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PREFATORY NarE

­,,
J-.

llJllING the course of' an invest:lgatian into the typ.~s of t:llothing requ:i.red

for a:i.rcraft; resaue teams it was f'ound that there had been no Clolleotion of data

relative to the use o:f' olothing for pr;;.tei3tian aga:inst heat. This repox't br:1ngB

together much of the existing ini'cnnatian, some of' it in a Il.~e1 f'OXlll and it is

- hoped that this will prove of use te, all 1!bo are interested in the prlnC',ipl~s

af..f'er.>ting tbe design of this type ():f' prote.,<t:bre cl.©-I;h:mg.

•

. -

•

.'

FIRE RESEARaI STATION,
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" The oonditions in which proteotive ol"thing m8iY be used are analysed; the

l:ike~ effeots on the human body and the role of' olot.hing in mitigating or prevent-

ing these ef'f'ects 16 outlined. Speoifio points discussed are the differing

funotions of ref'leotivity, theme:.. insulation and thezmal oapacity in long and

short tem exposures and the speoial problems of' providing proteotion f'or the hes.d.,

feet, and hands.

INrRODUarION

Men often have to work in the presence of heat and flames. Every effort

should be made to oontrol the enVironment, but in some operations this is. either

too dif'f'ioult or too expensive and proteotion must be given to the operator himself'.

In fire-fighting, the very operation is itself an attempt to control the environment

and proteotion must be giv'en to the fire-f'ightl'.r.

Methods(l)-(lO) have been developed to assess the probable proteotion given by

clothing against heat, but this 16~ part of' the problem of' designing protective

olothing. The note consists largely of' information relevant to the physioal and

physiologioal aspeots of' providing protection at high rates of' heating; it is

oomplementary, theref'ore, to other s'wveys(11)-(14). It does not claim to 'be

exhaustive f'or other factors must also be considered; people are reluotant to wear

olothing even slight~ less comf'ortable than nonna.l(U) (15). Tailor.lng problems,

ease of donning and removal, wearing qualities and price, can modify the choice of'

gannents f'or any particular applioation, and many of these f'actoz'S can only be

f:in.~ assessed by actual eJl;perienoe under practical conditions.

This paper 16 divided into two main sections, the first dealing with the degrees

of exposure enommtered and their e:f':f'eots on the bod¥, and the seoand with the role

of olothing in mitigating adverse e:f':f'eots.

I - HA.ZARJE

CONDITIONS LIKELY TO BE ENCOUNTERED

TYPES OF HEAT TRAN3FER

Operators m8iY' be exposed to the three types of' heat transfer: radiation,

oonvection and oonduction. Near flames, f'u:rn.a.oes, and hot bodies heat is trans-

f'erred by radiation; in direot contact with flames, hot gases or in winds, heat is

_ 1 -



transferred by convection. With flames, heat transfer by both radiation and'

convection may be iIiIportant, radiant heat transfer becoming relatively more

iIiIportant as the flames become thicker'. Conductive heat transfer is by

direct contact between bcdies at different temperatures, being greater with

metals, than with wood and brick.

The method of' heat transfer influences the means by which protection

may be obtained (pp 13-16); the rate and dllration of heat transfer detenJdnes

the protection required (P. 12).

The rate of transfer of heat, or thennal flUX, is expressed as the

number of calories of heat .croasdng a surface one square centimetre in area.

every secondil: (cal om-2 s-l). 1 cal om-2 s-l is equaJ. to 4. 2 wiom2 and

13 300 B.t.u. ft-2h- l • The heat transfer to an operator is the algebraio

sum of the heat transfer by radiation(16) conduction and conveotion(17).

The convective heat transfer to an operator both in the presence ana
absence of draugllts is shown in Fig.l.

GENERAL camITICfiS

Conditions which may be encountered fall broadJ;y into two categories:

short e:z:posures for a matter of minutes and long exposures which may last

for hours. The thermal hazard depends on the rate of heat transfer and the

temperature of the respirable air, although the limit at working may be eet

by other factors such as the to:x:l.oity of the looal atmosphere.

The aotual exposure hazards can sometimes be measured, particularly

in industrial conditions but usually they must be estimated. (Tables 1

and 2).

ORDnwrr FIRE-FlemING

The fireman may normally expect to be exposed to the conditiona of

temperature and radiation shown in range A of Tables 1 and 2. Occasionally,

in rescue work, it is necessary to remain for short periods in an enclosed

. _. -,.

li;rf the temperatures of the surroundings are app:roximate~uniform, it is
possible to use the concept of a mean radiant temperature. A surface at
this temperature would radiate at an intensity eq~ to the mean observed
intensity. It is measured by a globe thermometer.l18) .

- 2 -

"



NOTES

.~ Fig. 2 is "Reproduced by courtesy of American Society of Heating & Ventilating
Engineers" •

Fig. 3 is "Reproduced by courtesy of American Society of Mechanical Engineers".

Fig. 4 is "Reproduoed from J. Amer. Med. Assoc., 1950, 1M:. (9) 723-8.

Fig. 5 is "Reproduced from Amer. J. Path.. 1947, ~ 695-720.

Table 4 is "Reproduced by cour-be sy of American Society of Mechanical
Engineers" •

Table 5 is "Reproduced by courtesy of the National Ooal BOa..>"d.".



(range B)• More rarely the ;t'l:r~IDen is e:q>fJ3~d t.Q a. f'l!!..'\b. of e:q>:Llls:i:re viol=e of

very short dllra.til:m(20) (rang<l C).

Proteotive equipment in lI'lonnal. op~rati.:ma1. p~tj.~~ is' not pr'ew.ud.ed but is

Ullusual as the proteoti>:m gi;ren by the pr-eaerrt uniform s·eems to be adequau.. The

main operatiIl.g dangs:rs(21) appear- to be bums to the exposed p!):rtians of ·the skin,

cuts and bru:i.ses.

RESCUE WORK

M'J.cil work on the haaards of tb.~;d.r",:r'ait crash fire has been carded .out( 22) ,

to examine th'l< problem b teIm!!. <:If' how Img the 'Jocl'pants 01' the ai.mr'aft, can

longer in \'lbic-h to opem:r"", btrt the figure):£' :; :m:m :ts A. use:tUl. b.ssis for

Un.li'kl~ the ordinary fire-fighter who :i.s expected t.) w·o:r:-k t'ai.r1:y steadily over

lang periods, the rescuer in an ai,Xl;~r,rl"~ "rash fi-re is cnly active for short periods.

The hazards to vihioh he is exposed depend very much upon the teC'lmiqllOJ adopted :ill.

f'ightingthe fire. Both the present pr,",~edu.t:~s(23) (24) :reJqui:~ th<ll f.iremen and

reecaers to '1:'e kept fl a.t the rearlJ·fl and th:is rataes problems of ~=llri'ng t;bat the

me·taholie mlat to be lost.

'The t-wo operating pr:t.'le&trlf.s a't'l!'g

(i) The resouer(23) i,asent int? ·the fire as qaicJdy as possibh, whlls·r.: 'the fire

(rang~ D).

.. (n) The :resouer wa:i:ts ur.d:U the fi.re is fir'S-/; "kn':>ik:ed down" (4) and does not enter

poclrets "'f petrol 'to.lnJing :in the foam or f:rom bu:tnL"I.g grass, whils't t1re rest

~ "b _a,y. - .. .d:\. t" ... "t ". f'·'- s. 0 5 1 -2-1Q" nne as exposed ,:0 1'8 . e, .'J.all or an an ,eJJ.SJ..'ty" ""'OU''; e , cai. o:m s

(2 wim 2) from flames and h"tbomi!>s ]),5a1" hi.m (=ge E) •

might be immersed in :f'lam~s with a =equent'iaJ. large m".rease :in :radiated ana.



conveoted hea.t transfer similar to that given ill range C of Tables 1 and 2.

The above di.soossion is limited to th.e problem crt: 2"1"SCU~ i:rL air=a£t

orash :t'ires; similar problems are, however-, encotmfered wheneve:r limited.

tiJne i.s available.

INDUSTRIAL WORKING CONDITIONS

NOI1Ilal working conditi~

These are oOlldit:l.mm l'Ihe.= the operator is ~peoted. ·to worlt for

ccmparatively lang periods, the ambient tempera.ture llt'nDa.ll;r bems below

SOCC. In same indllstri·es ope.ra.tors may have ·to withstand eompa:r.atill'el;y'

high radi.ation levels, for e.xampl.e, whoo a. f'nner.>e is being tapped, and '!;he

operator may be exposed to sp'l.aahea of ho'!; metal..

Emergency oandi.tiona

These can a:>.1,y b~ of sh",,~ dU.rat:i.<ClJli(25)~ for e:x:ampl~ operators are

requ:irad to errbez- IdJ.llJ', or IJther =l1)s=s a:t high temperat.!JXeil. Hot ai.r

may ent.er the gannenta, and there may be high ra.tes of hea;!; transfer by

conta..--t with hot objects•

.!lash :t'i..toes

In flash fi.res, miah may OOC<U.'t' in f~i;orles(26) or in mines (27), worl=s

may be immersed in fJ.amea for peri.oiLs of the .orier ct' a aecond (.range 0).

AbnonnaJ. atmospheret!

Occasianally operatons have ·to worl< in enoLosed spacea, for e:x:ampl(~

men welding in tanks, where the mygoo OOl'J.t~Jlt of the atmosphe2"!l is

ia then inClJ:'lea.s~.

HlYSIOLOOlCAL CONSIDERATIONS Am> LIMIT OF HUMAN ENDURANaE

VARIATIONS WITHIN"NOIlMAL CONDITIONS

The human bo~ maintains its deep temperatare n~.arlY oonstant over a

very limited range of ambie:r.t conditions (ab01.~t 1000) (41).

Heat ia p:n:Idu.oed by metabol.ic proeessea in the body and ·this is

dissipa:ted by radiat:l.<m, eamreotiro and eve;porat:l;'1".l (Table 3). Norma.l.J.y

the bod;y' temperature remain.s :in eqoilibr.i:mn because the varl~1l:iB ·~erma :in

the hea:t balanoe ecmpensat\!l by V~Dg w:i.th extemaJ. oondit:i.oas and the

..
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Mechanism

Metabolio
heating

Gain or 1036 of h~9:t

Gain.

Not~a

Depends an, work dcne(4J.)
sitting stj.l1 30 o~a
wallCng 60 caJ/s
hard w.,rll: :WO caJ/s

In.r~a.sed. 'lmder hot
condi.tions, muc:h more than
10 per OeT.J.t flOT ear..h 100

tie,>,; in bDCW 'temperatlJr:)(42)

...------+----~--------:~+-----,~-,~-....._4

Radiatiatl

Canveet:iaa.

Gain if s'll1"'1"OU:lcling objects
are above sldr.i. temper.a.ti:l:~j

Loss if' SUTroundi.Ug objects
are bel.ow skin tempe,ratu.re

Gain if aiJ:' temperatu.re is
above sldn temperature

Loss it air tempel:'a.tlWe is
below sldrJ. temperatur~,

Increased by air movemeo.t

Loss (excep'l; "lm~l'."
Evapora.tian e:mepticm.a.l ~i.UIlstan.C~3

~.n water vap:l'~~

condense on the akln)

,
Soll:' means of I'DSlItS heat
i:f ambient temperatu..~ j.B

abmre skin tempere:tuZ'e.

Depends an moistU.'I"a con­
l;e-nt (rela.ti~ h'WDidity)
or. at1lloopher~. Maxi.mrlm
rate ,pr::>bat,4.:Y' flbqut; 0.01
~1 an=2s~'.Ll~2) (43) or
abO:lt 700f} ~f perspira.tian
per h:!:r~1r {F~g.2) • Und.~:'t"
r..omal orolditicm.s abou:t
10 per c.'eJlt of this i.s ~
r..."tSpi:rai;:t~.

".

'------------------~.....I._-~----~~-~---'
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TABLE 4-

EFFEcr OF DIFFERENT ENVIRONMENTS

Limiting Toleran~ Warning Skill and boil,y
. o:i:iditioos time sympT.OlUl ~mpera,tll~J!'1d--

secouds

l~Burn pain

, "~~_.- mdrnrbes

'r:lJl'e c' e--
minutes =

Tempera.t~~

Collapse di\!;zin!lsS ----hours / -,"

T:lJIl~ - mill
-------...,

hours - T llmper9:t1.m~

Exhaustian l')jtha'l:'gy"

-g----- --- ..
days

Time c, h
~

Com£ort
Tempel'a:tl)J(~

..---~-_.-
~.-...=

Time = da..vs
._-~

'0 6 =

"

..
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rate of working; oocasianalJy, and for short p:,r1.ods only, it nuw rlse or fall,

but n" high degree of =baJ.auce ean be tolerat~d for lang.

The role of cJ.otb.ing is to provide a camf'orla'ble local emriionment and has

little or no eft'<I'.ot on the rate of heat tlt'ans:f'er iD;~o t,he akin that may be:.

tolerated.

The skin tempe:r.a.tu:re is no=a."lJ~r lom,r than the 'bod,y temperaturll 60 that there

is a flow of heat outwards tht"OOgh ·the akin.

LIMITING OONDITIONS

A worker nuw be .i.:ncapaoitated by one of Se"7e.r.al r.'ausea(44) which B~ de'i;el'o-

mined ma.i.nJy by the rate of heating, ~ htl!llidl.ty. arId, the time of.' ezpcsure as

. outlined in Table 4(42).

Loss of working ef:fioie:ngy B!!.d heat e;x:lta7:i,sti".m

If' the tempera,tuzoeg of' the ajI and slJrroiJD,di7.lgs ris~' eDwe that of the skin,

heat can only be lost by e~aporaf;ioa. At'ter a time dependerrc upcm. the rate of

worldng (Tabl.e 3), the rate of' ent.:r;y of heat intD the skin and the re.latim."

humidity of the atm'llsphere, the tempe-.ra;i>.l:re of' the bod;., rises. If' thi.s condi,tian

persists for a lang time, the capao:i.ty to w"rk deareaaes , and heat exbauatian and

co~se ul:t:imately 0,,=". A man d?j;r~ hard pbyaic'8J. w"rk coul.d, if none o:f thlfl

heat generated were lcs'r., raise m,B temperatl.U:'!l P," 10 0 10. 10 min. ilIi The permisl>ible

temperature rise is gi.'U'e12 va.ti<JI.'IS]Y as 1('0(45) ;JT' 2.5'"'0(.38); the di.ffereooe ma,y be

due to men wo:r:1d.ng hard being able t:o::> endure a higheJll:' temperatu:t"el rise 'fuan th08~

si'tting still. Even with such a small, tempe..""a:ture ri2e, the ci:roula,1;J.oo of '!:b,e

blood ma;y be overloaded by V'aS"",odU.a,ti.:;,n and oollapse reslJJ.:~.(46)

A conllide:rabl~ MOon'!.: of work has been done on the '!;:>lernnce of' men m'Q a.r~

res'ting in ho'!; environment;s. The results aa summar.l..zed 'by BlW'!.:tI1e:t'()9) are gi.~

in Fig.'.

Results obtainoed by the Nati.ona.l 0"'9.1 Board Medic;al SeNies(4:'1) indica,te t:ha.t

for me:n wo.r.king in Batura.ted c.md:i.ti.;mg while~ brea:t;hing appa:ra:ta.s, ~

tolerance times based an a re;:;tal temperatuL~ d 38.8('0 are lmC:h short.,l".

§
An average man weighs 75 kg and has a thermal oo.pacity of about 60 kg cal so that
at a rate of' working of' 90 CaJ/5, (o.i h.p.) the b.:ld;y temperature would rise by
10C every 10 m.in9 if no heat were lost.

= 7 =



TABLE 5

SAFE PEElIOOO FOR MEN WORKING WEILE WEARING PROTO APPARATUS - MIN

(Figures in brackets are approximate vaJ.ues of relative humiditi.es)

Dry bulb
OF

Wet bulb
OF 80 85 90 95 100 105 110 ll5 12:>

72.5 59
(9)

75 60 59 57 54
(25) (2:» (16) (n)

77.5 60 56 54" 53 52 48
(45) (37) (30) (23) (19) (15)

80 60 60 56 53 50 48 46 44- 41
(100) (81) (65) (51) (41) (34) (28) (22) (1.8)

82.5 50 49 46 44- 42 ljO 38 36
(90) (73) (59) (48) (ljO) (32) (27) (20)-.

85 44- 42 39 38 36 34- 33 32
(100) (81) (66) (54) (44) (38) (30) (24-)

87.5 27 26 25 24- 24- 29 28
(91) (74) (60) (49) (41) (35) (29)

..
90 32 31 30 28 27 26 25

.(100) (82) (68) (55) (46) (39) (32)

92.5 27 26 2.5 24- 24- 22
(91) (75) (62) (51) (41) (36)

95 24- 23 22 22 21 20
(Jro) (83) (69) (57) (47) (40)

97.5 22· 2:> 19 19
(91) (76) (64-) (53)

100 19
less i:;han 20 min.(Jro)

- 8 -
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TABLE 5

SAFE PERIODS FOR MEN WORKING WHILE WEARING PROTO APPARATUS - MIN

o.

-v- 80 85 90 95 100 105 110 115 120
Wet buJ.b

OF

!
72.5 59

! 75 60 59 57 54-

I
77.5 60 56 54 53 52 48

r
80 60 60 56 53 50 48 46 44 41

r 82.5 50 49 46 44 42 40 38 36I ."

I 85 44 42 39 38 36 34 33 32
!
! 87.5 37 35 34 32 30 29 28

I

90 32 31 030 28 27 26 25

92.5 27 26 25 24- 24 22

95 24 23 22 22 21 20

97.5 22 20 19 19

100 19 less than 20 min.
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Table 5 gives tIle maximum safe periods recommended by the National Coal Board

Medical Service (4.7) for fi.t men wearing Prot,,, (compressed oxygen) apparatus. Evem

slight unf'i.tness greatly reduced the tolerance to heat aDO. a similar result IlNSt

be expeoted with all opera.tors exposed to e:rt:.reme oondiid.or.a.

Buzns

At high rates of heating the ski.'l temperatu:c-e r:lses and this may resw.'!; in.

pain and burns; The relatiunship(37) botween 'the int.=:l.ty of radiati.= falling em.

small areas (about 1-3 an2) 0:(' bare akin and the tiJD.e taken t,~ feel pam :1s shJ'mr!

:in Fig.4. The ef'f'eot of s,Jr.fa.cc O>;lCl;ing is probably n'5gl:1.gible for all 'l:'I.'i·t tb.~)

longest t:imes and the average pain th~shold is a:bcut 45"C. The higheaot. rate at

which mat can be absorbed without OOXl.s:ing pam ia a:bvu~ 0.025 08.1 an-2s-1 ; for

larger areas this f'igu:re may b~ too h:1,gb..(48) Above this t~rltj.Gal l~~'el, a giv\.'tll.

rate of' heatir.g "an be tolerated for at:ime with:fut plrln, but once thf' pai:ri,

threshold has been passed, t~ :lnarease :in dis=f:lr1:; is likel,y to be rapi,d and. :l£

a large area of' the bo~ is expoaed, this may qu:tck1y lead 'to :inab:1.Uty to a,</;

intelligently. If the sldn is ini.tia.1J,y 0001, the time taken f'c,r the s1ibjec<t to

feel pedn is :!nC'.reased, c(1!J.veraeJ:y, if it is vrom, the time j.s rednosd, ThuB the

I1:<SCl!J.e wor.ker should keep as ",:col as possibl<li b,l}t.'or-..1:l.9!.!.d.

Th.e relationship(32) between the tempers,t;o.Te of' the. :p'oroine sldn su:ct'ace and

the. time taken for a burn is sh.)WXl in Fig.5' human skin is similar :in its rt'.a.()ti.,rns.

As with pa:ln tbrt~sholds, the cri:teriw. is not 5010\11" tha'c, o:f attaw.ng a gi'l'~l!. skin

temperature, but depends also an 'the t:i.1lle of eJ.1!:poS"zm. Til.':. 'jralues of temperatur..'J

:in Fig•.5 axe aotua:!. alcin temperatures and apply when a. large eouree of heat sut\h

as a mass of ho'l; metal is :i.n firm cou.tact with ·the sld_'O.. M1,1,tih higher air t:emperBP

tu:res may be wi.tbBtocl, parlic'l.l.lsrJy if the bcr.miia:t:.r la;Y'~r of cool a:1..r next.: teo the

Dangers of breathiD.g h~'f; air

The danger of danage to the lungs from 'brea:trox.g hot, bu;t otherw:ise resp:l.rabl~

air, is less than the danger of damage k. exposed pCJr~i;ar!S of' the bod;y', ~,spe<':l:i,aJJy

the fll>:>5 (4.9). Neverthel~s, the interv'al b~t'Wef'.n1:= c,e-..,urring on the skin and

in the lungs may be short and iDspi.:rat1)(l'.y bl.'4..""1lo'> are _'ften a camplicating f'Mlt.Dr

wtwre bums to the face OCC1L~(Zl). When the \'lhol~ 'ooily is pr~t:ectedby suitable

aloth:ing, :iIJhaUng hot air may 'be the limiting f'a:::rt",r and bI'eathing appare.tuB may

then be requi:cea. The sa.fe limits of 6'K.'POsur.." withou:r.: breathing apparatus ma,v be

~ 9 -



taken from those given in Fig.4. The highest ambient; tempera~.lI'e in which it

is safe to remain is not known. There is eviden~(35) that the human body

can tolerate ambient air temperatures of 130°C (mOp) for over 20 min withou·t

injmy. Some experiments at the Fir-e Research Station showed that air at

15000 (300Cl.F) was 1mpleasant to breathe. In some e:x:pe.ri1nents in Northe:m

Ireland( 28), an of'fit'-er wearing full f'i:re-f'ighting kit S'JrV'ived expos11rei in

an ambient temperature in~asing :f'r.Jll1 120°C (25Oo.F) to 175°C (35Oo.F) f'or

3 min, although he had difiiculty in breath.ing. The draf"t Model Code of

Safety Regulations f'or Factories of' the Ir,ternati~wa1LabQ".:a' Office

recommends. that no person shouJ.d enter :t'u:rnMles, ldJ..n.s or OV"...nB when the

temperature exceeds 5000 except in an emergenCl;9'.

Toxicity of atmoeph~

The dangers vary considerably depending upon the sitl.<ati<r.m. In burning

buildings the c.oncentration of' gaees tends to 'beccae toodLo at ahout the same

tillle as the air beccmea too h.)t to br-.ath,,,(36). Th~ is then a rapid rise

:in c-,oncen·tratian of carbon monoxide and a. faJJ. in o:x;ygen ooncentration of'

the inspired air(SO) (51) and this may be one of' the most "ommon causes of'

death:in :f1res(SO).

II = CLOl'HING

THERMAL PROF'ERrIES OF CLOrHING MATERIAIS

THERMAL RESISTANCE

Thennal resistance is an :inverse measure of the ~.a.pabillty of. the cloth-

:ing to transm:l.t heat ani ma;y be defined as the rati.o of the 't.emperatu~

diff'erence Mrnss a ma:terial or a. Clwt.h:l.'!lg a.ssemb~· t:> th~j }w,at :fl~

~it.

A 1mit often used for the thermal resistance of clotl:dng is t.b.e "tog" =

240 W=l cm2 Cc = 1000 oaJ.-1 (".r.!2 s 00.

THERMAL CAPACITY

Themal capooity' is a measure of the ability- of ru:oihing to store heat

and ma;y be def:ined as the amount of. heat requi.red to pmdu""" a u:n:i.t rise in

temperature in unit volume. As so de,fined it is the p:rodri!lt "r the density

and the speoif':!.o heat.

-10-
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REFLECTIVITY

When radiatio:n. falls on a material, part may be ahsorbed, part transmitted and

the rest re:t'leoted. The ref'leotivi.ty is the ratio of the reflected to the total

incident radiatioo.

EE'FEOl' OF HEAT AND FLAMES ON GAIlMENrS

DANGEES OF IGNITION

The ignition and continued bu:ming of the garment may inorease theamouni; of

heat reaohmg the bod;y" and will almost oertainly increase fhe rate of disintegra­

tion. With scee materials, such as las'~ing o:loth, the extra heat(52) may be small,

but with others, such as rubbez-.bonded materials, or cotton overalls, it may be

large enough to be signii'ioant. Rapid spread of fl8lIle over the c1·oth. wouJ.d inorease

the supply of' heat, oonsiderabl;y(52) and inc=ase the se'Ii'erity of bums(:n).

Moot materials used :in ganIleltltS are fia!!t1l1ahle especially when exposed to flames

and to high intemsity radiation together, thO'J.gh there are ~xC'-lpti.:m'3, such as

asbestos and g:l.ass f'.ibre.

Flame~reta-"'dant trea.tments may pre.vent or more pz\:.bal:>~· dela,.v igniticm.. Their

use is jW'l·~:l..f'ied if the garment would d;herwis~! ignit,~ and then ,~ant:i.nu~ to bu..'l"Jl

after the waar<'.C' has ret.:reated. ;f'r.:JIIl the f:ire. z,:m~•

Most fl.ammable mater:l.aJs bum faster in oy.;ygen enriched atmosphe:res(53) or

compressed ai.r(54) than :in ·the normal atnosphere and some flameproof materials ma,.v

MECHANICAL FAILURE BY HEAT:rnG

A ga.nnent, pa.rtiCll~arly the outer layer, must retain iis s·trengl;h for it to

rema.:in in positian. Ma.ter:i.a1.s made tram natuX<.ll f'.i~onJs char, whilst most synthetio

materia.ls melt(55) o±'ten at low tempera:tu...res , With woollen materials, tumesc=c.e

or "froth:i.D.g" O~= but thou~ this ~as~s the thennal resistanc:e, its

appearance neans that th~ fabrIc has been W('lak=~. Wl)ol~en and some synthetie

materia.l.s when heated to a. high ·i;empera:tw.'e ofl;~.n. stick to the interlining arid may

then prevent the oomplete b:reakdmm of the gannent; asbestos cloth which has a

ootton base tends to beeoae br.if;t1.~ on heating and glass fibre oloth melts and

becomes brittle before 600"0.

Fi~-retardant treatments although ·they lJ.1CTease the resistance to flaming do

not prevent disinte-gratioo.

-11-



ROLE OF CI.O.rHING

The heat balance of the olothi.ng and the body is controlled by the rate

at which externaJ. heat is absorbed by the clothing SUr£8.O!l§, the thermal.

properties of the sldn and the clothing, and '{;he metabolio h'eating. As the

themal properties of the body do not vary greatJ.,y from operator toO operator,

for shoi't exposures where metabo~'i.o heating rna;y be neglected, the thenna1.

properties of the clothing de't:ermin~ the protection time. for a given rate

of heating.

If the :front surface of a cLothing assembly is expcsed to a source of

heat at a caustant temperature, the temperature rise of the sldn fol.lowa the

For a given rate of heating, the faotors determ.ini.ug the time taken to

reach a critical level of heat flow and whether this level is re8C'hed at all,

(i) Thermal resis tance of the whole thickness of the assembly.

(ii) Thermal capacity of the assembly..

(iii) Ref'leetivity of the outer sur.t~a.ce of the gannent.

(iv) Mois~.lre oontent and moistu.re permeability of ilie assemb~r

For lang exposure times, thermal resistance IIrl1.St pr~ the proteo'tianj

for short times where heating rates are likely t.>tl be high, thermal capaoity

is likely to be more important.

If the rate of heating is low enough to be toJ..erated by th~ sldn for loo.g

periods (0.025 cal '1D.~2 13..1) , cJJotb.:ing ma;y reduce the tt)leran~ 'time since it

impedes the evaporation of' perspiratim.. Thus?:in the condi.tiona outlined. in

Table 5J the toleranoe times would. be le:ss if hea.vy clothiT...Lg were worn, so
G

that as a general ruJ.e as little as possible shou.ld be wom.

Perteot4r :i.:osulated Clothing would not; allow werle being undertaken for

periods much in excess of ID min because there wol.t1d then. be no means of

~he statement which is sametimels made that a wit gives pro'f;eotion against
radiation of' a parlicular t:empera:ture is by i.tseLf meantng'leas; The correct
p8J:"aIlleter is the rate. at which heat reaclles t.he surf'atl~(jl

... 12 ...
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PROTECrION BY THERMAL RESISYANCE

After a time which depends OIl the :t'aotors listed above but which i.!I UBual~

of the order of 2 to 3 min, the heat flow into the sldn reaches a stea~ value

detennined by the thennaJ. resistance and the surface temperature of the assembly.

The whole of the clothing contributes to thennal resistance; undenrear ma;y be of

equal or greater importanoe than outer gannents. The thennal resistance of clothing

depends part~ upon the resistirlty of the fibres, and the radiative transfer

between them, b>.1t principa.ll,y upon the still air contained within the fibres and

ya.ms(56). Ita value depends an:

(i) Thickness. This is by far the mos'l; important factor; resistance is

usually proportional. to thickness.

(ii) De«ISity. For a given th:l.ckness, the lower the density the greater. the

resistance, but there is a critical. dena:l.ty (Sbout 0.06 glenn3) below

which conveetive transfer ;in the air spaces t!m:lugh the l.oose~ packed

fibres becomes important(56) .

(:i:l.i) Moisture content. The resistance decreases with increasing moisture

content.

(iV) Temperature. At 50000, the resistan.."'=l ma,y be reduced by as much as a

haJ.f( lj2) •

(v) The air gap b:Jtw~ the fabrl.~s and the bod;y. Increasing this up to

a ma:rlm1:Im of 0.75 = 1 ca improll'eS the :1nsulatim:l(56). Even small air

gfqls have prevented serl,roa bu:ms (2:7) ,

(vi) The C1ll'V8.tu:re of the Sllri'ace. The thickness required to provide a given

BmOlIllt of protection to the f'ia~rs ma,y be twice ae mu,ch as that

required elsewhere(14),

In all type..a of: clothing there are bormd to be areas where the contact between

s1dn and clothing is good and where the olcthing may even be in slight compression,

for instanoe, the shoulders and upper anna, and the f:ront of the thighs, and at

these places it is often desirable to provide extra protection. In order to

maintain air gaps, in particular those dne to bulked fabrics, the material of the

gannent should be resilient enoag'h to retw:n to ita original thickness after

compression,



The relatjonship between the thiakness of clothi.ng (a·t a pressure of

O.OC)l Lb/in2), its thennal resistance at room temperature(57), the temperature

of the outer surface and the heat f'low through the olothing corrected for the

change in thennaJ. resistanoe with temperature>(42) is shown in Fig.7. The

maximum thiokness of olothing that oan be worn wit,hout undue loss of operative

power is about 2.5 am(57). Thus the maxiJllum f'easib1.e the:nnal resistanoe is

about 6 000 oaJ. an=2 s-l (6 togs) at room temperature, and assuming a heat

flow into the skin of 0.025 oal. 00=2 s=1 which mi.gllt possi'blJr 'be tolerated

for 4- min aver the whole bod;y or Longer- aver limited areas, the ma:x:l.mum

temperature on the clothing surface that csn be tolerat6d :is about 3500 C.

The actual surface temperature attained depends on' the er.temaJ. oonditions.

where both the air and the aur-rounddngs are a:1; the same temperature the

surface would eventuaJJ;y aoquire this temperatu'Nl; if' the ambi:'.nt air is

oold and the worlcer is heated by radiation ~Y, the s'lIt".f'stlllof the olothing

reaChes the tempera'tur6 given in Fi.g.S.

PROTECTION BY THERMAL CAPACITY

The reduotion in heat flow by thermal cepac:!.,ty is temporaxy but is

:!.JIlportant where the rate of heating :is high or lang term protec>tian is not

required. The delay in the establishment of' a pracrticelly steady temperature

gradient in the olothing is shown in Fig.9 and as nth thermal resistance

the thiakness is the mClst :!.JIlportant single :t'acWr(2)i{. Onee the condition

shown in Fig.9 (third disgl"lllll) has been reached, the rise of temperatu1:"e

depends on the thennal OOllStanta of sldn as well as of' the olothing.

There is little dif'ference between the s,pecii':!',Cl heats of 'textile fabrios

although nylon has a slightly hi.gller vall.W than the ot;hexs(56) and therefore

the thennal capacity depends mainJ.y on the density of the material. The

density is not usually unii'omly distributed and this too :inf'luenoes the

rate of rise of temperature of' the sldn.

Even where the main protection is due to themel capacity, a high thennal

resistanoe of a protective C'lothing assembly decreases the maximum possible

temperature of the inner surface for a given heating rate, and inoreasesthe

D:
The time tak~ f(>r the temperature of the 'back surl'aoe to begin to rise is
detennined by\58) (thennal resistance) x (thennal oapacity) which is
proportional to (thiakness) x (weight per unit area.)

~14=
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time taken to reach the criticaJ. level (Fig.10) •

Protection can be obtained against a rate of heating of 0.5 cal an-2 s-lfor

a matter of minutes with praeticaJ. clothing assemblies. The protection afforded

by fJ'1V given assembly can best be estimated by a simple experiment (p. 20 ).

Protection agajnst f'lash fires

In the extreme case even light clothing, providing it does not ignite, gives

some protection against immersion in flames for times of the order of 1_lOs(2) (27)

beCBDSe heat is absorbed by the clothing. If the clothing does ignite the

resuJ.ting bums ma;y be worse than if no clothing were wo=(27) • The ordinary

fireman's unifonn provides good protection for the area it covers and is difficult

to igniteK
•

In situations where a flash fire is possible the entire boit" including the

hands and head shculd be covered with flameproof materiaJ..

Limitations 'of protection by thennaJ. capacity

There is an inherent danger in making use of the storage of heat to obtain

'protection, because the heat stored in the clothing m~ only be given up slowly

after the wearer has retreated from the source of heat (Fig.ll).

Thus even if the rescue worker retreats from the source of heat as soon as

he feels pain, his skin temperature does not necessarily faJ.l immediately; it m~

even cantinue to rise and maintaining the surface of the skin at a temperature

which initiaJ.ly only produces pain or discomfort m~, in a short time, produce a

bu.m (P. 9 ). Thus,' the greater the tendency for the inside of the clothing to

maintain or increase its temperature, the lower the safety margin given by the first

onset of pain. The effect can be minimized by ensuring that the thennaJ. capacity

is concentrated in the outer l~ers of the clothing; to achieve this, the outer

~r should be of a dense materiaJ. and the inner ~ers of very light open weave

materials. Concentrating the thennaJ. capacity in the inner l~ers wculd del~ the

KIn an explosion(27), women wearing cotton dungaree overalls were either Idlled
outright or bu=t so severely that they died soon afterwards, whereas firemen
s tanding next to them aJ.though badly bu.mt did surrlve. The firemen I s clothing
gave sufficient but only just suf'f'icient protection over most of the bod;y as
photographs of the clothing show. Details of the women I s clothing are not
available so that it is not possible to state whether the actual protection
afforded by their gannents was insufficient or whether the hazard was increased
by the flammability.
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temperature rise of the imler surt'a.ce of the assembly but the heatwauld then

tend to flow inwards rather than outwards when the heat sou:roa. WllB remoyed.

PRcr.rEarION BY REFLEOrIVlTY

Except for polished metaJJ.i.zed. surfaces the :in:f'ra.-red ref'leotivities of

all textiles likely to be used in protoo·tive clothing are Very.low(59).

I t is however possible to design clotJrl.ng that ref'leots over 90 per cent

of the raaiation incident upon it, by having a reflecting 1.lJ3rer of aJ.uminium

on the outer surface. The proteotion afi'orded by this method depends on the

conditions encountered.

In an enolosure with the air and wa1.la at the same temperature, a high

reflectivity does not affect the final skin temperature, but reduces the

rate of :ri.se of tempera'ture. This is usef'ul for resau.e work or quick repairs

in a ld.ln. An aJ.t1Illinized surface-i.s more satisfaotory as a protection against

radiation than flames because it is quickly damaged by the latter. When the

air temperature is low and the intensity of radiation fairly high (e.g. near

a fire) a high re1'lecrtd.vity not Ollly rednces the rate of temperature rise

by a large factor (10 ,01' more) but also refu:LCleg the rina:L temperature

attained, particulat"ly if there :l..s a w:lnd.

A reflecting l~r insidF.> a. gannent is valu-::less unless there is an air

gap of something like 1 em in :f'rontot' it.

Limitation.s of protection by a hiet4;Lreflecting sur.f'SlNl

A highly re1'lecting sur.f'ace redll.oos h,th the rate of' absorption and

emission of radiation by a large factor. Th'JS the rate of oooling of
•

garments when the wearer has retreated :f'.rom the heat i.s reduced by a

re1'leoting surface; this ef'foot is greatest in still air when there is

little cooling by cOllV'I3ctiOl1.

If a reflecting surfa.oe becones dtrly or ornrered with soot its

reflectiD.g power is grea.tly reduced,

EFFECT OF WATER ON PROTECTIVE c:w.rmm

The heat lost by perspiration is of great imporlance :In maintait:dng the

heat baJ.= in latLg term e:r:posurs and aJ.so :In enal:>ling protective garments

intended for short term protection to bewom for long periods "at the ready".

..
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Clothing may modli'y the rate of evaporation cansiderably. Some.of the

moisture may be absorbed by the clothing, sane may pass through tlle clothing to

be evaporated from the surface, and some may be removed by natural ventilation.

The reaultant effect can only be detennined by wearing the clothing under praotical

conditions.

Absorption of water by clot!:1A8

The moisture in a gannent consists of free water between the fibres and

absorbed water within the fibres. The amOlUlt of free water depends mainly upon

the weave, whilst the amourrt of absorbed water depends on the nature of' the fibre

and the relative humidity of the atmosphere(14)~. Heat is evolved upon wetting at

a rate of about 100 caJ/g of' water(60) and is additional to the latent heat

evolved when water vapour condenses. Thus, if' water vapour evaporates from the

akin and. is absorbed by clothing, the skin is cooled but the clothing is wanned

and more heat is evolved in the clothing than is absorbed from the akin. Although

the amounf of' heat involved is small, it may be desirable f'or underwear to have a

low regain(61).

Passage of water through clothing

This occurs either by diff'uaion through the spaces between the fibres as

vapour or along the fibres themselves as liquid by wicking(61). Transmission of

water vapour through clothing is analogous to the transmission of heat, both

resistance to the passage of water va:pour and the capacity to store it being

important. The resistance of a material to the passage of vapour through it depends

more upon its structure than upon the actual fibre, where the fibre content is less

than 30 per cent(61).

If the skin and undergannents are wet, sane water may pass through the

clothing by llwick:ing" (62) to be evaporated from the outer surface. The ease of

llwicking" depends mainly upon the nature of .the fibre and any treatment it may have

received although the fineness of' denier and type of weave are also important (62) •

Water loss by natural ventilation

In conventional clothing, much of the loss of moisture occurs by the

evaporation into the air which the movement of the wearer pumps round the edges of

l
Ii

The moisture content expressed as a percentage of' the dry weight is known as the
regain.

- 17 ~
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the garments end. through the interstices of the fabric( 61) • The amount depends

on the aptivity of the wearer, the design of the gannents and the sti:ff?1ess

and air penneability of the fabrics.

Effect of water on protection

The water content of' clot1rlng influences the protection given by:

(i) The cooling effect of the evaporation of water from the surface.

(ii) The heat transfer through the clothing due to the inward.

diffusion of hot vapour.

(iii) The change of the thennal properties of clothing materials; the

thennaJ. resistance may be reduced and the thennal oapacity will

be increased.

When olot1rlng oontains a moisture barrier a large increase in proteotion

is obtained by wetting it. Without a moisture barrier, wet olot1rlng gives

less protection agadns't radiant heat than dry olot1rlng because of the inward.

diffusion of moisture; against flames the protection may be slightly higher

for wet olot1rlng than for dry(9) • (Fig.12) •

Clot1rlng and comfort

For the wearer to remain comfortable his perspiration must be evaporated.

In order to provide proteotion, it is neoessary for olot1rlng to have a high

thennal resistanoe but this is generaJ.ly associated with a high resistance to

the passage of moisture. Many types of refleoting garment are impervious to

moisture owing to the oontinuous layer of aluminium deposited on the surface

and are partiouJ.arly lID.oomfortable to wear for long periods. For these

reasons In'lless olot1rlng is to be worn in flames or hot gases it should be

designed so that the movement of the weaI"9r induces natural ventilation.

Openings to allow ventilation which oan be quiC'.kly closed may be useful•.

For oamfort lID.der hot oonditions, materiaJ.s with a low regain but a large

wioldng tenden"Y may be preferable to those with a high regain~62) •

LIMITS OF PROTE<;:TIClN

Inoreased proteotion for the operator would not increase his danger if

he worked for no longer than and in the same oonditions as without proteotion,

but it·must be expeoted that he will tend to work for longer periods, probably,

in more exposed positions. Should mechanioaJ. failure of the olot1rlng oocur,

however, the qperator may be exposed to great danger.

- 18 -
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Wh611 the air in the imm'3diate vicinity of the skin reSJ-"hes and rises above the. .

skin temperature, the skin can no longer l1)8e heat by radiation and. oonveDtion but

~ by evaporation. The onset of this change may lead to a feel.:ing of panic, but

it is not the critioal point and does not indioate that the protection time has

been exceeded.

It is canmon !l..'l:pe:clenoo that ·the onset of pa:in may be rapid and 0= with

Bottle p:rev:i.ous sensation of wannth. This is due to the faot that the skin tempere.­

ture is inol'e!lJ3ing s·teadi1;y wi.t-h time o;f exposure a.t tempera·t.ures where small

increases in temperature proiluce large effe©t8. The suddenness is dI:ie to the

properties of too skin (p.9 ); therea.ciiOJ.l is pb,yBiolog1.cal and may be expe...-ted

with all 'garmElllts. The e:N'eot of the garment is to deJ.a;y the arrival of the heat

(P.12 ) and although di.fferel1t ga.tmerots may delay the onset of sensation by

different per.i.ods, there is little truth in the statement that the heat arrives

suddenly with a certain type of gannell!.t~ The time for which individuals can rema:l.n:

exposed to heat varies considerably. Once pam has been felt, it is advisable to

withdraw immediately and in ozder- toO m:lnimize the risk of 'bu.nls through the

maintenance of the temperature of the :inside o.f the ~.lotlrlng after removal of the

heating souree, olothing should be ,90 desd.gned that it can be quickly and easily

removed. . This is parlioula'r'J,y important with garments hav:ing higb.ly refleoting

outer sur.feces.

ARTIFICIAL COOLlNG OF CLOrHING

Under ClO!'1ditions where ill.ere would be no )).et J <JsB of heat fioom the bod3", long

tem protection (20 min or more) can only be obtaio.ed if the gennent is cooled by

external means.

Spraying with water ("wattin.£L§.2WI-1")

When the temperatu.re of the surface of the clothing is not likel,y to approach

10000, "wetting down" :increases pm.,.teotion by inoreasing the themal cape.city of

the clothing end by providing evaporative ClOOl.ing. At higher rates of heating when

the surface may exceed JDOOC, "wetting &.vm:!." del~ the Ol:l.get of charr.ing and reduces

the tendency of clothing to lose its et:C'Elngth. Under these conditions however,

"wetting dovm" increases pl"Otecrtion ar.D;y i:f a moisture ba.r.rler is included in the

clothing; withou'!; it, the protection t:lme ma;y be redured. The danger of· scalding

from ini.tieJ.1;y wet clothing is much less ·than :fran clothing whi.ch is wetted when it
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is hot(9) and thus if there' is a danger of accidental wetting, clothlng should

be "wetted down" before the wearer enters the fire zone, and should not be

allowed to dIy out.

If the olothlng surface has an area of approximately 2 m2, about 35 c;c,

of cold water must be eva:porated per second to maintain the surface a1; below

lOOP(: if the rate of heating is 1 caJ. cm-2 B-1• Thus for 5-min proteotion at

least 10 1. (about 21: gal) of water would be required, It is doubtful if such

quantities of water could be carried by the rescue worker and it is better to

have an ecrtemaJ. BlIpply. Excess water can then be applied and the external

surface of the suit can be kept below bocl;y temperature(63).

Ventilation from an ecrtemal souroe

This method has been used to cool airorew in modern high speed alr­

crafi;(64). Its main application seems to be to prorlde protection against

relatively low rates of heating for long periods. Forced venti.la,tion at a

low rate could be supplied to an impemeable suit whilst the operator is

"at the read3'" in hot conditions.

Foam=f'illed suits

Water-based foams of a reasauab1,.v stahl-e nature have a high degree of

thermal resistance and even when they do break down, their water cantent

has still to be evaporated,

A suit based on this prinoiple has now been designea(65). In one fom

it CClIlSists of an inner la,yer of an impervious fabric and an outer l~r

through which foam can pass. The space 'between them is filled with a stable

liquid foam about 5 em thick; t..his may be supplied continuously from an

ecrtemaJ. source or intemittently by t.b.e wearer cany.ing hi.s own supply.

Broadl,y, there are two conditions that need to be investiga.ted; those .

in which only the insuJ.a.ting power of the assembly is i.mportant and those ~n

which the therm8l. capaoity is important as well. Where only the insulating

power is important, the protection afforded by an assembly at a gi.ven rate

of heating (Fig.8) may be eatiJnated from the thermal resistances of its

parts, maldng a correction for temperature (Fig.7), and fQr reflectivity

when radiation is the only important heating method. Where the thel1llaJ.
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capacity of the olothing is aJ.so important, the .proteotian C.amlot.be oaJ.aulated

as aJ.l the thennaJ. properties of oJ.otbing vary greatJy vd.th temperature and the

outer surface is often being destroyed. Two J.a:boratozy tests have theI'l3fore been

devised to assess the reJ.ative effeotiveness of different oJ.othing assembJ.ies and

are described in detail in Appendix II. The assembly to be tested is backed by

horaemeat to simulate human £'lesh and the f'r;mt suz'f'ace is eJtposed to radiatian

or to fJ.ames. The temperature of the surface of the horaemeat is measured by a

thermoooopJ.e and the time taken for its temperature to rise by 25°0 i.a regarded

as the proteotion time. Any tendency for the temperature to oontinue to rise

after the removaJ. of the heating source is noted. The protection given by an

assembly cannot be estimated from the protection given by Us eJ.ements(66); it

must be tested as a whole.

LIMITATIONS OF ~TS

(i) A simple oriterion of tempera.ture rise is only a arode measu:re of the

limits of physioJ.ogiooJ. endl=re.

(ii) The temperature rise of 25°0 is an arbitrary one, akin raised in

temperature by this amOlmt wo!1ld s:ignal pain or a burn within a short

time. Ohanging ·the tempera:l=-e rise ·~o 15"0 does not change the com­

parative effectiveness of materiala. (Fig.J.3) •

(iii) The thennaJ. oonstants of dead ooraemsai; and UviugtisS'll.6 are not the

same but the error intrJ.ld:uoed is non like];r to be large.

(iv) ReasanabJ.e repeatability of the results is found only with materiaJ.s

under slight compression; this means that the resu1.ts are strictly

applicabl.e only to the tighter fitting portions of the garments.

ornER OClNDlTIONS

The tests were dead.gned to assess the suitability of materiaJ.s for olothing

airoraf't orash rescue workers and the rates of heat transfer in these tests ara

of the order estimated to ooom' in airoraft; crash fires. They may be too high or

too J.ow for other oanditi.ons where only shorl; periods of work are possible and the

level of the radiation test C011ld be changed ao~; the severity of the

flame test can only be inorea.aed.
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SPECIAL ITEMS

Coverings for the hands, feet and head have to _fuJ..:t'il the same f'llnetions

as those for the rest of the boctr to which the discussions an (p.l2-lB) are

relevant, but there are some additianaJ. problems.

HAND PROTECTION

The dexterity of the operator must not be undulJ r~edby han(i

protection; this cCll1ditian ~ restrict the thickness of gloves or g81lllt],ets

that ma;y be used especiaJ.J.y on the front of the hand, wlUch means that the

thermaJ. resistance~ be low especialJ.y as the surfaCes are convex (P. 13 ).

If hot metal. is handled the rate of heat b-ansfer~ be IUgh. Under these

canditions, it is probab~ most effective for there to be little thermal.

capacity in the palm of the gBl.lIltlet; the operator will then ~_hold hot

objects tmtil he feels pain and there will be little danger of a bum due to

the heat stored in the glove. The glove shaW..d be const:ro.eted so that the

palm can be protected by partiall,y closing the hand. The back of the hand

can be prov:i.ded with a thick la;yer of insuJ.ation and should- be al.uminized.

Tools with insuJ.ated handles should be provided so that hot metal. need not

be handled for lang periods.

Fcm PRarECrIW

Where boots are likely to be imme~ed in f'lames and ext:lngui.shing

agents, they must be adequate~waterwrepellant and resistant to chemioal.

attack.

An e:f'.t'ective type of footwear (Appendix rr) cansists of an inner and an

outer la;yer of leather with an interlining designed to prov:i.de an a:iX' gap.

Val.ua:ble extra. protection ma;y aJ.so be given by thick woollen soeks , which

can aJ.so absorb a good deal. of perspiration.

Although there seems to be no satisf'actoIy al.temative '00 leather, it

has the disadvantage that it ~ shrink suf'fioient~ to C8l1SS the footwear

to become uncomfortable or even dangerous. Owing to its IUgh thermal.

capacity the temperattu-e often cant:lnues to rise cansiderahl,y after the

footwear is removed fi'Om the sour,:)8 of heat (p. 15 ). Heno<;l it is partiou­

lar~ important that footwear shouJ.d be designed so that it can be eas~

:removed.

- 22 -
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HEAD PROrEarION

WheN there is some danger f'.ron :F.a1J..:ln.g obje:rts a heJlIlet is required. This is
,

0CBDIl1tlI1.1y adjustro '00 beOCllDe 8. usei"uJ. shield aga.i:nst radiant heat.

Against higher leve:Ls of' radiJ.l1lt; heat an.i shmv~ of hot parliales fi"OlIl a.

knoWll direl3t:i.an a simpl~ malOk set off f'rDm thll fM'" ~.s probably adequate. If an

area of :f.'lame or hot aj:r> (arovs .50"0) has ·to be ailtc'l2""..d the e.utire head IIUlISt be

ancl.osed. The headge:flr may "be a rl.gid helmet with a 'lIiz:lr and a neck ClIJr'l;ain or a

s<of't; hood :roUted. with a 'rl.uCWt!r. Care IIlllat be ·taken to PreIl'&.!.t the entry of f'lamea

and ho'f; gases into the hood. This, 1lovI'ert"er, :1,'3 d:1ffl.caJ:t: to aohisve witha'.lt

limit:lng the W' supply avai..lahle for Dl"E'athing to that Clant-ained :in t.he headgear.

An air vent or opem.ahle viz'~ =der the cootrol of th~ operat::>r is u.sefUJ. whan

expt\SUI'Ill is in:tennittm'l;. the operat4l>l" =t. hovre,~er, be t:r-a:ined not; to open i.t

Helmets

The present t~.t fair ~enns hel~et.s(6·7) WiliS d?sigtloo' as a masSl%l?.9 a£

ign:i.tabil.i:\;'y and l"./llLll'Dt be used ae a. measure of: p:t'\>:,t",l3ti~m. time.

The same coo.sidera:t:i<,:ms 9,ppl,j>' to t;oo desi~ of a. hslmet as ·to other clotb:ing

and :in addi.t:ton it sbtmJ.d be k$pi; as Ii.gIlt as passi:ble. HeJ.mets which enclooe the

head may otn:iSist Qif a she.U of. an :tw~vmbu.stibl!=: mater.i.al. such as glass f'i'brl!l;.

held awa:v :from the head, An illsulat:1ng l:1.n:i.ng is desi:rnhla ,partioularly a

ref'lectil.'lg 1.ming with an air gap inside the heJm£l't(68) • Coating the e:x:terior of

the helmet wi'!;h a ref'lecrt:ing mater.i.al s·~b. as alwn:ini.1J!IIl f'ci.l may greatly increase

the protecrt:ian prJ..tden.

Vizo~

Pr,)recrticm mus'l; be gi.11'e!l to the :f'a<Je withou·~ undlJl;y obst=l;ingthe v:i.a:l.Cl1 or

breathing. The penn:l.sa:i:ble obstrw:ri;jJtin t? vision cL-=pends upon the type of work.

ExcJept for rare :f'ires, BlK'h aE those :l.nVlOlving magtles:il.1lJl, gla:re is not likeJ;y to

be a problem.

The maxl:mum level of ra.d:i.atiall to1e..."'8b1e for lang periods is aboa.t 0.02,5 ca.1.

=-2 s-l (0.1 w/wh (Po 9 ). Ra.d:iation ftan moat :ti;res and hot bodiJss is largely

in the :in:t':ra-red. region of t.he spe.."<trum and i&e-!ll pl'otoo'U,oo wooJ.d be gl.ven by a
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vizor which, whilst be:lng transparent to visible radiation, reflects inf'ra-red

radiation. Reflection is very much more advantageous than absorption, becanse,
altho~ both reduoe transmission, the Vizor becomes hot by absorption and

re-radiates upon the face and the faoe may come into direct con.tact with it.

In addition, a vizor should not ignite in the most severe exposure conditions;

it should not become defomed or lose i.ta optical properties on heating and

it must not shatter if it is sprayed with water or foam when it is hot. The

actual temperature at which a. vizor deteriorates, although important. isnot

by itself a complete indication of how the vizor will behave in practioe;

the themal resistance, capaoity, and absorptivity of th~ material are also

important. Two vizors(7) both ha:v.mg the same absorptivity, one of which

softened at a given temperature, while the other became opaque a·t a much

higher temperature, deteriorated in about the same time when expoaed to

radiat:i.on with an :Intensity of 0.5 cal cm~2 s-l (2N/a:n2). This was because

the vizor became opaque when an:!J a smal.l thickness of it reacl1ed the

required high temperature whereas deformation due to sof'bendng did not occur

unt:i.l. the entire vizor had reamed the so.t'teni:ng temper>.l:~.

The suitability of: a given material. is detennined by expos:lng i.t ·to

radiation of the anticipated intensity and character:i.sti~ tempe.ra:~. The

vizor should not deteriorate, e.g. boooo.,s opaque, break up, seriousl,y defom

or transmit teo IIIUCh heat to the face in the time for whiclJ. it is JikelJr to

be requ:Lred (Appendix In).

A wire ganze OOllven:l.entl,y reduces the intensit.y of variation upon the

:f.a.ce(ll). If the ambient temperature :I.s l,ow and there is no danger of

particles passing ·through the gauze or of clogging by foam, it may be used
!

by i tseU. This has the ad:irontage of: increasing the ve:utilat:Lm.

BREATHING APPARATUS

Although not strl.ctly· protective cl.othin.g, brea.thing appara:tus haa to

be used wherever there are to:tio or noxiOll.6 gases and whenever the ambient

tempera.ture is high o 500C) • Care must be ·taken that the apparatus and

partioularl,y the gas oylinde:ns should not become hot. When. high rates of

heating are en.coun"tered, the apparatna should be pro".rid.ed wi.th an insulating

oovar.ing; amaH epparatua may be wom beneath the protective ol.othing.

"
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Considerable practioal experience of their use is summarized elsevdle:re(69) (70) .

Under hot canditions liquid air apparatus is preferable to oompressed oxygen since

the inspired air is cool(47) and for 'the same reason open-ci=u:l.t oompressed air

apparatus ma;r be preferable to closed·~ci:rrooit compressed o:x;ygen.

CONCLUSIClNS

Each situation in which protective olotb.ing may be used boo to be assessed

individualJ,y because of the wide range and duration of exposures to heat and flames

that may be en=te:r.ed, each demanding d:i.:f':f'erent levels of physical work, but

there are oertain general p.rinciples which must be obse.rved (Tahl'3 8) •

.No pra.otioal olothing can provide protection for more than a few minutes

against high rates of heating without external "",ooJ.mg. Reflecting surfooes

provide excellent protection against radiation, but the gannet1ts ma;r be unOO!D-

fortahle to wear for lmg periods owing to the diff:i.<",Jlty of losing body heat by

perspiration. Besides this, at the end of the safe~w,orkingperiod, this type of

clothing must be removed as .quiok1;y as possibl.e beoouse the heat stored within it

escapea mos'l; easily to the sk:i:n. Refleot:ing surfaces are of little use against

flames. Protection in these oircumstances is best obtained by using an assembly

inoorporating an open wea:Foe or other type of fabrio oonta:ining an a:i.r gap, which

has the advantage of storing little heat. As this type of fabrio is also ef:feotiw

against radiation i:1; should be used where'rer possible.

If' the ambient air temperature is high oa.re llltlBt be '~akeI1 to prevent the hot

air entering the gannents. If:in a.ddition, the atmosphere is noxiou'l or tnrlc

breathing apparatus ma;r have to be wom.

There are limits to the time for which proteotive WiOtb.ing ma;r be used. without

ert;ernal cooling. The most COillllt".m. W'iJ1f is by''wetting drnvrl~; this, to 'be e:r.f'eiati'V'a,

mus'l; be oant:i..nuou.s, bu:t '!!here it is not possib:l.e a mois'!;u:l;e barr:i.@r ab.OIl.ld be

incorporated in the ga%lllent, O'l;herwise the presence of water may lower the

protection oons:i.derahJ;y.

MateriaJs which may ignite, glow, or coo.t:inae '00 bu= mnst no:!; be used.

The extrem:i.t:i.es, (head, feet, hands) present extra. problemS .because their,

specialized functions must not be i.mpede.d unrol.ly.

Wearing protective cl1.'lt;h;ing does not guarantee sa'fety and does not obviate the

need for great care at aU times; the importanoe of regular and freCJ)lElllt pra.oti(.'~

and carefuJ. maintainenoe of' garmerrbs cannot be OITeremphasiwd.
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APPENDIX I

FLAMMABILITY AND DIS~RATION TEST

The British Standard test(71) should be used to measure the

flammability of the garments. A strip of cloth, 2 in. wide and lS in. long

is suspended vertically in an incombustible box with a glass:front (Fig.14-)

and a luminous flame :from a Bunsen bunler applied for 12 s to the lower end.

~The duration of flaming after the Bunsen flame has been removed is measured

and any spread of glowing beyond the area alrea.Ctr damaged by flaming is

noted. The rednction in rip strength is aLso measured by the method laid

-down in British Standard 3li9. The material may be called flameproo:r<72)

provided that:

(i) Flaming does not persist for more than 8 s after the removal

of the Bunsen bunter.

(ii) Glowing does not spread beyond the area al.ready damaged by

fJam;ng.

(iii) The length ripped does not extend to within lit in. of the

unbuntt end on any one specimen and to a mean value of Jot in.

for all the samples.

The British Standard test requires the :flame to pla;y on both sides of

the fabric at once, so that this test cannot be used on the whole assembly

and components must be tested individually. For most applications it is

probably sufficient for the outer la;yer to be "flameproof"'.

APPENDIX II

TESTS TO DETERMlN.E PRarECTION

DESCRlPrION OF TESTS

"Flame test

The apparatus used for these tests is shown in Figs IS and 16. I'j; was
.

_.designed to expose the clothing assemblies to flames f'rom a petrol fire.

Specimens of the entire assembly are mounted on a metal :frame and inserted

into a square hole 6.S am x 6.S em, cut in the asbestos wood shield (a)

{Fig.1S). The rear of the specimen is protected :from flames by the asbestos.
board (b).
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The shield (a) is aourrbed so that its front face iJ3 vertical and 2 in. behirid

the edge of the tra;y- (0). The petrol fire is obtained by burning abou·t 150 c.o."

of petrol f'1.oated on water in the metal tra;y (c). Horsemea~ simul.ating human

tissue is placed in contact with the inner face of the clothing assembly and i.ts

surface temperature recorded automatically by a copper di.e.k 1.25 em in diameter

with a 38-S.W.G. copper.-constantan thermooouple soldered to the centre of one face.

Th~ disk tends to adhere to the surface of the horsemeat ensuring good thermal ~

contact. The time taken for the surface temperature of the horsemeat to rise by

2500 is noted; the petrol flames are then ext,inguished and ~ further rise in

tempeJ:"ature measured.

Four samples of each assembly are tested.

Radiation test

This is similar to the f'1.ame test e:mept that the 6.5 em x 6.5 em area of the

face of the assembly is exposed to an intensity of radiation of 0.5 caf. om=2 s-l

(2 wiem2) • The specimen is exposed to the radiation =til a temperature rUle o:f

2500 is recorded. The radi.a.tion is then out off and ~ further rise in temperature

noted.

TEST CRITERIA

Temperature rise

In the test the time taken for the temperature to rise 2500 is measured; this

is an arbitrary :£':i,gure which is probably greater than tohat needed to cause severe

pain after about 10 seconds (p. 9 ) • The time so measured should not be regarded

as the time for which protection ms;y be given, but as the basis fur a relative

assessment of' the proteotian afforded by different assemblies. In applying the

results it IIlU8t be remembered that the tests were designed f'or a parlioular

applicatiou(l)-(lO). In ciI'CllJDstanoes where there is a long exposure time at a. ,"

lower rate of heating the relative merits of assemblies may be different, since the

protective effec·t of thermal capacity is reduced, and the ability bo transmit

perspiration becomes important.

§

In place of the horsemeat ~ :incombustible solid having approximately similar
tJJ.ermal chara.cteristics may be used, An asbestos inSulating material has been
substituted in later experiments. The protection times can be .related by a
simple f'actor determined by comparative tests.
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Further temperature rise

, With most materiaJ.s, the temperature rise after the source of heat has

been removed is smaJ.l. However, with those materiaJ.s that i!91ite or glow

:l:iberat:i.ng considerable quantities of heat, the further temperature rise ma;v

be large (>2500). These materiaJ.s may be dangerous in practice and should be

rejected.

Time of further temperature risb,

For those materiaJ.s which neither i!91ite nor glow, the time during which

the temperature continues to rise is principal.ly a measure of the radiative

cooling constant of the surface and to a lesser extent of the heat capacity

of the assembJ.,y. Assemblies faJ.l into two classes: those with aluminized

surfaces where the times for continued rise of temperature tend to be very

long (p. 16 ), and the non-aluminized surfaces where the times are short.

Within this second class, those assemblies with an inner lining of low

thermaJ. capacity tend to, 0001 more, quiok.1y. These di:f:ferences should

in:fluence the choice of assembJ.,y for dif'f'erent applications.

COMMENTS

Relation between tests

The protection times against flames are oaapared with the protection

times against radiation in Fig.17. The points are distributed with a large

scatter about a straight line of slope 0.8. The mean heat transfer in the

radiation test is about 0.5 caJ. cm~2 s-l (2 W/om2). It follows, therefore

that the mean heat transfer :from the :flames is about 0.6 cal om-2 s-l

.,(2.5 w/om2) , so that eJlXlept for materiaJ.s having a high re:flectivity the two

testa are of approximateJ.,y the same severity.
-,

E:f:fect of combustibility of gannents

The testa may not show whether the materiaJ.s have i!91ited as the extra

.heat produced by combustion may be quite amaJ.l; for this reason,' :fire­

retardant· treatments may make little di:f:ference to the proteotion time(2).

/



APPENDIX III
.",

TE3TS TO DETERMINE PIll:YrECTIVE VALUE <F VIZOES

DE3CRIPl'ION <F TESTS

Thermal transmission test
'"

The appara:tus used and the method of test is s:illlilar to the radiation test

described in Appendix II. except that the entixe vizor is subjected to radiation

and the heat it transmits is measured.

A total radiation radiometer is placed 2.54 em behind a point where the

intensity of radiation is 0.5 cal an~2 s-l (2 wicm2) and the intensity of radiation

recorded. The vizor is then placed 2.54 cm in front of' the radiometer and left in

position for 2 min. The reduction in thermal transmission caused by the vizor is

then measured.

Thermal shock test

At the end of 2 min a jet of' water at a rate of now 2.80 c.c./min (0.5 pintEV'

min) is directed against the front surface of the vizor for 10 seconds.

TEST CIlITERIA

The vizor should not crack, seriously def'onn, or cease to be transparent during,

the test, nor should it shat-ter or crack when the jet of water is direoted upon i't.

The heat that is transmitted should not exceed 0.025 oal cm-2 s~l (0.15 W/cm2).
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LIKELY

TABLE I
AMBI ENT TEMPERATURES

. ., ,

EFFECTS OCCURRING AT VARIOUS
TEMPERATURES

RANGES ENCOUNTERED
(see text)

TEMPERATURES
ENCOUNTERED

CHARACTERISTIC
COLOUR OF

FIRE
ON MATERIALS ON THE HUMAN BODY

TI~E FOR A
BURN IF SKIN
IS IN CONTACT
WITH METAL

(32)

330/01 4h
R.H. hard

work
1000/0 . (34)

TOLERANCE
TIMES OF MEN
IN HOT AIR

I ron melts(31)

Water boils

Aluminium mel~~

1---- 2s
--- --- - - -- ---'--+---105

3g8~

Burning building
moderate fire load
Room after flash-over

Mine rescue work (33)

exceptional conditions
for short riods - - -- -- --
Normal maximum
mine rescue work

Room after flash-over.
in adjoining room (36)

. .- --- - - ----- --- - - - --- -----

W/-'r-A,rh"A- - -- - - - - -- --- - -- - - - --

60 - _~CL:L:Q

30 -

100
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600-~~m-
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TABLE 2

LIKELY 'RADfATION EXPOSURES

1------ 20

1-------500------I

1------ 60 -------t

1-------30--------t

1------10 ------f

EFFECTS OF RADIATION

1-------2

Woollen and heavy cotton
materials ignite sponta

Cotton and wood will char.
A small flame may spread
along the surface of timber

oollen qnd heavy cotton - - - - - - - -
materials emit combustible
gases which may be ignited
by a small flame

1------5------f

Cotton and similar materials
emit combustible gases which

_____ may be ignited by a small
. flame

ON MATERIALS TIMES FOR UNBEARABLE
- - - - - -- - - - - PA I N - S (39)

Very close to 10-ft2 petrol
fire

Very close to large wood
fjre (37)

Summer midday Sun (38)

Sun's radiation outside (40)

atmosphere

I NTENSITIES OF RADIATION
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ENCOUNTERED
(see text)
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lIater1.ale Pl.aae teste Badiaticn teste

TiDe tor ............ Additiaaal T1Jrae~ar Purther Additi<aaJ.

U........... 25"<: .....raturo -. 25"<: tQperaturo -.
Ou_ lDterl1n1ng L1nJng _erature r1so I;e1ID"tJlor

temperature r1so
_ turth... R_

~ "c ~~ r1so "c 'm.~~•

SUI'S

Wool.pile CottaD. •popllD Rcme 1,.9 2 8 76 I 5 I 15 )
String vest 78 2 11 oot tosted

_to looting
oloth OpeD IIOah Lasting cloth tenda to ohor

~oI>rlo <_ • Ron. 61,. I,. 2l 8, , 24 aftJ" Op-wng 1nterl.1n1ng
,"-raJ

Blue luting
Wool pile Cottal poplin Rcn. 58 2 9 5' , 7 ditto

,~ oloth

Rcn. Cottm poplin Rone ,... 2 8 5' 2 9 'CJhen heated P'oamought wella to
Peamcugbt 11'001 pilo • • ,~~ 1 26 uo

t ~ 25 tom brittle malUS 0:..f'rotb)-
• • St~· t 1 22· 00 t t-d

Aabeetoe olo1:b Wool pilo Cottal poplln Rcme J7 5 11 62 , 17

Ahorlniud OJ:::::~mosb Cotte;m poplin • 27 7 ..... lo&l 5 5"~ ""
J<hoId sorg. Rone Rcme Rcn. ~~.5 ~.5 ~..O"collm knittod oot tosted,

Opm lfO&9'O Ron. 155 a> 165 • • •
asbestos cloth llhit.
+ oluniniua aootoldn T1JO la,;ye1"8 ot 1lll 12 60 • • •

I~de lam1na.to oook

Open ....ave llhito Tva J.aiyera 01'
ubeatos cloth aootoldn oook 185 12 ~ • • •

llhito
obrooo Bzpooded Ratural. IDp Rone R 0 rosults obtained • • • I :'::.1:"" aod bumt
leather _bar

Bzpooded • • 167 16 ~ • • •
neoprm.e

Chrome split • • 61,. 18 170 • • ·
S.~::t

Bzpooded • • 185 12 )6 • • •
DII!IOD%'eDO

GAIlNTL8'lll

.6.abeato. cloth Jute CllDVeJI Cotten IDAter1aJ. • 2' 6 8 65 2.5 . 15

Rone B%UBb.ed kn1tted • 2B I,. 19 61,.5 R....0
A1uII1n1UD-l'aoed l- oot_

aabeato. oloth • L1nan C!lDVIUI • 19 10 16 270 0 R....
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m:sm.m OP TllSTS ON VIZOBS

Tranam1ssi.cn of ....,H Atin bv .... ·~-
1J11'ra-.red heat radiaticm f"rom a fire Time for

Effective transmittanoe Visible Ratio of serious
Vizor Tranamittanoe (including re-radiatian) radiaticm viaible diatortian

Notea
1mtis1 vs1ue at'ter 1 m1n transm.ttanca trana!nttance at

- per cent - per cent - per CCDt to 1nf'ra..red O.5eal cm-2a-l

trananittsnce C2'7/cm2) - a

Perapex 10 10.5 95 9.5 90
After 120 a bubbles 1'onned in
perapex. Vizor sagged inwards

Oire gauze backed 7 '8 4-5 6.5 70 Perspex badJ.y diatorted but not
Inersnex ni_ ,,,.no,,.
Tinteq perspex 12.5 16.5 20 1.5 75
Perapex witil semi- l1nJacquered coating dark6lled.
reflecting s1uminium 3 4- 45 15 90 lacquered coating became
coating translucent

Laminated glasa 22 - 95 4.05
After 105 a bulibJ.ea appeared- betwe8D 1em1Dstian.s. Applicaticm
of jet Of vater at'ter 120 a
resulted in f'rant lem1natiar.
being b~ oracked but rear
laudnatian remained intact

..

Applioaticm of jet of _ter after
120 a had no ef1'eot. Visor vas

Coopoaite vizor 1.7 1.7 30 17.5 irradiated at 3 wicm2 for a
(~ aheets of glass further 60 a. Plastio sheet
rith a semi- :ref'leot:iD,g became defomed and touched glass
l.a.Jer 01' copper and opaque blister fomed. Jet
between tb>n and of _ter 1188 aga1n direoted at
separated by an air f'rant face. Front laminaticm
gap from a plastic cracked but rear glass lam1natiaD.
sheet) _6'_.... intact

ThenDOaetting 10.2 15.2 91 8.9 After 90 s vizor surface b808llle
plastic "crazed" and by 120 a was opaque

and breaking up
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Proteotion required ag,unst .
Effect of relative Examples Plame-resistance Typa of protecticm FittiAg of suit Suitablo type of Head proteoticm

.- Ambient humid!ty of atmosphere rating re~ material .~

- Heat tel!Jperature -
OC

. -

1 50 Close approa.ah H1gh1y reflecting Free vcntUatian Ref'lact1ng outer Paae ehiel4 'C11..N. Radiant heat to fires and sur1'aoeo, high desirablo to allw garm~t t11th open g&11MJ ,. ol.oor
f"1.1lUii06& themal resistance, . ="'=:POre.ticm end mesh underg;aar or wm~

for high rates of prevent local. heat- interlining of..
heatmg, thermal 1ng - complete 'tiOOlpUe
cepa.o1 ty mq be caver os\y be

'S
necessary ~S8ary

I

IIlI 2 50 Inside ldJns- Ac 1 - oa.re as 11ttle fmtr,y of As 1 - bUt Q)Ol HelmEd; - as 1
'-" Radiant heat olose approach All garmQl1ts and nracassar,y to GI1SUl"e air as possible - pile usefUl to
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