Respiratory Tract 
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Fig. 44 Micromanometer 
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cycle. This enables the membrane filter to obtain accurate samples during 

the test periods. 

3.22 Mechanical Ventilator - BIRD Mark 9: 

The Bird Mark 9 (see Figure 46) positive-negative phase respirator 

was developed by Bird engineers to provide qualified physicians mlth a 

universal function in a positive-negative respirator. It is a highly 

professional type of respiratar capable of ventilating the smallest labora-

tory animals or the large st zoological species. In clinical and research 

applications, it will ventilate the smallest neonate or the large st man. 

Almost any conceivable fla~/pressure combination during inspiration or expiration 

can be easily created to meet existing Physiopathology(17). A breathing 

comition similar to that in humans can be obtained through an·artific1al 

respiratory tract from this machine. 

This mechanism is driven by compressed gas delivered at 50 to 

85 lbs./sq. inch. The gas source is connected to the machine through a 

needle valve which controls inspiratory flow rate. It then passes through 

a sliding valve to two ports. Gas flow through one of these closes the 

expiratory portion of the non-breathing valve. Gas from the other part 

passes to the airmix control and thence to the main chamber; this is connected 

to the manikin through the non-rebreathing valve. As pressure builds up in 

the chamber, a diaphragm is forced to the left against the pull of the right 

magnet (Figure 47) ~ the position of which controls the inspiratory pressure. 

Inspiration ends when the force applied to the diaphragm overcomes that 

exerted by the magnet and the diaphragm moves to the left, carrYing with it 

the slJding valve. This <l:ut:s:; off the supply of fresh gas. The valve is 
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held in this pœ ition by the left magnet (Figure 48). The pressure closing 

the expiratory port of the non-rebreathing valve leaks away through an 

adjustable bleed valve and through then.ebüli:zm- jet and expiration 

cODDllences. 

As the pressure in the main chamber drops, the pull of the right 

magnet snaps the diaphragm back and inspiration starts gain. The position 

of the left magnet, balaœed against tœ pull of the right 'lllagnet, controls 

the duration of expiration, and by increasing the pull of the le ft· magnet, 

the machine can be made patient-triggered. When this is done, an additional 

smll chamber is included (diaphragm valve). This is filled with compressed 

gas during inspiration, and it leaks away during expiration by a controlled 

leak. When the pressure falls sufficiently, the diaphragm at the end of 

cha.ni:ler (diaphragm valve) pulls on a lever, which in turn pulls the valve 

rod back to the inspiratory position. 

The capacity of this machine is as follows: 

Positive inspiratory pressure range •••.••••••••••••••• 0 to 200 mm Hg 

Negative expiratory pressure range ••••••••••••••••••••. 0 to -20 mm Hg 

Inspiratory flowrate, low range 0 to 200 liters per minute at 25 DDIl Hg 

resistance to flow. 

Inspiratory flowrate, high range 0 to 272 liters per minute at 40 mm Hg 

resistance to fiow. 

4. Dust Cloud Chamber 

In order to simulate actual working coniitions in a plant, the 

dust concentration in a test chamber must be accurately controlled if 

comparative results are to be obtained. 
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The design of a suitab1e dust cloud chamber should be guided br 

the following requirements. 

(1) Uniform air flowand distribution in the whole dust cloud chamber. 

(2) Include an apparat us which introduces the dust particles into the 

dust chamber uniformly. 

(3) Be air-tight with the dust cloud flowing through the chamber. 

(4) An even dust distribution throughout the chamber. 

(5) A controllable dust concentration level which can;:·be maintained 

far a long period of time. 

(6) Means to decrease the electrostatic forces within the chamber. 

(7) Incorporate a means of i-nt:nodueJœJg the dust to the chamber and 

removing it from the chanber. 

4.1 Chamber Shape and Construction 

The optimum design of dust chamber would be a circular or at 

least a regular polygon horizontal cross-section, with uniform inlet and 

out let connections. Since it is quite difficult to construct a circular 

chamber, the most practicable one is a polygon type. According to the 

empirical experimentation, the easiest controllable dust concentration is 

achieved in a chamber having a volume ranging between 64 and 216 cubic 

feet. The shape of the chamber chosen was a pentagonal pyramid (see 

Figures 49A & .. 49B). The sides of the pentagon are 3 .. 5 feet in le~th am. 

the height of the cylindrical part is 2.9 feet. These diJœnBions give a 

c r.'osa-sectional &rea of about 2.1 square feet. The volmœ is about 60 

cubic feet, and bath ends of pyramid are equal sided: each at a length 

of 3.5 feet and 1.7 feet height. Each volume of pyramid is 15 cubic feet 
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Fig. 491 Dust Cloud Chamber 
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Fïg. 49A Dust Cloud Chai'nber 
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50 that the whole chamber has a total volume of 90 cubic feet. 

In order to overcome the static electricity problem, the con-

struction of the chamber is mainly of plexiglass, am on which the internaI 

surfaces will be coated with detergent which contains sodium sodensol 

sulfide. The framework is constructed of aluminum alloy and the joints were 

made airtight by aluminum pastes. At both sides, there is also one pair of 

31" long rubber gloves for han::lling am operating dust sampling instru-

ments inside the chamber. The size of galvanized iron connective duct is 

5" in diameter and a radial blàded type exhaust fan is used. The fan 

delivers 332 c.f.m. at a S.P. of 1/8" H20, andis driven by a 1/4 horse­

power motor. A venturi tube is used to introduce the dust from the dust 

dispenser (see Figure 50) into the connective dœt. The inlet of the 

dust pipe at the venturi in the connective duet is simply a 3/16" diameter 

tube welded onto the galvanized iron duct. 

4.2 Generating Dust Cloud Apparatus 

A simple dispenser for generating dust clouds from standard 

reference samples of asbestos has been developed by Timbrell, Hyett and 

Sk 0dm (115) 
1 ore • 

A satisfactory dust dispenser must have two essential char ac-

teristics: 

(1) Be capable of maintaining relatively loose packing of the asbestos; 

(2) Have the ab i lit y to apply an efficient yet gentle action to separate 

the fibers before they are made airborne. 

The dispenser designed for these tests has two principal parts: firstly, 

a feed mechanism, and secondly, a dispersing ehamber in. ::-hich the asbestos 
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Fig. 50 Dust Cloud Apparatus 

Fig. Si Dust Feed Mechanism 
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Fig. 50 Dust Cloud Apparatus 

Fig. 5i Dust Feed ::echanisn 



110 

flocks are disintegrated until the fibers s eparated off are of sufficiently 

small aerodynamic size for them to pass to the exhaust through an aero-

dynamic sieve. It should be noted that the aerodynamic size of a fiber is 

mainly determined by its diameter and is almost inde pendent of the length. 

Air is supplied to the dispersing chamber through a side tube 

from a compressed air supply. This airflow has two functions. The first 

purpose is to prevent the circular motion of the asbestos from becoming too 

regular. The second function of the airflow is to expel particles from the 

dispersing chamber and ta provide, in conjunction with the circular motion, 

aerodynamic particle classification. As the flocks are dispersed, the 

aerodynamic drag exerted on released particles by the general motion of the 

air towards the exhaust tube may overcame the tendency of the rotation to 

keep them at the outer wall of the chamber. 

4.21 Dust Feed Mechanism: 

The feed mechanism (see Figure 51), which delivers the asbestos 

into the dust dispersi. ng chamber, is a piston-cylinder arrangement. This 

mechanism is available commerèially( 132). It is driven by an electric 

synchronous motor through a train of interchangeable gears, so that a large 

range of speeds can be obtained at will. 

The synchronous motor runs at a constant speed of 2 r.p.m. A large 

range of variable speeds between the motor shafts and cross shaft May be 

obtained by using four of the set of 11 gears supplied with the apparatus. 

The gearing between the cross shaft and the piston feed to the 

dust dispersing chamber is fixed at a ratio of 3D-l, i.e. 30 turns of the 

cross shaft = .038" (1 mm). 
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4.22 Dust Oispersing Chamber: 

The construction of the dispersing unit is based on a steel bowl 

~th rotating vanes (see Figures 52 and 53). This dispersing chamber is 

in two separable parts. The lower part is an electric motor whose shaft 

carries on the upper end - the driving hall of a dog clutch. This motor 

provides a speed of 1,725 rev. /minute. The upper pil.rt consists of a steel 

bowl. A spindle through a centered bearing in the base of the bowl carries 

on the lower end the driving half of the dog clutch and on the upper end is 

secured an iron core with a special-shaped rotor. This rotor 1s cut from 

3/64" thick steel plate. The profile shape is as shawn in Figure ,4. A 

screw keeps the rotor in the core. The clearance between the edge of the 

rotor and surface of the bowl is small enough to prevent asbestos accumulating 

in a~ recesses while operating the dispenser, but not small enough to cause 

the 'asbestos to be rolled into balls as it tends to do if caught between 

two closely spaced surfaces moving relative tQ one another. 

The removable coyer of the dispersing chamber is made from a 

plexiglass which is a press fit on tha steel b ow1. The exhaust tube has a 

1/4" mternal dia.Jœter and is grounied to a void electrostatic charging of 

the particles. It is a press fit in the center of the cover. 

A dust feed1ng hole of 1" diameter is cut in the wall of the bowl 

by means of a trepanning cutter, at the position shown in Figure 55. 

A shaped steel f lange, to which a tube has been soldered, is 

secured to the steel bowl over the hole. The other end of the tube is 

attached to the piston-cylinder of the dust feed mechanism. 
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Fig. 52 Dust Dispersing Chamber 
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Fig. 52 Dust Dispersing Chamber 
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Fig. 53 Dust Dispersing Chamber 
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FiC. 53 Dust Dispersing Ch~~ber 
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The air supply tube is in the opposite side of the hole, 

and the internal diameter is 3/16". The air supply through the 

adjustable orifice to the dispenser is at the rate of 20 lit ers per 

minute. 

5. Dust Respirators 
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Eleven different types of half-face dust respirators employed 

in the study are supplieà by Canadian Johns-Manville Co. Ltd. Seven of 

them were a pproved by the U. S. Bureau of Mines for use against duats,' 

and the other four were non-approved nuisance dust type respirators. 

These include different style, filtering material, and filtering area. 

Their names are as follows:-

"Dustfoe 77" Respirator (Figure 56): 

This respirator, which is made by Mine Safety Appliance Co., 

is approved for protection against dust, pneumoconiosis-producing mists, 

and chromic acid mist, by the U.S. Bureau of Mines. This respirator can 

be separated into two main parts: body and rubber face cushion, which is 

flexible so as to conform to the facial features of the wearer. This unit 

also contains both inhalation and exhalation valve systems. Its filter 

is replaceable. The weight of this respirator is approximately 4 ounces. 

"R 9100 SUP.E-GUARD" Respirator (Figure 57), and 

"R 9100T SURE-GUARD" Respirator (Figure 58): 

Both are made by American Optical Corporation, and have been 

approved by:the U.S. Bureau of Mines. R 9100 is approved for protection 

against the inhalation of pneumoconiosis-producing and nuisance dusts; 

R 9100T i5 approved for protection against toxic dusts not significantly 
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Fig. 56 "Dustfoe 77" Respirator 

Fig. 57 UR 9100 SURE-GUARD" Respirator 
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Fig. 56 "Dustfoe 77" Respirator 

Fig. 57 UR 9100 SURE-GUAnD" Respirator 
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Fig. 58 "R 9l0OT SURE-GUARD" Respirator 

Fig. 59 ''Welsh 7050 Black" Respirator 
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Fig. 58 "R 9100T SURE-GUARDn Respirator 

Fig. 59 "l'lelsh 7050 Black" Respirator 
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more taxic than lead. Both styles are the same" but not of the same 

filtering material. They have exhalation valves and. the sealing edges 

of the facepieces are made of soft rubber. Each weighs approximately 

2 ounces. Their filters can be cleaned by an air jet" am reused. 

''Welsh 7050 Black" Respirator (Figure 59)" 

''Welsh 7160" Respirator (Figure' 60,)" am 
"Welsh 7161" Respirator (Figure 61): 

These three respirators are made by Welsh :r.ranu:racturing Co." 

and have been approved by the U.S. Bureau of l1ines for protection against 

dusts" pneumoconiosis·producing mists, and chromic acid mist. Each 

facepiece is composed of soft plastic. AIl contain both inhalation and 

èXhalation valve systems. They weigh approximately 2 ounces each. 

AO Disposable Dust/Hist Respirator (Figure 62) : 

This respirator has been awarded U.S. Bureau of :r.ünes Approval 

for protection against pneumoconiosis-producing and nuisance dusts" taxic 

dusts not significantly more t:o~~ th.an .~ad:,f '@d .ç.hr~Qm-:t..c ,$.C'U 1l1i:~t. 

in concentrations that are not immediat~ hazardous to lire or health. 

Its characteristic ia that it has a large filtering area of 29~ square 

inches. This respirator contains an exhalation valve and a soft" plastic" 

foam poo that effectiv~ seals the respirator to the face. It is designed 

to be discarded after a single wearing. It l'leighs only l~ ounces. 

3M Brand # 8500 Respirator (Figure, 63)" 

3I{ Brand # 8705 Respirator (Figure '. ,. 64 .)"and, 

3H Brand. # 8710 Respirator (Figure 65' ): 

Theae are manufactured by IItl.nneaota Nining & IvIanufacturing Co.; 
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Fig. 60 ''We1sh 7160" Respirator 

Fig. 61 "We1sh 7161" Respirator 
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Fig. 60 "vle1sh 7160" Respirator 

Fig. 61 ffl..ve1sh 7161" Respirator 
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Fig. 62 AO Disposable Dust/Mist Respirator 

Fig. 63 3M Brand # 8500 Respirator 
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Fig. 62 AO Disposab1e DustA4ist Respirator 

Fig. 63 3~·i Brand # 8500 Respirator 
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Fig. 64 3M Brand # 9705 Respirator 

Fig. 65 3M Brand # 8710 Respirator 
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Fig. 64 3:î Brand (1 8705 Respirator 

3: ~ Brand ;;! 8710 1espirator 



l23. 

Fig. 66 "Prototype A" Respirator 
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Fig. 66 "Protot:Y1)e A" :1espirator 
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but have not yet been approved by the U.S. Bureau of Mines. These are 

designed for single use purpose and as respirator,y protection against 

pneumoconiosis-and-fibrosis-producing dusts. These are an light weight: 

# S500 and # 8710 approxmiat~ weigh l/S ounce each, and # 8705 appro­

x:i.ma.tely weighs onJ..y i ounce. The main desirable feature of these models 

is that they are inexpensive. 

uPrototye An Respirator (Figure 66): 

This respirator has not yet been approved by the U.S. Bureau 

of 11ines. It has a plastic frame to hold the filter body. The outer 

surface of this respirator is made of a cotton-wool-like material. This 

model is designed for single use. Its weight is appronmately i ounce. 

6. Dust Sampling & Evaluation 

A wide variety of instrument is available for sampling airborne 
(l, S, 90, 95) 

asbestos dust, such as :-

Hembrane Filter Uethod, 

Gravimetric Method, 

Impinger, 

Konimeter, 

Thermal Precipitator, 

Royco particle Counter. 

The optimum of sampling methods must be judged by biological, physical 

and chemical properties, and the method chosen Should be able to give 

three kinds of information: the aerosol's concentration, composition, 

and _~o 1 0 di t Ob t O (59, 7S) 
p~-v~c e s~ze s r2 u ~on • 

In recent years, Timbrell and Holmes (114) invastigated the 
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asbestos industries and have suggested that a criteria for sampling for 

asbestos dust requires both gravimetric and fiber counting methods. A 

comprehensive historical account and a description of stages in the de­

velopment of the membrane filter method had also been given by Holmes(55). 

Although it is highly suit able for mass determination and chemical analysis, 

it leaves much to be desired for the estimation of size-frequency dis­

tribution (12) • 

In view bf the aforesaid reasons, the membrane filter was selected 

for gravimetric and fiber counting methods for this research work. 

6.1 Sampling Equipment 

Sampling equipment was installed in two locations: components 

within the chamber, and those in-line with the respirator. 

In the chamber, sampling is employed by the pumping technique 

for tirst level of fiber concentration (20 fibers per cc, approximate dust 

concentration based on fibers larger than 5 microns in length.). The air 

suction is operated by a mon! taire permissible air sampling pump 

(Fig .67) which is manufactured by Union Industrial Equipment Corporation. 

An aerosol open-type fUter holder (Figure. 68) is adopted instead of 

a sampling head, so as to obtain the best dust distribution at the membrane 

fUter. rts sampling rate is adjusted to 2 lit ers per minute. 

For the second and third levels of dust concentration (appraximate 

concentration based on larger than 5 microns in length, is at 50 fibers per cc 

and 100 fibers per cc respèctively), the air suction is supplied by a vacuum 

pump (Figure 69 ) which is manufactured by the ~lelch Scientific Company. 

A small plastic tube connects both the vacuum pump, and the open-type filter , 
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Fig. 68 

Fig. 67, "Monitaire" Pump 

Aerosol Standard & Open-type Filter Holder 
with Orifice 
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Fig. 68 

Fig. 67 'Il-fonitaire" Pwnp 

Aerosol Standard & Open-type Fi1ter Ho1der 
with Orifice 
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Fig. 69 Vacuum Pwnp 

Fig. 70 G-2 Electrobalance 
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Fig. 69 Vacuum Pump 

Fig. 70 0-2 Electrobalance 



ho1der in the chamber. The sampling rate is controlled by .fixi.ng a 

specifie limiting orifice of 500 cc per minute onto the holder. 
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Dust which penetrates the respirator is collected on an aerosol 

standard filter and ho1der which is installed between the respirator and 

the Bird Hark 9 (see Figure 50 ). The sampling rate is selected at 

6 lit ers per minute to simulate the normal respiration rate for a man at 

reste 

The membrane fil ter medium emp10yed for aD. sampling is a 

"millipore Type AA White, grid,. 47 mm diameter fllter, pore size O.~". 

The open filter area of all the sampling holders is 9.6 sq. cm. 

6.2 Gravimetrie Uethod 

From experience, Roach (95) made observations on a number of methocls 

and. reports favourably on a gravimetric method. He concluded that the 

measurement of mass concentration was far simpler than the measurement of 

number concentration. It is quicker and more accuràte to l'leigb a sample 

than to count it by eye. But the gravimetric method has an umesirable 

limitation~in that it gives no indication of particle or tiber size distri-

bution. 

The sample weighing instrument used is a 'tG-2 Electrobalance" 

(Figure 70) which is manutactured. by Ventron Instruments Corpn. Its 

capacity is 2.5 grams am the sensitivity is 50 nanograms. Full scale 

ranges are from 0 - 0.5 milligram to 0 - 1 gram" readable to 0.01%. 

Each and ever,y membrane filter media was weighed before and 

aiter the experiment. The sampling concentration is evaluated on mg/r;J 

unit basis. The formula of evaluation is as follaws: 



Where 

Dust Concentration (mg/~) = 

W = weight after experiment (mg) 

w -= weight before experiment (mg) 

t = sampling time (minute) 

v - sampling rate (~/min.) 

6.3 Fiber Counting: 

W-w 

txv 
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In recent years, the development of the membrane fllter technique 

employing the phase contrast microscope has been revealed as the most 

suitable method for fiber dust counting. It has been recommemed by ms.ny 

researchers (2, S, 39, 55, 66, 91), and is widely used in asbestos iniustries. 

The fibers are counted unier a "Photomicroscope" (Figure 71 ) 

fitted with a Ph2 Neofluar 25/0.60 objective, optovar 1.6, am 12.5 X 

eyepiece. It is manufactured by Carl Zeiss. 

The prepared samples are observed at a magnification of 500 X by 

phase contrast illumination. Phase contrast provides more accuracy in 

counting as it increases the visibility of the particles so that more smaJJ..er 

particles will be seen(14). 

The sizing is carried out by incorporating an eyepiece graticule 

in one of the eyepieces, which consists of a rectangle sub-divided into 

nine equal oblongs am having, above and below, a series of graded circles 

am black spots, respectively. Two modes of counting are used: (a) 

counting a1l fibers with length to width ratio of 3 or greater (b) counting 

only those fibers longer than 5 microns. 
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Fig. 71 Photomicroscope 



130 

Fig. 71 Photomicroscope 



formula: 

Where 
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The evaluation of dust fiber samp1es is defined by the following 

Dust Concentration (fib./cc) = F x ~ x ~ 
a v 

F = Average graticule fiber count. 

a = E,yepiece graticule counting area. mm2 

A = Total membrane filter semple ares. mm2 

v = Volume of sample. cc 
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Chapter V 

TIiPLE:HENTATION OF EXPERD-IENTS AND THE RESULTS 

1. Implementation of Experiments 

The experiments discussed in this chapter were conducted with the 

equipment described earlier herein, and basical1.y, in accordance with the 

aforementioned theor,y. 

The period of testing one respirator was for four intervals 

totalling six hours in order to facilitate sample counting at the dust 

concentration on the membrane filter (viz. at ever,y 90 minutes, a new mem­

brane filter was replaced). Each respirator is tested for three different 

dust concentration levels as follows: 

LEVEL 

lst 

2nd 

3rd 

Dust Concentration 
(Larger than 5 microns in length) 

Apprax. 20 fibers/cc 

Apprax. 50 fibers/ cc 

Approx. 100 fibers/ cc 

The experimental dust is taken from the standard dust which is 

screened by T,yler's Standard Screens (48 mesh to 200 mesh) (Figure 72), 

and every 4 grams of dust is pressed to 2 cm in the plastic syringe (unit 

density of plug 2 g/cm). The syringe is then placed in the dust feed 

mechanism. where the feeding rate is genera.lly uniforme III order to achieve 

a constant dust concentration in the dust cloud chamber, the 2:1 gear ratio 

is adopted for lst level; 1:1 gear ratio for 2nd level; and, 1:3 gear ratio 

" 
for 3rd level. 

In the dust cloud chamber, a whirling' hygrometer is emploJ'ed to 
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Fig. 72 T.ylerts Standard Sere en 

Fig. 73 Humanlike Head Model 
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Fig. 72 Tyler's Standard Screen 

Fig. 73 Hlllllanlilœ Head Bodel 
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survey both the temperature and the humidity, so whilst the experiment 

is being executed, the desired constant psychrometric condition is always 

maintained. 

During the test, each respirator is sealed with a common vinyl­

foam tape 6nto the hll.lIlB.IÙ.ike head model (Figure 73 ) in order to pre­

vent leakage of air. The inhalated air pressure at the mouth of the model 

is adjusted to rise rapidly to 20 cm H20 (the reason of selecting this rate 

has already been discussed in Chapter IV Figure 49 ). The inhalation 

volume is adjusted to 6 liters per minute which is a nor.mal human breathing 

rate. The dust fibers penetrating the respirator are collécted on a pre­

weighed membrane filter in a holder which is located between the lIla.Ili1P.n 

and Bird Mark 9. 

An aerosol open-type filter holder with a preweighed membrane 

filter media for collecting samples, is located in the chamber beside the 

respirator. The sampling time for this unit is the same as the one behini 

the ~, but the sampling rate for lst level is 2 liters per minute 

(operated by a Honitaire) and, the 2nd. and. the 3rd levels are 500 cc per 

minute respectively (operated by a vacuum pump). 

A micromanometer, which is cozmected between two static pressure 

tubes, indicates the resistance of the respirator during the experimental 

periode The initial sni final resistances across the filter are recorded. 

The following procedure is used to prepare a sample for micro­

scopic examination: 

The filter containing the fibers is placed on a piece of a 

clean glass, and liB of the total area is cut out with a razor blade .. 



The cut out portion looks like a sector shaped piece. A few drops 

of immersion oil are dropped on a clean 3 x 1 inch microscope 

slide, then, using tweezers, the sector shaped piece is carefully 

placed onto the slide. The sample is then covered with a clean 

cover slip, making sure that no air bubbles are trapped underneath 

its surface. 

When the above preparation is implemented, the slide con­

taining the fiber sample is placed in the photomicroscope under 

phase contrast illumination and a magnification of 500 X. All 

fibers larger than 5 microns and total fibers in the eyepiece 

graticule (530QR2 area) are counted. The sector shaped piece is 

visually separated into about 30 central fields from the sh~p 

D5 

point of the sector through to the circular edge for sample counti~g~ 

the results of which are then averaged. 

2. Re sults 

The experimental data resulting from the numerous tests 

carried out in the pursuit of this project are presented in tabular, 

graphical and pictorial form on pages 136 to 177 inclusive. 



TABLE 14 

R 1 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

-

1 
DUST CONCErITRATION FILTER MEDIA EFFICIEf'lCY OF INHALATION 

IN CHMIBER PENETRATION DUST RESPIRATOR % RESISTANCE 
LEVEr.. TIME Fibers/cc Fi~er:3/cc Counting Gravi- at 6 Lpn (1:1.':. !IZO; 

ing/1A3 __ 1_3 
in min. >5.M. Total >5.4 Total -bl- >5A Total metric InitiD.l FinD.l 

90 20.6 30.2 3.5 6.3 83.1 79 •. 2 0.060 0.080 

1 
180 24.6 36.3 3.0 5.3 87.8 85.4 0.080 0.180 

. 2.70 1 21.0 33.2 2.9 4.9 86.3 85.3 0.180 0.260 

3to J 22.0 31.5 2.5 4.6 88.7 85.4 0.260 0.500 
Average 22.1 32.8 3.0 5.3 86.6 83.8 0.060 0.500 

"90 43.6 79.2 23.7.50 0.3 0.7 1.140 99.3 99.1 9.5.2 0.440 0.420 

II 180 60.8 99.2 29.770 0.1 0.3 1.072 99.8 99.7 96.4 0.420 0.460 . 

2.70 41~6 92.0 27.595 0~1 0.1 0.939 99.9 99.8 96.6 0.460 0.500 

360 54.0 89.2 26.758 0.1 0.2 0.482 99.9 99.9 98.2 0.500 0;.520 

Average 50.0 89.9 26.968 0.2 0.3 0.908 99.7 99.6 96.6 0.440 0.520 

90 1 74.8 113.6 42.001 1.4 2.5 2.100 98.2 97.8 95.0 0.360 0.320 

180 81.6 122.4 45.265 1.3 1.4 1.901 98.5 98.9 95.8 0.320 0.420 
III 

2.70 79.2 130.8 48.)58 0.7 1.4 1.789 99.1 98.9 96.3 0.420 0.420 

360 104.0 158.4 58.630 0.7 1. 1 1.642 99.3 99.3 97.2 0.420 0.480 

Average .. :1 84.9 131.3 48.564 1.0 1.6 1.858 98.8 98.8 96.2 0.360 0.480 

_.- -- -- -----

AIl the experiments were conducted at a temperature of 70-800 F and relative humidity of 45-65 %. ~ 
~ 



137 

FIG. 74 

EFFICIENCY VERSUS DUST· CONCENTRATION FOR THE R 1 RESPIRATOR 

AVERAGE AVERAGE EFFICIE~rcY 

DUST corrcENT:':?ATI0?1 OF RESPIRATOR. ;6 
LEVEL TH!E 

Fib'3!'s/ee 
mg/m3 Counting Gravi-

in br. >5-", Total >5A Total metric 

l 6 22.1 32.8 86.6 83.8' 
II 6 50.0 89.9 26.968 99.7 99.6 96.6 
III 6 84.9 131.3 48.564 98.8 98.8 96.2 
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FIG. 75 

1 ....... · ;JO 

R 1 RESPIRATOR TIHE VERSUS RESISTANCE 
ON THE DIFFERENT DUST COnCENTRATION LEVEL 

AVERAGE INHALATION 
DUST COHcrnTRATION RESISTANCE AT 6 L~m 

LEVEL' 
Fiber.s/cc ( m:n H

2
0 ) 

mg/m3 
>5A Tot.:tl Initial Final 

1 22.1 32.8 0.060 0.500 
·11 50.0 89.9 26.968 0.440 0.520 
III 84.9 131.3 48.564 0.360 0.480 

.-

_~--éJ-'---- . 
-=::t-.t===-~)---::::-:;;:---_"""O' - --- --{!)---~ - . .,; ..,.,., .... 

...-
. __ --8/ 

A .--------"0----__ - -- --8-- ---

90 180 270 360 

'TDœ IN MINUTES 

6-----6 l 0----0' II 0--0 III 



Fig. 76 

A micrograph of liber dust breakthrougb lilter media 

of R 1 respirator collected on a O.S-micron membrane 

filter, taken with phase contrast illumination. 
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.E.ig. 76 

A nicrograph of fiber dust breructhrough fi1ter ~edia 

of 3. 1 respira.tor collected on a O. 8-micron ~J.e::J.bra!:e 

filter, taken 1'lith phase contrast illw..i.nation. 
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TABLE 15 

R 2 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

DUST CONCENTRATION FIL TER MEDIA EFFICIENCY OF INHALIl1'ION 
IN CHAI'lBER PENETRATION DUST RESPIRATOR % RESISTANCE 

LEVEt TIME Fibers/cc 
1llg/m3 ribera/cc ........ , ... 3 Counting Gravi- at 6 J.pm (T;<ffi H

2
O) 

in min. ~.5 ,u Total >.5,,4 Total -c,,- >~A Totnl metric Init1D.l Finill 

90 16.4 19.2 2.9 4.0 82.3 79.0 0.220 0.300 

1 
180 16.5 29.0 3.7 6.2 77.6 78.6 0.300 o. 3l~0 

, 2.70 20.9 26.4 3.9 .5.0 81.4 80.9 0.340 0.380 

360 28.9 31.5 3.1 4.6 89.1 85.3 0.380 0.400 

Average 20.7 26.5 3.4 4.9 83.6 81.5 0.220 O.l:OO 

90 .54.6 77.0 23.101 6.8 9.2 4.320 87.6 88.0 81.3 0.340 0.300 

II 180 50.8 80.4 24.123 6.4 9.7 2.581 . 89.5 87.9 89.3 0.300 0.340 " 

270 6".5 92.1 27.630 9.0 13.8 ,3.923 85.4 85.0 85.8 0.3l~0 0 .. 460 

360 60.0 86.0 25.805 8.3 11.4 1.729 86.2 86.8 93.3 0.460 0 0 560 

Average 59.2 83.9 25.164 7.6 11.0 3.,138 87.2 86.9 87.5 0.340 0 .. 560 

90 99.5 136.4 50.500 16.3 21.0 8.332 83.6 84.6 83.5 0.260 0.240 

III 
180 110.0 1.51.3 5.5.961 21.9 27.5 8.226 80.1 81.8 85.3 0.240 0.4BO 

270 115.2 173.5 6l~.l,25 17.3 29.3 10.196 85.0 83.1 84.1 0.h80 0.260 

360 100.9 160.2 59.281 10.1 17.1 6.995 89.6 89.3 88.2 0.260 o.l~40 

Average 106.l;. 155.4 57.466 16.4 23.7 8.437 8l •• 4 84.7 85.3 0.260 0.l~40 

i 

A1l the experiments were conducted at a temperature of 7ü-SOo F and relative humidity of 45-65 %. 
1-' 
~ 
o 
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FIG. 77 

EFFICIENCY VERSUS DUST CONCENTRATION FOR THE R 2 RESPIRATOR· 

AVERAGE .AVERAGE EFFICI~WY 
DtTST CONCENTHATION OF RESPI:D.ATOR % 

LEVEL TI}!E 
Fibors/cc 

mg/m3 CoU!!ting Gravi-
in hr. >5.A Total >5...4 Total J:letric 

l 6 20.7 26.5 83.6 81.5 
II 6 59.2 83.9 25.164 87.2 86.9 87.5 
III 6 106.4 155.4 57~466 84.4 84.7 85.3 
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FIG. 78 

H 2 REtiPIRATOR TIME VERSUS RESIS'l'ANCE 
ON THE DIFFERENT DUST CONCENTRATION LEVEL 

AVER.'lGE INHALATION 
DUST COll CIT.TRA'l'! on RESISTANCE AT 6 Lpm 

JJEVEL 
Fiber::::/cc ( m:n H20 ) 

-ngjm3 
>5A Totc.l lnitilÙ Final 

l 20.7 26.5 0.220 0.400 
II 59.2 83.9 25.164 0.340 0.560 
III 106.4 155.4 57.466 0.260 0.440 
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Fig. 79 

A micrograph of fiber dust breakthrough filter media 

of R 2 respirator collected on a O.8-micron membrane 

filter, taken ~th phase contrast illumination~ 

U3 
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FiC. 79 

Il r.1icrograph of fiber dust breakthrough filter wedia 

of1 2 respirator collected on a O.8-'licron i:lei:lbra.ne 

fil ter, taken Iii th phase contrast illu-:::ination. 



TABLE 16' 

R 3 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DlJST 

DUST CONCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 
IN CHAMBER PEN E'l'RNl'ION DUST RESPIRATOR % RESISTANCg 

LEVEr.. 'rIME Fibers/cc Fibera/cc at 6 Lp~ (ffim H~O) 
mg/m3 mg/m3 

Counting Gravi-
in min. >5 M. Tota.l >5.J.f Total >5.4 TotD.l metric Initial Fin~l 

90 18.8 36.1 1.6 4.7 91.5 87.0 . 0.060 0.060 

1 
180 18.2 40.1 1.9 4.1 89.6 89.8 0.080 0.180 
270 15.4 34.3 0.7 2.9 95.11 91.5 0.180 0.260 
360 18.7 27.0 1.0 1.9 94.7 92.8 0.260 0.500 

Average 17.8 34.4 1.3 3.4 92.7 90.0 0.060 0.500 1 

90 39.0 70.6 21.185 2.9 5.0 2.246 92.5 92.9 89.4 0.060 0'.160 
1 

"II 180 37.2 61.4 18.427 1.6 3.7 1.456 95.7 93.9 92.1 0.160 0.300 

270 40.5 70.1 21.033 1.7 3.7 1.325 95.7 94.7 93.7 0.300 O.ljOO 

360 43.0 75.6 22.684 0.6 2.0 1.021 98.7 97.4 95.5 0.400 0.6l,0 

Average 39 •. 9 69.4 20.832 1.7 3.6 1.512 95.7 94.8 92.7 0.060 ·0.640 

. ·90 122.0 178.0 65.873 2.2 4.3 1.976 98.2 97.6 97.0 0.040 0.400 

III ·180 117.6 157.2 58.185 0.5 1.4 1.109 99.6 99.1 . 98.1 0.400 0.900 

270 99.7 131.3 48.592 0.3 0.9 0.486 ( 99.7 99.3 99.0 0.900 0.820 

360 100.2 140.0 51.837 0.3 1.0 0.207 99.7 99.3 99.6 0.820 1.360 

Average 109.8 157.6 56.121 0.8 1.9 0.945 99.3 98.8 98.4 0.040 1.360 

--- -----------i 

AIl the experiments were conducted at a temperature of 70-800 F and relative humidity of 45-65 %. 

~ 
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FIG. 80 

EFFICIEHCY VERSUS DUST CCNCENTRATION FOR THE R 3 RESPIRATOR 

AVERAGE AVERAGE EFFICIENCY 
DUST corrCEl1TR.'l.TIO!~ OF RESPIRATOR % 

LEVEr. T!~!E 
Fibers/ec 

mg/m3 Counting Gravi-
in hr. >5"" Total >5A Total rlctric 

l 6 17.8 34.4 92.7 90.0 
II 6 39.9 69.4 20.832 95.7 94.8 92.7 
III 6 109.8 157.6 56.121 99.3 98.8 98..4 
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FIG. 81 

. R 3 RESP lRATOR 'l'IME vERSUS RESISTANCE 
ON THE DIFFERENT DUST CONCENTRATION LEV~L 

AVERAGE INHALATION 
DUST CONCFrrTRATIŒr RESISTANCE LT 6 Lp:!l 

JJEVEL ( n;:n H20 ) Fiberc/cc 
mg/m3 

>5A Total Irdti~l Final 

l 17.8 34.4 0.060 0.500 
.11 39.9 69.4 20.832 0.060 0 .. 640 
III 109.8 157.6 56.121 0.040 1.360 
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Fig. 82 

A micrograph of fiber dust breakthrough filter media 

of R 3 respirator collected on a O.8-micron membrane 

filter, taken with phase contra st illumination. 
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Fig. 82 

A micrograph of fiber dust bre~<through fi1ter media 

of 11 3 respirator co11ected on a O.8-:nicron r,lembrane 

fi1ter, taken l1ith phase contrast i11uï..1ination. 
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TABLE 17 

R 4 HESPIRATOR PERFORMANCE AGAINST A FI BROUS TEST DUST 

1 
DUST CCNCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 

1 1 IN CllAI1BER PENETRATION DUST RESPIRATOR % RESISTANCE 
LEVEr. TIME 1 1 

Fibers/cc 
mg/m3 Fibero/cc 

mg/m3 
Counting Gravi- at 6 I,pm (~ H2O) 

in min. >5..A Total >5..lf Total :>5A Toto.l metric I!l:!.ticl l;'in:tl , 

90 27.6 35.0 1.7 3.0 93.9 91.4 o 0.340 0.360 

l 
180 27.7 37.6 0.9 1.8 96.8 95.1 0.360 0.380 
270 20.5 35.3 0.4 0.9 98.1 97.5 0.380 0.400 

360 22.1 38.5 0.2 0.5 99.1 98.8 0.400 0.400 
Average 24.5 36.6 0.7 1.6 97.0 95.6 0.340 0.400 

90 50.0 93.6 .28.101 0.06 0.3 0.984 99.9 99.7 96.5 0.400 d.600 

II 180 53.1 95.4 :28.620 0.05 0.2 0.887 99.9 99.8 96.9 0.600 0.260 

2.70 50.8 94.0 28.197 0.05 0.2 0.508 99.9 99.8 98.2 0.260 0.440 

360 1 54.8 96.6 28.975 0.04 0.·1 0.348 99.9 99.9 98.8 0.440 O.l.OO 

1 Average 52.2 94.9 28.473 0.05 0.2 0.682 99.9 99.8 97.6 0.400 O.l,OO 

90 1 104.0 144.8 53.576 0.1 0.3 0.321 99.9 99.8 99.4 0.440 0.4 l fO 

III 
180 82.8 129.2 47.798 0.1 0.3 0.191 99.9 99.8 99.6 0.440 0.l.60 

270 112.8 152.8 46.697 0.1 0 0.2 0.187 99.9 99.9 99.6 0.460 0.560' 

360 90.? 131.5 48 .. 849 0.1 0.1 0.147 99.9 99.9 99.7 0.560 0.580 

Average 97.6 
.0 

139.6 49.230 0.1 0.2 0.212 99.9 99.9 99.6 0.440 0.580 

AIl the exper~ent5 were conduct~~ at a te~erature of 70-800 F and relative humidity of 45-65 %. ~ 
ro 



FIG. 83 

EFFIcn:NCY VERSUS DUST CONCEN1'RATION FOR THE H 4 RESPIRATOR 

AVERAGE AVERAGE EFFICIENCY 
DUST CO!TCF.!lT:~ATI(YN OF RESPIRATOR % 

LEVEr. TH!E 
Fibel'n/ce 

mg/m3 Countins Gravi.-
in br. >5,b. Total >5A Total metrie 

l 6 24.5 36.6 97.0 95.6 
II 6 52.2 94.9 28.473 99.9 99.8 97.6 
III 6 97.6 139.6 49.230 99.9 99.9 99.6 
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FIG. 84 

R 4 RESPIRATOR TIME VERSUS RESISTANCE 

ON 'l'HE DIFFERENT DUST CONCENTRATION LEVEL 

AVERAGE INHALATION 

J.JEVEL 
DUST CONCrnTRA'.~IOU RESISTANCE AT 6 Lp~ 

Fiberc/cc 
:ng/m3 

( m:n H20 ) 

>5A Total Initial Final 

1 24.5 36.6 0.340 0.400 
Il 52.2 94.9 28.473 0.400 0.400 
III 97.6 139.6 49.23'0 0.440 0.580 
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Fig. 85 

A micrograph of fiber dust breakthrough filter media 

of R 4 respirator collected on a O.S-micron membrane 

filter, taken with phase contrast illumination. 
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Fig. 85 

A micrograph of fiber dust breru(through fil ter oedia 

of R 4 respirator collected on a O.G-micron membrane 

filter, taken ~lith phase contrast il1u..mnation. 
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LEVEL 

1 

Average 

II 

Average 

III 

Average 

TABLE 18 

R 5 RESPIRATOR PERFORMANCE AGAINST A FI BROUS TEST DUST 

DUST CONCENTRATION _ FILTER MEDIA EFFICIENCY OF INHAI,ATION 
IN CIIJUŒER. PENETRATION DUST RESPIRATOR % HESIS1'AN GE 

TIME Fibers/cc Fibera/cc at 6 L:p:1 (r. .. ~ H
2

O: 
mg/m3 milm3 Counting Gravi-

in min. >5.A Total >5..4 Totcl. :>5"« Total metr1.c! In1.ticl Final 

90 21.5 35~1 0.47 0.98 97.8 97.2 0.280 0.360 
180 25.0 3803 0.38 1.03 98.5 97.3 0.360 0.360 

, 270 23.7 36.4 0.24 0.69 99 .. 0 98.1 0.360 0.380 
360 20.0 33.1 0.10 0.33 99 .. 5 99.0 0.380 0.420 

22.6 35.7 0.30 0.76 9807 97.9 0.280 0.420 

90 47.2 88.0 26.395 0.04 0.2 0.370 99 .. 9 99.8 98.6 0.280 0.380 

180 50.5 90.2 26.989 0.04 0.2 0.189 '99.9 99.8 99.3 0.380 0.300 ' 

270 47.2 62.4 18.715 0.03 0.1 0.075 99.9 99.9 99.6 0.300 0.400 

360 .50.9 78.5 23.54.5 0.02 0.1 0.047 99.9 99.9 99.8 0.400 0.460 . 

48.9 79.8 23.911 ' 0.03 0.1.5 0.170 99.9 99.9 99.3 0.280 0.lf60 

90 122.0 165.1 61.124 0·.12 0.33 0.183 99.9 99.8 99.7 0.200 0.400 

180 115.8 158.4 .59.608 0.11 0.16 0.119 99.9 99.9 99.8 0.1,00 0.420 

270 109.5 147.3 54.489 0.11 0.15 0.109 99.9 99.9 99.8 0.420 0.380 

180.0 66.615 0.13 0.18 0.067 99.9 99.9 99.8 0.380 O.l,l,O 
1 

360 127.3 
, 

118.7 162.7 60.459 0.12 0.21 0.119 99.9 99.9 99.8 0.200 0.4l~0 

Al! the experiments were conducted at a temperature of 70-80° F and relative hum1d1ty of 45-65 %. 
~ 
V1 
1\) 
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FIG. 86 

EFFICID~CY VIRSUS DUST CONCENTRATION FOR THE R 5 RESPIRATOR 

AVERAGE AVERAGE EFFIClr.~CY 
Dt1ST CONCE?lT~ATION OF RESPIPATOR ~5 

LEVEL TIr!E 
Fibcrs/cc 

mg/C3 CountinE; Grav:i.-
in hr. >5"", Total >5A Total metric 

l 6 22.6 35.7 98.7 97.9 
li 6 48.9 79.8 23.911 99.9 99.9 99.3 

111 6 118.7 162.7 60.459 99.9 99.9 99.8 
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FIG. 87 

R 5 RE!:iPIHATOR TIME VERSUS RESISTANCE 

ON 'l'HE DIFFERENT DUST CONCENTRATION LEV~L 

. 
AVERAGE INHALATION 

DUST CONCENTRATION RESISTANCE AT 6 Lp~ 
lJEVEL 

Fiber:::/cc ( ~ H20 ) 
mg/m3 

>5A Totcl IJrl. tiaJ. Final 

l 22.6 35.7 0.280 0.420 
II 4809 79.8 23.911 0.280 0.460 
III 118.7 162.7 60.459 0.200 0.440 
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LEVEL 

l 

Ave.rage 

II 

Average 

III 

Average 

TABLE 19 

R 6· RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

DUST CONCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 
IN tCHA1-IBER PENETRATION DUST RESPIRATOR % RESISTANCE 

TIME Fibers/cc Fibers/cc .Counting Gravi- at 6 Lpm (mm H?O: 
m;;lm3 =01=3 in min. >5.M. Total >5..L4 Total >5.-4 Total .metric Initi",l Final 

90 20.6 34.5 0.04 0.03 99.8 99.9 0.160 0.160 
180 19.5 36.0 0.04 0.04 99.8 99.9 0.160 0.180 

270 2000 - 35.8 0.02 0.04 99.9 99.9 0.180 0.180 

360 19.1 38.0 0.02 0.04 99.9 99.9 0.180 0.180 . 
19.8 36.6 0.03 0.04 99.9 99.9 0.160 0.180 

90 61.6 83.2 24.962 0.2 0.4- 0.584 99.7 99.5 97.7 0.180 0.180 

180 4903 80.5 24.150 0.2 0.3 0.894 99.6 99.8 96.3 0.180 0 0 180 

270 45.6 71.e· 21.365 0.1 0.2 0.406 99.8 99.7 ·98.1 0.180 0.160 

360 50.7 83.6 25.080 0.1 0.1 0.276 99.8 99.9 98.1 0.160 0.180 

51.8 79.6 23.889 0.2 0.3 0.540 99.6 99.6 97.7 0.180 0.180 

90 76.4 128.0 47.355 0.5 1.2 0.473 99.4 99.1 99.0 0.260 0.380 

180 119.6 187.2 69.192 0.6 1.9 0.263· 99.5 99.0 99.1 0.380 0.400 

270 75.6 140.8 52.112 0.3 1.0 0.261 99.6 99.3 99.5 0.400 0.400 

360 72.0 134.8 49.793 0.1 0.4 0.199 99.8 99.7 99.6 0.400 0.380 

85.9 148.5 54.613 0.4 . 1. 1 0.389 99.7 99.3 99.3 0.260 0.380 

Al! the ·experiments were conducted at a temperature of 70-800 F and relative humidity of 45-65 %. 

1 

1 

t-i 
\.11 
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FIG. 88 

lŒFICIENCY VERSUS DU ST CONCENTRATION FOR THE R 6 HESPIRATOR 

AVERAGE AVERAGE EFFICIENCY . 
DUST CONCEnT~ATION OF RFSPIP.ATOR % 

LEVEL TIUE 
Fibers/ee 

mg/m3 Counting Gravi-
.in hr. >5.A Total >5A Total metrie 

l 6 19.8 36.6 99.9 99.9 . 
II 6 51.8 79.6 23.889 99.6 99.6 97.7 
III 6 85.9 148.5 54.613 99.7 99.3 99.3 
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FIG. 89 

R 6 RESPIRATOR TIME VERSUS R~SITANCE 
ON THE DIFFERENT DUST CONCENTRATION LEVEL 

AVERAGE INHALATION 
DUST CONCETITRNrIOI'T RESISTANCE AT 6 L~m 

J.JEVEL 
Fibero/cc ( m:n H20 ) 

;ng/m3 
>5A Total In:lti~l1 Final 

l 19.8 36.6 0.160 0.180 
II 51.8 79.6 23.889 0.180 0.180 

III 85.9 148.5 54.613 0.260 0.380 
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LEVEL 

1 

Av~rage 

II 

Average 

III 

Average 

TABLE 20 

R 7 RESPIRATOR PERF9RMANCE AGAINST A FIBROUS TEST DUST 

DUST CONCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 
IN CHArŒER PENETRATION DUST RESPIRATOR % RESISTANCE 

'rIME Fibers/cc Fibcrs/cc at .6 Lpm (m.-n H20 
mg/m3 mg/m3 

Counting Gravi-
:Ln min. >5.M. Total >5A Total ::> 5 A Total metric In:!.tic.l Fintil 

90 30.9 39.7 4.5 5.5 85.5 86.2 _ 0.340 0.360 

180 25.1 36.0 3.4 4.3 86.3 88.0 0.360 O.l~OO 

270 26.0 40.0 3.2 5.8 87.7 85.6 0.400 0 0 380 

360 20.9 30.6 2.2 3.1 89.2 89.9 0.380 0.380 

25.7 36.6 3.3 4.7 87.2 87.2 0.340 0.380 

90 47.8 70.4 21.120 2.5 3.8 1.309 94.6 94.6 93.8 0.540 0.540 

180 52.8 66.8 20.041 1.8 3.6 1.162 96.6 94.7 94.2 0.540 0 •. 560 

2.70 49.4 67.2 20.163 0.4 1 .1 0.726 99.2 98.3 96.4 0.560 0 .. .560 

360 50.6 69.5 20.850 0.3 0.6 0.563 99.4 99.2 97.3 0.560 0.580 

50.2 68.5 20.543 1.3 2.3 0.940 97.5 96.6 95.4 0.540 0.580 

90 99.2 119.2 47.671 0.9 1.3 0.763 99.1 98.9 98.4 0.620 0.700 

180 84.4 111.2 44.490 0.7 1.0 0.623 99.2 99.1 98.6 0.700 0.720 

2.70 96'.0 121.2 48.365 0.-5 1.3 0.484 99.5 98.9 99.0 0.720 0.980 

360 76.4 105.6 42.237 0.3 1.4 0.169 99.6 98.7 99.6 0.980 0.980 

89.0 114.3 45.691 0.6 1.3 0.510 99.3 98.9 98.9 0.620 0.980 

AU the experiments lorere conducted at a temperature of 70-S0o F and relative humidity of 45-65 %. 
1-' 
VI 
0) 
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FIG. 90 

EFli'ICIEiCY VERSUS DUST CONCENTRATION FOR THE R 7 RESPIRATOR 

AVERAGE AVERAGE EFFICIENCY 
D!JST CmrCE!!T:.t~Tlorr OF RESP!?ATOR cl 

,0 
LEVEL TI!:E 

Fibers/ee 
rlg/m3 Countinb Gravi-

i!l hr. >5;1.4 Total >5A Total l!!etrie 

l 6 25.7 36.6 87.2 87.2 
II 6 50.2 68.5 20.543 97.5 96.6 95.4 
III 6 89.0 114.3 45.691 99.3· 9809 98.9 
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FIG. 91 

R 7 RESPIRATOR TIME VERSUS RESISTANCE 

ON THE DIFFERENT DUST CONCENTRATION LEVEL 

AVERAGE INHALATION 
DUST CONCFNTRATI01f RESISTANCE AT 6 Lp~ 

T.JEVEL 
Fiberc/cc ( le H20 ) 

~G/m3 
>5A TotD.l lnitiD.1 Final 

l 25.7 36.6 0.340 0.380 

·n 50.2 68.5 20.543 0.540 0~580 

III 89.0 114.3 45.691 0.620 0.980 
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Fig. 92 

A micrograph of fiber dust breakthrough filter media 

of R 7 respirator collected on a O.8~cron membrane 

filter, taken with phase contrast illumination. 
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Fig. 92 

A micrograph of fiber dust breakthrough fi1ter nedia 

of R 7 respirator collected on a. O.8-nicron ::1el:J.brane 

fi1ter, taken iüth phase contrast illufJination. 
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TABLE 21 

R 8 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

. 1 DUST CONCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 

TIME j 
IN CHAI,mER PENETRATION DUST RESPIRATOR % RESIS'l'ANCE 

LEVEL Fibers/cc Fibers/cc Counting Gravi- a t 6 I, pm (r.l=. Ir? 0 j 
mg/m3 mg/m3 

in min. i > 5 Mo . Total >5..lf Total :>5A Total metric In!ticl Fin;:tl 

90 24.6 32.0 3.2 5.3 87.4 83.5 . 1.240 1.320 

l 
180 18.9 24.4 1.6 3.4 91.5 86.1 1.320 1.332 

270 1907 25.3 2.2 3.7 88.4 85.4 1.332 1.338 

360 20.2 24.8 1.6 2.8 91.1 88.8 1.338 1.336 
Average 20.9 26.6 2.2 3.8 89.5 85.8 1.240 1.336 

90 85.6 118.0 35.402 0.3 0.8 1.912 99.6 99.3 94.6 1.210 1'.210 

II 180 65.6 94.8 28.443 0.2 0.3 1.479 99.7 99.7 94.8 1.210 1.340 

270 62.8 91.2 27.360 0.2 0.3 1.323 99.7 99.7 95.2 1.340 1.280 

360 55.6 80.4 24.125 0.1 0.2 0.941 99.8 99.8 96.1 1.280 1.360 

Average 67.4 96.3 28.830 0.2 0.4 1.414 99.7 99.6 95.1 1.210 1.360 

90 95.0 100.4 31.123 0.9 0.2 0.407 99.1. 99.8 98.7 1.420 1.380 
, 

180 115.2 139.6 45.064 0.9 0.3 0.542 99.2 99.8 98.8 ·1.380 1.580 1 

III 
270 99.6 131.2 40.125 0.5 0.3 0.361 99.5 99.8 99.1 1.580 1.800 

360 9805 125.4 38.537 0.1 0.3 0.193 99.9 99.8 99.5 1.800 1.800 

Average 102.1 124.2 38.712 0.6 0.3 . 0.376 99.4 99.8 99.0 1.420 1.800 

1-' 

Ali thel e.."Cperiments were corducted at a temperature of 70-800 F and relative p.umidity of 45-65 %. R> 



FIG. 93 

EFFICIENCY VERSUS DUST CONCENTRATION FOR THE R 8 RESPIRATOR 

AVERAGE AVERAGE EFFICIENCY 
DrrST CONCF.:!TTRATION OF RESPIRATOR 01 

,0 

LEVEI· TIHE 
Fibers/cc 

mg/m3 Cou!!tins Gravi-
in hr. >5"", Total >5A Total metric 

l 6 20.9 26.6 89.5 85.8 
II 6 67.4- 96.3 28.830 99.7 99.6 95.1 
III 6 102.1 124.2 38.712 99.4 99.8 99.0 
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Fln. 94. 

R 8 RESPIRATOR TIME VERSUS RESISTANCE 

ON 'l'HE DIFFERENT DUST CONCENTRATION LEVE~ 

AVERAGE INHALATION 

J .. EVEL 
DtrST CONCFNTRATlorr RESISTANCE AT 6 Lpm 

Fib'.?rt:/cc 
:ngjm3 

( ~ H20 ) 

>5A Total Initial Final 

l 20.9 26.6 1.240 1.336 

II 67.4 96.3 28.830 1.210 1.360 
i 

1 
III 102.1 124.2 38.712 1.420 1.800 
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Fig. 95 

A micrograph or riber dust breakthrough rilter media 

or R S respirator collected on a O.S-micron membrane 

rilter, taken with phase contrast illumination. 
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FiC. 95 

A micrograph of fiber dust breakthrough filter 8edia 

of R 8 respirator collected on a O.8-rüicron membrane 

filter, taken \üth phase contrast illtunination. 
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LEVEr. 

1 

Average 

II 

Average 

III 

Average 

TABLE 22 

R 9 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

---- 1 

DUST CONCENTRATION FILTER MEDIA EFFICIENCY OF INHALATION 
IN CHAI'IDER PENETRATION DUST RESPIRATOR % RESISTANCE 

TIME F1bers/cc Fib('rs/cc Counting Gravi- a t 6 L IJ1:} (~~ H"") 0 ; 
mg/m3 mg/m3 t:... 

in min. >5~ -Total >5,J,f Total >5..4 Tot~l metric Initiel Fi::D,l 

90 20.8 38.2 1.1 2.2 94.7 94.5 ' 0.200 0.220 
180 1 25.3 43.5 1.2 2.3 95.2 94.6 0.220 0.240 
270 27.5 45.8 1.1 2.7 96.0 94.7 0.240 0.260 
360 38.0 57.3 1.3 2.9 96.6 94.9 0.260 0.320 

27.9 46.2 1.2 2.5 95.6 94.6 0.200 0.320 
90 45.8 70.4 21.120 1.7 2.8 1.056 96.2 96.0 95.0 0.200 0'.220 

180 51'.5 57.1 22.535 1.3 2.6 0.924 97.5 96.6 95.9 0.220 0.240 
270 55.2 l;0.2 24.061 0.9 1.7 0.842 98.3 97.9 96.5 0.240 0.180 

360 57.9 82.0 24.600 0.5 1.2 0.713 99.1 98.5 97.1 0.1l;0 0.320 
52.4 76.9 23.074 1.1 2.1 0.884 '97.8 97.3 96.2 0.200 0.320 

90 101.6 134.4 49.725 0.4 0.8 0.597 99.6 . 99.4 98.8 0.260 ,0.280 

180 109.4 141.1 52.211 0.4 0.7 0.,470 99.6 99.5 99.1 0.280 0.320 

270 104.0 135~6 49.859 0.3 0~7 0 ... 199 99.7 99.5 99.6 0.320 0.380 

'360 112.0 140.9 52.200 0.2 0.6 0 .. 156 99.8 99.6 99.7 0.380 0.460 
106.8 138.0 50.999 0.3 0.7 0.,356 99.7 99.5 99.3 0.260 0.460 

-- ----- -

AlI the experiments l'Iere conducted at a temperature of 70-800 F and relative hwn1dity of 45-65 %. 
1-' 
0-
C" 



FIG. 96 

EFFICIEHCY VERSUS DUST CONCENTRATION FOR THE R 9 RESPIRATOR 

AVERAGE AVERAGE EFFICI~·rCY 
DUST CONCE?-l'!'~ATIO!T OF RESPIPATOR % 

LEVEL TIHE 
Fibers/ec 

mg/m3 Countint; Gravi-
in br. >5A Tota.l >5A Total metrie 

l 6 27.9 46.2 95.6 94.6. 
II 6 52.4 76.9 23.074 97.8 97.3 96.2 . 

III 6 106.8 138.0 50.999 99.7 99.5 99.3 
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FIG. 97 

R 9 RESPIRt.TOR TIME VERSUS RESISTANCE 
ON THE DIFFEf- ENT DUST CONCEKTRA'f ION LEVEL 

AVERAGE INHALATION 
DUST CONCENTRATION RESISTANCE LT 6 Lp~ 

T.JEVEL ( ~ H20 ) 

l 

II 

III 

Fib,:ro/cc 
mg/m3 

>5A Tot~l lnit1~1 Final 

27.9 46.2 0.200 0.320 
5"2 0 4 76.9 23.074 0.200 0.320 

106.8 138 0 0 50.999 0.260 0.460 
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Fig. 98 

A micrograph o~ fiber dust breakthrough filter media 

of R 9 respirator collected on a O.8-micron membrane 

filter, taken with phase contra st illnmination. 
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Fig. 98 

A iJicrograph of fiber dust breakthrough filter r.:ledia 

of TI. 9 respirator collected on a O.8-.-::rl.cron membra.ne 

filter, taken ',·,ith phase contra st il1mrl.nation. 



~ILE 23 

R 10 RESPIRATOR PERFORMANCE AGAINST A FIBROUS TEST DUST 

--

DUST CONCENTRATION FILTER MEDIA EFFICIErlCY OF INHALATION 
IN CHAI-IBER PENETRATION DUST RESPIRATOR % RESIS~rANCE 

LEVEr. TIME Fibers/ee Fibers/ec Ccunting Gravi- at 6 Lpm (r.:1:l H2O: 
mg/m3 mg/m3 

in min. >5.M. Total >5,4 Total :>5.-4 Total metrie Initic.l . .Fin~l 

.90 20.4 30.8 0.01"*- 0.06 99.8 99.8 0.21,0 0.300 

l 
180 2206 32.7 0.05 0.07 99.8 99.8 0.300 o .1~00 
2.70 21.5 33.4 0.02 0.03 99.9 99.9 0.400 0.51iO 
:360 20.7 30.0 0.02 0.03 99.9 99 .. 9 0.540 0.560 

Average 20.6 31.7 0.03 0.05 99.8 99.8 0.240 0.560 
'90 50.8 67.2 20.162 0.3 0.5 1.735 99.4 99.2 91.4 0.280 b.420 

II 180 47.6 70.1 21.045 0.3 0.4 1.747 99.4 99.4 91.7 0.420 0.500 
270 53.2 72.0 21.630 0.1 0.4 0.952 99.8 99.4 95.6 0.500 0.380 

360 58.0 71.5 21.450 0.1 0.4 0.493 99.8 99.5 97.7 0.380 0.680 

Average 52.4 70.2 21.071 0.2 0.4 1.232 99.6 99.4 94.1 0.280 0.680 

90 . 98.8 162.0 59.937 4.8 6.8 4.315 95 •. 2 95.8 92.8 0.360 0.600 

. 180 116.8 180.0 66.595 5.4 7.2 4.662 95.4 96.0 93.0 0.600 0.800 
III 

270 9004 152.8 56.497 3.2 5.6 3.559 96.5 96.3 93.7 0.800 1.120 

360 117.2 14600 54.979 3.5 5.0 2.581 97.1 96.6 95.3 1.120 1.300 

Average 105.8 160.2 59.502 4.2 6.2 3.779 96.1 96.1 93.7 0.360 1.300 

_. --- ._-

f-

AIl the exoeriments were conducted at a temperature of 70-800 F and relative humidity of 45-65 %. - . . . 
.... 
c 
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FIG. 99 

EFFICIENCY VERSUS DUST CONCENTRATION FOR THE R 10 'l<ESPIRATOR 

AVERAGE AVERAGE EFFICI~;CY 
DUST COT'TCn'!TI?ATION OF RESPIRATOR % LEVE!J TIHE 
Fibor~;/ce 

mg/m3 Counting Gravi-
in br. >5.,« Total >5A Total reetric 

l 6 20.6 31.7 99.8 99.8 
II 6 52.4 70.2 21.071 99.6 99.4 ' 94.1 
III 6 105.8 160.2 .59.502 96.1 96.1 93.7 
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FIG. 100 

. R 10 RESPIRATOR TIME V~R~US RESISTANCE 

T ... EVEL 

l 

.JI 

III 

ON THE DIFFERENT DUST CONCENTRATION LEVEL 

AVERAGE INHALATION 
DUST CONCF1'1TRATION RESISTMlCE l.T 6 Lpn 

Fiberc/cc ( m:n H20 ) 
'.Ile/m3 

>5A Total Initial Final 

20.6 . 31.7 0.240 0.560 

52.4 70.2 21.071 0.280 0.680 
105.8 160.2 59.502 0.360 10300 
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Fig. 101 

A micrograph of fiber dust breakthrougn filter media 

of R 10 respirator collected on a 0.8-micron membrane 

filter, taken with phase contrast illumination. 
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Fig. 101 

A l:rl.croBraph of fiber dust breakthrough fil ter m.edia 

of :~ 10 respirator collected on a O.8-:nicron membrane 

filter, taken Hith phase contrast illunination. 



TABLE 24 

R 11 RESPIRATOR PERF9RMANCE AGAINST A FIBROUS TEST DUST 

DUST CONCENTRATIOll FIL TER MEDIA EFFICIENCY OF INHALJ\TION 
IN CHM,mER PENETRATION DUST RESPIRATOR % RESISTANCE 

LEVEt TIME Fibers/cc Fibers/cc oCounting Gravi- a t 6 L p:n. ( 1:l.':1 IL,O ' 
mg/m3 =gJr:..3 c:. 

in min. >.5 Mo Total >5A Total >5.-4 Total .metric Initiel Fin~l 

90 25.5 45.4 4.1 9.2 83.8 79.7 0.280 0.380 

1 
180 18.2 40.0 2.5 6.1 86.3 84.8 0.380 0.280 
270 19.0 37.3 2.0 5.8 89.5 84.5 0.280 0.3 l10 

360 22.0 42.5 1.6 3.6 92.7 91.6 0.340 0.340 . 
Average 21.2 41.3 2.6 6.2 87.7 85.0 0.280 0.340 

; 90 50.1 96.0 28.803 2.5 2.0 1.469 95.1 97.9 94.9 0.220 0.300 

II 180 46.7 101.2 30.360 1.6 2.3 1.366 96.6 97.8 95.5 0.300 0.260 
, 

2.70 59.6 115.0 . 34.495 1.8 2.6 1.242 97.0 97.8 096.4 0.260 0.1160 l 
:J 

360 51.6 116.4 34.901 1.0 2.0 0.768 ·98.0 99.9 97.8 0.460 O.lIOO 

Average 52 • .0 107.2 32.132 1.7 2.2 1.211 96.7 98.1 96.2 0.200 ' .0.400. 

90 89.8 132.8 49.154 0.9 1.9 1.966 99.0 98.6 96.0 0.280 0.420 

III 
180 104.4 158.2 58.571 0.6 1.2 1.874· 99.4 99.5 96.8 0.1~20 0.51.0 

2.70 113.6 189.2 70.042 0.5 0.9 0.630 9.9.6 99.6 99.1 0.540 0.l,80 

360 90.4 151.2 56.930 0.6 1.2 1.252 99.3 99.2 97.8 0.480 O. [,l, 0 

Average 99.6 157.9 58.672 0.7· 1.3 1.431 99.3 99.2 97.5 0.280 0.1~40 

~ 
All the experiments were c~nducted at a temperature of 70-800 F and relative humidity of 45-65 %. ~ 
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FIG. 102 

~FFICIENCY VERSUS DUST CONCENTRATION FOR THE R 11 RESPIRATOR 

AVERAGE AVERAGE EFFICIENCY 
DUST CONCENT:~ATION OF RESPIP.ATOR % 

LEVEL TIHE 
Fibcl"s/cc 

mg/m3 Countins Grav:i.-
in br. >5.,IA. Total >5A Total l!Ietric 

l 6 21.2 41.3 87.7 85.0 
II 6 52.0 107.2 32.132 96.7 98.1 96.2 
III 6 99.6 157.9 58~672 99.3 99.2 97.5 
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FIG. 103 

R 11 RESPIRATOR 'l'IME VERSU,:; RESISTANCE 
ON THE DIFFERENT DUST CONCENTRATION LEVEL 

AVERAGE INHALATION 
DUST CONCENTRA'rIOn RESISTANCE AT 6 Lpm 

JJEVEL 
Fiberc/cc ( lll!n H20 ) 

'1lr:;/m3 
>5A Tetal Initial Final 

l 21.2 41.3 0.280 0.340 

II 52.0 107.2 32.132 0.200 0.400 

III 99.6 157.9 58.692· 0.280 0.440 
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Fig. 104 

A micrograph of fiber dust breakthrough tilter media 

of R 11 respirator collected on a O.S-micron membrane 

filter" taken with phase contrast illmnination. 
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Fi&_ 104 

A ;1icrograph of fiber dust breal~through filter ;nedia 

of E 11 respirator collected on a O.8-1ncron me::lbl'ane 

filter, tal:en 1'Jith phase contrast il1w.unation. 
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3. Additional Test for the Relationship Between Various 

Inhalation FlO\'l Rates and Inhalation Resistances 
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In order to distinguish clearly the re1ationship between various 

inhalation flow rates and inhalation resistances, an additional test was 

rendered on the R 7 respirator by adopting the same equipment and method 

with the exception of changing the inhalation flow rate. Consequently, 

it app~ars that, when the air flow rate is increased, the respirator's 

inhalation resistance is simultaneously increased: the detailed iniication 

of '\'lhich is shawn in Table No. 25 and Figure No. 105. According to this 

test result, if 6 liters per minute f'low rate is changed to the commonly 

used stan::lard test f'low rate of 85 lit ers per minute, the inhalation 

resistance will then be increased to 12.896 mm H20 from 0.520 mm. H20. 

Table 25 

VARIOUS INHALATION FLOW RATES VERSUS INHALATION RESISTANCES 

IN R 7 RESPIRATOR 

Inhalation Flow Rate Inhalation Resistance 

L/Hin. mm. H20 

4 0.220 

5 0.400 

6 0.520 

7 0.720 

8 0.840 

9 1.020 

10 :J..160 
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IN R 7 RESPIRATOR 

./ 

5 6 7 8 9 10 

LITERS PER HINUTE 



180 

4. Discussion of Results 

It is worthy to mention that the dust respirators were selected 

at random for this experiment so the quality of the filter medium. may 

sometimes differ. This would account for the variation in the initial 

resistance while the efficiency of filtration is not affected to a 

significant degree. 

R l Respirator: 

Aocording to the results gained from the experimental data, 

the efficiency varied for the l, II an:l III dust concentration levels. 

Of these dust concentration levels, the first is the lowest, and the 

resistance appears to increase as the test period is lengthened. In 

reviewing the data, it would appear that this respirator would be most 

suitable for use at the second level. 

R 2 Respirator: 

In practice, this one is gener~ preferred and it is consi-

dered to be a good respirator. In addition to other good features, it 

also has both inhalation and exhalation valves. This unit has been 

approved by the U.S. Bureau of r..1ines. It had been tested also by Weeks 

and Burns(127), with the same fiber dust used in these tests but not by 

the same method 110r at the same air flow rate as adopted for this research. 

The result of their experiments was that the fiber breakthrough was 0 %. 

On the other hand, the experimental results of the present tests indicate 

that this unit has the lowest efficiency of all the respirators tested. 

Because of this difference it was decided to repeat the tests with the 

exh~ation valve effectively sealed. However, even under these test 
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conditions, the efficiency did not reach 90 per cent. In revi~i.lng the 

experimental data for each 6-hours test for each dust concentration level, 

it appeared that the efficiency was st a minimum for a certain period 

while its resistance remained normal. This phenomenon is difficult to 

explain and should be thorou~ investigated in future studies. 

Another feature of this respirator which bears mention is that 

after the termination of each 6-hours' experiment, the respirator was 

untied, and, a large number of fibers were observed on the inner bottom 

of the ~espirator. It was apparent that these fibers had penetrated the 

filter medium of the respirator and settledout before reaching the mem­

brane fnter thereby erroneously increasing the calculated efficiency of 

the respirator. 

In order to investigate .t'urther ~hiS oresp:1rat:dr,. an a1il:l~tiQna:1 

test was'performed with granite dust which had been screened through a 

400-mesh sieve. The results by gravimetric means only was an efficiency 

of 93.7 per cent. These tests appear to suggest that this respirator 

may provide good protection against other kind of dusts while it may not 

be suitable for chrysotile fiber dust. 

R 3 Respirator: 

This is not yet approved by the U.S. Bureau of Nines. It is 

a discard type of respirator and has no exhalation valve. In the ~~eri­

ments, it was noted that its efficiency was increased. The resistance 

was rapidly increased with length of time under test and the increments 

in dust concentration level. The final resistance for the III dust 

concentration leve1 was three times that of the initial resistance. 
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Under these conditions, it may create difficulties to breathing due to 

the increase in resistance. Furthermore, the dust samp1es collected 

through the respirator" when viewed un:ler the microscope" showed mueb 

more small partic1es than in tests on other respirators. These results 

indicate that this respirator provides better protection against fiber 

dust than other types of dust. 

R 4 Respirator: 

This unit is also designed for single-wear use" and has no 

exhalation valve. Although this has not yet been approved by the U.S. 

Bureau of ~Bunes; the experimental results indicate that it appears to 

be a good respirator. Besides its efficiency" the resistance bétween 

initial and final period is very regular and d6es not increase at a 

significant rate. 

R 5 Respirator: 

This resp1rator is not approved by the ü.S. Bureau of l,fines. 

It is a sillgle-wear unit without exhalation valve. The filter material 

is similar to the R 4 respirator. It appears to have a very high 

efficiency for the three different dust concentration 1evels used in 

these experiments, and 1ts res1stance fram the initial to the final period 

appears to be very normal. 

R 6 Resp1rator: 

This unit 1s a single-wear t,ype" with no exhalation valve. 

Though i t 1s not approved by the U. S. Bureau of 11ines" the experimental 

data indicate that it is a good respirator because of its high eff1ciency 

and low resistance. 



1$3 

R 7 Respirator: 

This respirator has gained approval from the U. S. Bureau of 

}fines. It has a simpll~ exhalation valve. The efi'iciency of this respirator 

varied at each dust concentration level, and its resistance increased 

uniformly with time and the rise in dust concentration leve1. 

R $ Respirator: 

This respirator has already gained the U.S. Bureau of l.fines' 

approval. It can be reused by cleaning with compressed air, am it has 

a simple exhalation valve. Its efficiency appeared to be high on both 

II and III dust concentration leve1s as compared with the first dust 

concentration leve1. 

Attention is drawn to the deficiency that there was a high resis­

tance at the initial moment of inhalation and this will result in ditficult 

breathing. 

R 9 Respirator: 

This unit is approved by the U.S. Bureau of l·fines. It has both 

inhalation and eXhalation valves, and it is designed for single~ear use. 

The experimental .data obtained, show that its efficiency at the first 

dust concentration leve1 to the third dust concentration leve1 rose from 

95% to 99.7%. Its inhalation resistance appears to be very low from the 

initial through the final periods. 

R 10 Respirator: 

This unit has also been approved by the~U .5. Bureau of l-fines. 

It is similar to the R 9 respirator and it also has both inhalation and 

eXbàlation valves. According to the data recorded, there is an interesting 

feature to note. This respirator appears to have a high efficiency. 
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However, as the dust concentration 1evel was raised, the efficiency of 

the respirator decreased and the resistance increased. In view of these 

contradictor.y results it was decided to repeat these tests o~ to find 

that the results l'ler.e the same. This is imeed a st range phenomenon and. 

one that should be investigated further. 

R li Respirator: 

This unit is approved by the U.S. Bureau of Mines, and has both 

an inhalation and an exhalation valve. It is designed for single-wear 

use. It shows to be of normal efficiency. From the beginning of the 

tests, ·.its efficiency increased with the time and with incres;se in dust 

concentration 1evel. Its resistance also rose with the 1ength of time 

under test. 
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Chapter VI 

CONCLUSIONS 

The determination ot the efficacy of a respirator is a complicated 

am difficult problem, as it involves a number of variable factors. These 

can generally be classed as: (a) the filter medium of the respirator;;. 

(b) air fiow characteristics (resistance), (c) mask fit, an:! (d) the 

general acceptance by the worker. All of the abovementioned factors will 

influence the efficacy of a respirator. 
. (100) 

The U.S. Nat~onal Survey had once made a survey on the use 

of masks among 12,05ll'10rkers. Upon an inquiry of: ''Do you wear a mask 

worldng at a dusty job?U, only 4 per cent reported they alwB\VS wore a 

mask while l'iOrking at a dusty job, an:! almost 30% never used such protection. 

The next inquiry was: ''tlhat difficulties have you had with masks'?~'. Conse­

quently, i t appeared that the MOst common problem was discomfort - this 

l'laS noted by 37 per cent of the workers answering, while interference wi th 

breathing was noted by 21 per cent. 

In view of the results of the above survey, the determination 'of 

the practical efficacy of a respirator should include a factor relating to 

the acceptability by the wearer. 

In this research, the main investigations were concentrated on 

the filter medium efficiency and the air flow characteristics (inhalation 

resistance). A reviEn'l of the results of these experiments provides the 

following summary and analysis: 

Filter Hedium: 

(a) Excluding the R 2 ~espirator, the other ten respirators t etticiencies 
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at the 2nd dust concentration level and above, are above 95 per cent. 

(b) In comparing the results by the counting technique ldth the gravimetric 

method, the effj.ciency by the former method appears to be higher than 

by the latter. 

Cc) 1'lith the exception of R 6 and R 10 respirators, the e.t'.t'iciency o.t' the 

respirators increases with the higher dust concentration levels. 

(d) At the same dust concentration level, it generally appears that the 

longer the test period, the higher the e.t'.ficiency will be. 

(e) Norma1.ly, under the .t'iber counting technique, counting the larger 

than 5'micron .t'ibers results in higher e.t'.ficiency than by counting 

the total. 

Air Flow Characteristics (Inhalation Resistance): 

(a) The inhalation resistance normall.y increases as the dust concentration 

level is increasN. 

(b) The inhalation resistance noI'lllalq iJ:lcreases as the time umer test 

illcreases. 

(c) For the same respirator, the inhalation resistance sometimes dii'.t'ers 

between the initial and the terminal periods, whereas the e.t'.t'iciency 

remains almost unchanged. 

(d) From the tests on the R 3 respirator and. the R 10 unit, the inhalation 

resistance .t'or the 3rd dust concentration level in the 6 hour experi­

ment, appears to be three times higher than that for the .t'irst dust 

concentration level. 

Finally, the resu1ts o.t' these tests :had.. the .t'ollowing conclusions: 

(1) Ii' a dust respirator is used .t'or protection against dii'.ferent types 
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of dusts, the efficiency will vary with the type of dust. 

(2) In order to test a dust respirator for protection against fiber 

dusts, the most suitable method is to adopt both the fiber counting 

technique and the gravimetric method. 

(:3) The tests on dust respirators w:Ul 'he .f'acilitated. by the use of a 

humanlike breathing apparatus and a manikin s:i.milar to the one 

used. in these tests. 



Chapter VIT 

RECOHlvlENDATIONS FOR FURTHER STUDY 
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In view of the results of these experiments, it is apparent that 

different test methods will have &,:variable effect on the efficiency of 

the respiratorts filtration medium. In order to further the progress in 

this field, the best experimental methods should be selected, and these 

should include consideration of the appropriateness of human physiology 

am the medical hygienic standard as well as the practical environment. 

Hence for further studies the following suggestions are presented: 

(1) For the experiments, the fiber dust should simûlate the actual 

suspension found in a working environment. In practice, the dust 

in the mining industries might conte.in up:to 80 per cent dust from 

the parent rock and this dust could be biologically inerte 

(2) In regard to the equipment for the experiments, one should endeavour 

to adopt a humanlike breathing s,ystemwhich includes the processes 

of inhalation am· exhalation. The inhalation fiow rate should be 

higher in order to sim\1late real worldng conditions. During the 

period of exhalation, the air volume and relative humidty should be 

the same as that which exists for the human breathing condition. 

It is be1ieved that the high humidity of the air expelled on exha­

lation by humans will have a significant effeDt on the efficiency of 

the filter in the dust respirator. 

(3) An experiment to test for mask fitting should also be developed, 

because in recent years, it has become evident that the limiting 

factor in the performance of conventional dust respirators is the 
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. (69 126) 1eakage between the respJ.rator facepi.e.ce and the wearer's face' • 

Such 1eakage greatly affects the efficiency of the respiratorj' so 

a further study on this point should merit conSideration. 

(4) ~,it is recommended that more detailed studies be made on 

the dust respirators which showed contradictory results in the present 

investigations. The reasons for the non-conformity between the 

efficiency and resistance for increases in dust concentrations should 

be determined. 
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