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PREFATORY. NOTE

\

DUDRING the csurse of an investigation into the itypes of slothing required
for aimraf'b reacus teams it was found that there had been no colledtion of data
relative to the use of clothing for prutestion sgainst heat, This report ‘n:;:lngs
together mich of the sxisting infermation, some of it in a novel form and it is
- hoped that this will prove of use to all who are interested in the principles

affesting the design of this type of protective clsthing,

. D.I. LAWSON,

Direator of Fire Regesarch

+ ¥

FIRE RESEARCH STATION,
BOREHAM WOOD,
HERTS,

October, 1959, e il =
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PROTECTIVE CLOTHING AGATNST FLAMES AND HEAT
SUMMARY

The comditions in which protective clothing may be used are analysed; the
likely effects on the human body and the role of clothing in mitigating or prevent-
ing these effects is cutlined. Specific points discussed are the differing
functions of reflectivity, therma. insulation and thermal capacity in long and
short term exposures and the special problems of providing protection for the head,
feet, and hands.

INTRCDUCTION

Men often have to work in the presence of heat and flames, Every effort
should be made to control the environment, but in some operstions this is either
too difficult or too expensive and protection must be given to the operator himself.
In fire-fighting, the very operation is itself an attempt %o control the environment
and protection must be given to the fire-fighter, .

Methods(l)'(lo) have been developed to assess the probable protection given by
clothing ageinst heat, but this is only part of the problem of designing protective
clothing, The note consists largely of information relevant to the physical and
physiological aspects of pmﬁﬁng protection at high rates of heating; it is
complementary, therefore, to other surveys(11)=(14), It does not clain to be
exhaustive for other factors must also be considered; people are reluctant to weax
clothing even slightly less comforteble than nomal(ll) (15). Tailoring problems,
ease of donning and removal, wearing qualities and price, can modify the choice of
garments for any particular a}ﬁplicaﬁion, and many of these factors can only be
finally assessed by actual experiencs mdér practical comditicms,

This paper is divided into two main sections, the first dealing with the degrees
6f exposure encountered and their effects on the body, and the secand with the role
of clothing in mitigating adverse effects,

I - HAZARIS .
CONDITIONS LIKELY TO BE ENCOUNTERED
TYPES OF HEAT TRANSFER

Operators may be exposed to the three types of heat transfer: radiatiom,

convection and conduction, Near flameé , furnaces, and hot bodies hea.t_is trans-

ferred by radiation; in direct cantact with flames, hot gases or in winds, heat is

-l o



transferred by convection. With flames, heat transfer by both radiation and:
convection may be important, redient heat transfer becoming relatively more
important as the flames become thicker, Conductive heat transfer is by
direoct contact between bodies at diff'erent temperatures, being greater with
metals, than with wood and brick,

The method of heat transfer influences the means by which protection
may be cbtained (pp 13-16); the rate and duration of heat transfer determines
the protection required (p. 12). ,

The rate of transfer of heat, or thermal flux, is expressed as the
number of calories of heat c:r;oss:ing a. surface ocne square centimetre in area
every secand® (cal om=2 s~Y). 1 cal en~2 &~ is equal to 4.2 Wen® and
13 300 B.t.u, ft"2h"1. The heat transfer to an operator is the a.f].ge'braic
sum of the heat transfer by mdiation(ls) conduction and cmvectim(n).
The convective heat transfer to an cperator both in the presence and
ebsence of draughts is shown in Fig,l.
GENERAL CCNOILTICRS

Conditions which may be encamtered fall broadly into two categories:
short exposures for a matter of minutes and long exposures which may lest
for hours, The thermal hazard depends on the rate of heat transfer and the
temperature of the respireble eir, although the limit of working may be et
by other factors such as the toxicity of the local atmosphere,

The actual exposure hazards can sometimes be measured, particularly
in industriesl conditions but usually they must be estimated, (Tables 1
and 2}, -
ORDINARY FIRE-FIGHTING

The fireman may normally expect to be exposed to the conditions of
temperla.ture and radiation shomm in range A of Tables 1 end 2., Occasicnally,

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

I the temperatures of the surroundings are approximately 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
intens:l.ty. It is measured by a globe thermometer, (18

-2«



NOTES

- Pig. 2 is "Reproduced by courtesy of Americen Society of Heating & Ventilating
Engineers",

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

Fig. 4 is "Reproduced from J, Amer, Med. Assoc., 1950, 14k (9) 723~8.

Pig. 5 is "Reproduced from Amer, J, Path., 1947, 23 695=720,

~ Table ) is "Reproduced by courtesy of Amerdcan Society of Mechanical
Engineers".

Table 5 is "Reproduced by courtesy of the Natiommal Coal Board'.



space which is very nezr to that stage of 2 fire known ga ﬂaahwover”(l9) ,

(rangs B). More warely the fireman is egpozsd o a flash of e@lcsiw viclense of

very short dursticn(20) (rangs G). :

Protective squipment in normal cperational prastise is* not preclvded but ia
wnusual as the protestian given by the present uniform ssems 4o be adequats, The
main operabting dangem(a) appzar to bes burns Yo the exposed portions of the skin,
cuts and bruises,

RESCUE WORK
Much“'wcsrk on the hazards of the sirors®™ crash fire has bean carried -cu*‘e( 22) ,

to examine the preblem in temms of now lang the accvpants of the airsraft can

survive, It is estimated thad the surcival time after a firs has developsd cammst
greatly exessd 3 min, Tn slowly developimg firss thz rescue workers may havs
longer in which to operats, tud the figure of 3 min is a useful Pasis for
estimating the amount of protestian regiirsi,

Unliks the ordiasary firs-fighiter who is expected 4o work fairly aveadily ovsr
lomg periods, the rescuer in an airwsrafl crash fire is only active for short periods,
The hazards %o which he is exposed depend wery much upon the techniqus adopted in
fighting the fire, Both the preseant prmednx@s(gj) (24) requice the firenen and
rescuaers to te kept ¥at the ready® snd this rsises problems of ansuring that the
perspiraticn of the body is evaporated during stendty periods ansbling the
metabolie heat to be lost,

"The two operating procedurss ares
(1) The resﬁuer(lzﬁ) iz sent intn the fire as guickiy aé possikizs, whilsth the firs

is still Peinz "knocked dowe® and thus pay be directly exposed to flames

(rengs D).

(ii) The rescuer waits wtil the fire is first "kauocked dom"(24) and does not enter
the flame zoams, Ths lowex part of the body might be expssed to flamss, e.g.
pockets of petrol tmrming in the foam or firum burming grass, whilst the rest
of the body is ewposed to radiakion of an inbeusiiy of sboub 0.5 cal em™ o5

(2 W/en®) from fiames and hot bodiss nsar him (raugs E),

In an emergency such as a pebrol tank siplosicm or a fliash back, the operator

might be immerged in flamas with a comsequeniial large increase in radiated and

-3



coanvested heat transfer similar to that given in range C of Tables 1 and 2,
The above discussion is limited to the problem of rescus in airoraf’t

crash fireg; similar problems are, however, encomtersd vhenever limited

time is avallable,

INDUSTRIAL WORKING CONDITIONS

Nomal working cocnditicns

These ares conditisms whers the cperator is expected to work for
comparatively lemg periods, the amblent iemperature ncreslly being dalow
50%C, In some industriss operaiors may have to withstand comparatively
high radiation levels, for example, whem a fumace is being tapped, and the
operator may be exposed to splashes of hoi metal,

Emergency comditions

These can aly br of slm‘t"é; dmati_m( 25) wvhaxe for ezampls operators are
required to enter kiluns, or other enclosures at high temperabures, Hot alr
may enter the garments, and there may bs high rates of heabt transfer bty
centast with hot ckjects,

Flash fires .

In fiash fires, which may eccur ia f&sﬁ'i;oxies(%) or in minc:s(2?) , workers

may be immersed in flames for periods of the order of a secand (rangs C).

Abnormeal atmaspheres

Occasionally operators have to work in enclosed spases, for exampla
when welding in tanks, where the wsygen conient of the simosphers is
enriched or whars compressed air is being vsed, The likelibood of ignitimm
is then incressed.

PHYSTOLOGICAL CONSIDERATIONS AND LIMIT OF HUMAN ENDURANCE
VARTATTONS WITHIN ‘NORMAL CONDTTIONS

The hunan body maintaing itz deep temperaiure nzarly ccnstant over a
very limited range of ambient candificms (about 209¢) (4%),

Heat ig produced Wy metabolis prowesses in the body and this is
dissipated by radiaticn, comveotiou and eveporatiim (Table 3). Normally
the body temperature remains in equilibrium becaunse the varicus %erms in
the heat balance coupensate by varying with external conditions and the

.



TABIE 3

HEAT BALANCE

Mechanism

Gain or loss of h=ah

Notes

Metabolic
heating

Gain

Depends o work dme(l*l)
sitting stili 30 sal/s
walking 60 cal/s
hard work 100 cal/s

Insreased wder hot
eonditions, much more then
10 per cent for eash 1°C
rise in body bemperaturs(sd

Radiatiom

Gain if surrewnading objects
are sbove skin tempsratucs

Loss if surromding objscts
are below gkin temperaturs

Pig,2(36)

Convection

Gain if air temperature is
above skin tamperature

Loss if air temperature is
below skin temperaturs

Increased by aix novement

Fig,2,

Evaporation

Loss (except wmder
exceptiomal cirvumstaness
whan waker vapouy
condense on the sk;?g

Sole means of losing heat
if ambient temperaturs iz
abave akin temperaturs,

Depends on moisture cone
tent (relative humidity)
of aimozphers, Maximzm

rate pmbaﬁ};eﬁ ?btm{: 0.01
sel em=2s~+(42) (L3) or
aboat 700g of perspirstiomn
per hour {Fig,2), Under
noreal conditions aboud

i0 per cent of this is by
respiration,




TABLE &4

EFFECT OF DIFFERENT ENVIRONMENTS

Limiting [Toleranss | Warming Skin and body
" ectiditions time symptoms temperatures
ecands Tenperahirs
Bum pain P -
- minutes A
Tips = &
minutes - Temperaiurs
Collapse dizzinassz -
hours _7_.-_:_,:—/
Time - min
hours - Tamperaturs
Exhangtion le=tharzy
3 ---------
Time « h
Temperatoms
Confor®
Tima = days
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rate of working; occasianally, and for short przricds only, it may rise or fell,
but no high degree of wibalance can be toleratsd for lwmeg,

The role of clothing is to provide a comfortable local environment and has
little or no effect on the rate of heat transfer into the skin that may be
tolerated.

The skin tempersture is normally lower than the body temperature so that there
is a flow of heat oubwards through the skin,

LIMITING CONDITIONS

A worker may be inecapacitated by one of seversl rsausas(l!l*) which are deter-
mined mainly by the rate of heating, the bumidity, and the time of exposurs ag
' outlined in Tabls .(42),

Loss of working efficiency and heat exhewstim

If the temperalures of the eir and surromdings rise sbove that of the skin,
heat can only be lost by evaporation, After a tims dependent upon the rate of
working (Table 3}, the rate of =santry of heat into the skin apd the relative
hunidity of the atmospherz, the texperature of the bedy rises. If this conditiom
persists for a long time, the capacity to work deureases, snd heat sxhaustion and
collapse ultimately ovcur, A men doing hard physical werk could, if none of ths
heat generated were lost, raise his fempersturs hy 1°C in 10 min,® The permissible
temperature rise is given vardously as ‘;1,00(5*5) or 2@5‘*’6(38) ; the difference may b=z
due to men working hard being able #o endure a higher “emperature riss than those
sitting atill, Even with such a small ‘tempe.;"aturc rigs, the circuletion of the
blood may be overloadsed by vascodilation and eollapse msult.(l"s)

A comsiderable amoumt of work hes been dons on the btolerance of men who ars
resting in hot savironwents, The resuits as sunnerized by Bu:s‘?:izne.:r(”) are givsm
in Fig.3. .

Results obtained by the National Cosl Board Medissl Servics(*?) indicate that
for men working in satursted conditiims while wearing bresihing sppsratus, the

tolerance times based on a rectal temperature of 38,8°C are much shorter,

B
An average man weighs 75 kg and has a thermal capacity of about 60 kg cel so that
at a rate of working of 90 cal/s, (¢.+ h.p,) the body itemperaturs would rise by
1°C every 10 min, if no heat were lost,

-7 =



TABLE 5
SAFE PERTCDS FOR MEN WORKING WHILE WEARING PROTO APPARATUS - MIN.

(Figures in brackets are approximate values of relative humidities)

Dry bulb
op
Wet buldh
op 80 85 20 95 100 105 110 115 120
72.5 59
(9)
75 60 59 57 54
(25) | (20) | (16) | (12)
77.5 60 56 5. | 53 52 48
(5) | (37) | (30) | (23) | (29) | (15)
80 60 60 56 53 50 4| 46 oy oK
(100) [(81) |(65) |(51) | (&) | (3u) | (28) | (22) | (18)
82.5 50 49 46 Ll 42 40 38 36
(90) [(73) |[(59) | («8) | (w0) | (32) | (27) | (20)
85 oo | 42 39 38 36 34 | 33 32
(100) |(8L) |(66) | (54) | (ui) | (38) | (30) | (2u)
87.5 27 26 25 2 2k 29 28
(o1) [(74) | (60) | (&9) | (&) | (35) [ (29)
" 1 30 28 27 6 25
& oy |32 | @ | G | ¢ | &) | (39
92,5 27 2% 25 2, | 20 | 22
(91) | (75) | (62) | (51) | (&1) | (36)
95 2 23 22 22 21 20
(10) | (83) | (69) | (57) | (&7) | (40)
97.5 2 | 2 19 19
(91) | (76) | (64) | (53)
100 19

(1('0) less than 20 min,




F.R. Note No, 324/1959
Fire Research Board Paper No. 368

DEPARTMENT OF SCIENTTFIC AND INDUSTRIAL RESEARCH AND FIRE OFFICES' COMMITTEE
JOINT FIRE RESEARCH ORGANIZATION

CORRIGENDUM NO, 1
TAEIE 5

SAFE PERTODS FOR MEN WORKING WHILE WEARING PROTO AFPPARATUS -~ MIN

Drg bulb ‘
80 [85 [90 |95 (4100 {105 |110 [|445 {120
Wet bulb
o

72.5 59
75 ' 60 | 59 | 57 | 5%
77.5 60 | 56 | 54 | 53 | 52 | 48
80 60 |60 |56 |53 50 | 48 k6 | 44 |
82.5 150 {49 146 | 44| 42 | 4o | 38| 36
85 unlue (39 ] 38 36| 3| 33| 32
' 87.5 137135 | 34| 32| 30| 29| 28
90 32 (31 [-30 | 28| 27| 26} 25
92.5 27 26 25 2h 24 22
95 24 23 22 22 21 20

97.5 22 20 19 19
100 19 | less than 20 min,




Table 5 gives the maximum safe periods recommended by the Natianael Coal Board
" Medlcal Servies (lﬂ) for fit men wearing Protc (compressed oxygen) apparatus, Evem
slight unfitness greatly reduced the tolerance to heat ard 2 similar result must
bs expected with all operators sxpossd to extreme conditicns,

Bums -
At high rates of heating ths skin tempersture rises and this may result in
pain snd burns, The relaticnship(37) between the intensity of radiation falling o
small areas (sbout 1-3 cu2) of bare skin and the time teken to feel pain is shown

in Fig.4. The effect of surface cooling is probably negligible for all tmt the
lengest timea end the average pain threshoid is about 45%C, The highest rate a%
which hesat can bes absorbed without causing paln iz shout 0,025 cal c.m"‘zs‘"lg fox
larger areas this figurs may be too high, (48) Above this critical lavel, a glven
rate olf heating can be tolerated for a time withzwit pain, but once the paizm
threshold has been passed, the inarease in dissomfort is likely to be rapid and if
a large area of the body is expssed, this may quickly lead to inability to awd
intallipgently., If the skin is initially enol, the time taken for the subject to
feel pain is increased; couversely, if it is womm, the tipe is rednosd, Thuvs the
reacue worker should keep as ool ag possible beforehsnd,

The relationship(52) between the temperature of the porcins skin surfece and
the time taken for a burn is shown in Fig,5; human skin iz similer in its reacticms.
As with pain thiesholds, the criterian not s&l@ly that of atteining o given skin
femperature, but depends also au the time of sxpuswuie, The values of temperaiurs
in Fig,5 are actual skin temperatures and apply when a large source of h2at such
as a masg of hol metal is in firm contast with the skin, Much higher air temperse
tures may be withsteood, particulsrly if the bowdary leyer of cool air nexih to the
akin is not disturted by rapid movenend,

Dangers of breathing hof air

The danger of damage > the lungs fmﬁ breathing hok, tut otherwise respirsblas
air, is less than the danger of damsgs *o exposed porticms of the bedy, espesislly
the fama(l"’g) . Neverthels=ss, the interval 'bé‘t,men tures cosurring on the skin and
in ths lungs may be short and inspiratory buarns are ¢ften a complicating fastar
where tums to the face ocmw(g'? ). When the whols body is prolected by sultabls
clothing, inhaling hot eir msy e the limiting fastor and brxeathing apparatus nay
then be required, The safe limits of axpesure withov® breathing apparatus may be
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taken from those given in Fig,4, The higheat ambient temperature in which it
is safe to remain is not lmown, There is evide:nce(ﬁ) that the human body
can tolerats ambient air temperaturss of 130°C (270°F) for over 20 min without
injury, Some experiments at the Fire Research Station showsad that air at
150°C (300°F) wes wnpleasent to breaths. In some eé:perimmts in Northemn
Ireland( 28) , an officer wearing full f:i_m-fighting kit survived exposure in
an ambient temperature increasing from 1207C ( 25005‘) to 175°C (35005') for

3 min, although he had difficulty in breathing, The draft Model Code of
Safety Regulations for Factories of the Internatimmal Labour Offics
recomnends that no person should enter furnases, kiins or ovens when the
tanperé.tim exceeds 50°C except in sn emergency.

Toxicity of satmosphere

The dangers vary considerably dspending vpon the sitnaticm, In buming
buildings the cmeentration of geses tends to become toxio at about the same
time as the air besomes 0o hot to breathst30), There is then a rapid rise
in cmncentration of carbon monoxide and a fail in oxygen concentration of
the insp:i.red a:ir(f’o) (5%) and this may be one of the most comuwon causes of
death in fires(50),

II - CLOTHING
THERMAL PROPERTTES OF CLOTHING MATERTALS
THERMAL RESISTANCE

Thermal resistance is an inverse measurs of ths capability of the cloth-
ing to transmit heat and may hes defined as the ratio of the 'tempefatam
difference acsruss a material or s clething assembly %3 thes heat flowing
through it. '

A wnit cften used for the thermsi resistance of clothing is the "togh =
200 WL 2 ¢ = 1000 cal™ w2 5 %,

THERMAL CAPACITY

Thermal capasity is & measure of the sbility of clothing to stors heat
and mey bes defined ss the amcunt of heat ﬁmﬁ,red to producs a wnit rise :in
temperature in unit volume, As so defined it is the produst of the density

and the specific heat,



REFLECTIVITY ‘

When radietion falls on a maierial, part may be absorbed, part transmitted snd
the rest reflected, The reflectivity is the ratioc of the reflected to the total
incident radiaticm,

EFFECT OF HEAT AND FLAMES ON GARMENTS
DANGERS (OF IGNITION

The ignition and continued buming of the garmeni may increase the amownt of
heat reaching the body end will almost certainly increase the rate of disintegra-
tion., With some pmaterials; such as lasting cloth, the extra hea’&;(52) may be small,
but with others, such as rubber-bonded materiasls, or cottmn overalls, ii mey be
large encugh to 'be. significant, Rapld spread of fiame over the cloth would increase
the supply of heat considerably(52) and incresase the severity of bums(27),

Most materials used in garments ars fiapmeble espacialiy whem exposed to flames
and %o high intensity radiation together, though thers ars exeeptious, such as
asbestos and glass fibrw,

Flane-retardant trestnents may prevent or more probebly delay igniticn, Their
use is Jjustified if the garmen® would ctherwiss ignite and then continus to bumm
af'ter the wearer hes retrsated from the fire zoms,

Most flammable materdals bum faster in oxygen enriched ai‘;mosphems(Bj) or
compressed a_"i.r( 5k) than in thes normal atmospherz and some flameproof materials may
becone flammekiis,

MECHANICAYL, FATLURE BY HEATING

A gorment; particularly the outer layer, must retain its strength for it to
remein in positiom, Materiais made from natural fibres char;, whilst most synthetic
materials mel‘i;{ 55) often at low temperatures, With wocllen materials, tumescencs
or "frothing" coours but though this increases the themal resistence, its
appearance means that tha fabris has heesn weakensd, Woollen and some synthetis
meterials when heatsd to a high temperature cft=n stick to the interlining and may
then preveni the complete breskdswn of the garment; asbestos cloth which has a
cotton bass tends to besome brittles on heating and glass fibre cloth melts and
becomes brititle befors 600°C,

Firs-retardant treatments although they increase the resistance to flaming do

not prevent disintegration,

1l =



PROTECTION BY CLOTHING
ROLE (OF CLOTHING

The heat balance of the clothing and the body is caontrolled by the rate
at which external heat is sbsorbed by the clothing surfacs®™, the thermal
properties of the skin and the clothing, and the metabolic heating, As the
thermel properties of the body do not vary greatly from operator to operator,
for shoirt exposures where metabolic heating may be neglected, the thermal
properties of the clothing determine the protection time for a given rate
of heating.

If the front surface of e clothing assembly is exposed to a sourcs of
heat at a constent temperaturs, the temperaturs riss of the skin follows the
curve in Fig,6.

For a given rate of heating, the fastors determining the time taken to
reach a critical level of heat flow and whether this level is reached at all
are:

(i) Thermal resistence of the whole thickness of the asaembly.
(ii) Thermal capacity of ths assembly,

(1ii) Reflectivity of the outar surfece of the garmemt,

(iv) Moisture content end moisture permeability of the assembly.

For lang exposure times, thermel resistance m'ust'pravifm the protection;
for short times where heating rates are likely o be high, thermal capacity
is likely to be more important.

If the rate of heating is low enough to ba tolerafed hy the skin for lmg
periods (0,025 cel cm~2 8"'1) , ¢lothing may rednce the tolerancs time sines it
impedes the evaporation of perspiration, Thus, in the comditioms outlined in
Table 5, the tolerance times would be lesss if heavy clothing wers worn, so
that as a general rule as littls as pessible should ‘biw worn,

Perfectly insuvlated clothing would not ellow work being undertekem for
periods much in excess of 20 min becanse there would then be no means of

losing body heat,

#The statement which is sometimes made that a svit gives protecticn against
radiation of a particular temperature is by itself meaningless, The correct
paraneter is the rate at which heat reaches the surfage,
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PROTECTION BY THERMAL RESISTANCE

After a time which depends on the factors listed above but which is usually
of the order of 2 to 3 min, the heat flow into the skin reaches a steady value
determmined by the themal resistence and the surface temperature of the assembly,
The whole of the clothing contributes to thermal resistance; underwear may be of
equal or greater importance than cuter gamments, The thermal resistance of clothing
depends partly upon the resistivity of the fibres, and the radiative transfer
between them, but principally upon the still air contained within the fibres and
yams(ss). Its value depends owms |

(1) Thickness, This is by far ths most :‘i.mi:ortan‘i: factor; resistance is
usually proportionsl to thickmess, '

(13) Demsity, For a given thickness, the lower the density the greater the
resistence, but thers is a critical density (about 0,06 g/cm’) below
which convective transfer in the air spaces through the loosely packed
fibres becomes important(56),

(441) Moisture comtent, The resistance decreasss with increesing moisture
content,

(iv) Temperature, At 500°C, the resistancs may be reduced by as much as a
na1£(4?)

(v) The air gap beitwesn the fabriss and the body, Increasing this up to
a maximm of 0,75 - 1 co improves the insulatina(56), Even smell air
gaps have prevented sesricus 'bums(z‘?) N

(vi) The curvature of the surface, The thicknsas required to provide a given
amount of protection to the fingsrs may be twice as much as that
required eﬁs@whem(ii*) .

In all types of clothing there are boumd to be areas where the contact between
skin and e.lofhing is good and wheres the sleothing may even be in slight compression,
for instence, the shoulders and upper ams, and the front of the thighs, snd at
these places it is often desirabls to provide extra protestiom, In order to
maintain air gaps, in particular those dans to bulked febries, the material of the
garment ghould be resilient encugh to retum to its original thickneas qfter

compression,
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The relatiomship between the thickness of clothing (at a pressure of
0,001 Ib/in?), its thermal resistance at room 1:empcr.c.;ni:vu:::‘e(57 ), the temperature
of the outer surface and the heat flow through the clothing corrected for the
chenge in thermel resistence with temperature(42) is shown in Fig.7. The
maximum thickness of clothing that can be worn without wndne lclss of operative
power is about 2,5 cm(57). Thus the maximum feasible thermal resistance is
sbout 6 000 cel an~2 s~ (6 togs) at room temperature, end assuming a heat
flow into the skdn of 0,025 cel en”™2 s=* which might possibly be tolerated
for 4 min over the whole body or lomger over limited aress, the maximum
temperature cn the clothing surface that can be tolerated is about 350°C,

The actual surface temperature sttained depsnds on the extermal conditions; -
vwhere both the air and the surroundings are al the same temperature the
surface would eventually acquire this temperaturs; if the ambisnt air is
cold and the worker is heated by radiation qnly, the surfass of the clothing
reaches the temperature given in Fig,8,

PROTECTION BY THERMAL CAPACITY

The reduction in heat flow by thermal capacity is temporary but is
important where the rate of heating is high or lmg term protection is not
required, The delay in the establishment of a prectically steady temperature
gradient in the clothing is shown in Fig,9 and as with thermal resistance
the thiclkness is the most important single fastor(z) %, Once the conditicm
shom in Fig,9 (third diagram) has besu reachsd, ths rise of temperaturs
depends on the thermal constents of skin as well as of the clothing,

There is little difference between the specific heats of textile Pabrics
although nylon has a slightly higher valus then the o-them(SG) and therefore
the thermal capacity depends mainly on the density of the material, The
density is not usuvally wmiformly distributed and this too influenses the
rate of rise of temperature of the skin,

Even where the main protection is due to thermal capacity, a high thermel
resistance of a protective clothing assembly decreases the maximum possible

temperature of the irmer surface for a given heating rate, and increasesthe

z

The time tak@? gs:»r the temperaturs of the back surface to begin to rise is
determined by(55) (thermel resistance) x (themmal capacity) which is
proportional to (thickness)x (weight per unit area.)
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time taken to reach the critical level (Fig,l0). .

Protection can be obtained against a rate of heating of 0,5 cal cn—2 s'l__for
a matter of minutes with practical clothing assemblies, The protection afforded
by eny given assembly can best be estimated by a simple experiment (p. 20 ).

Protection against flash 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 1-103(2) (7).
because heat is absorbed by the clothing, If the clothing does ignite the
resulting bums may be worse than if no clothing were Wozn(‘?7 ). The ordinary
firemen's wniform provides good protection for the area it covers and is difficult
to ignite¥,

In situations where a flash fire is possible the entire body including the
hands and head should be covered with flameproof material,

Limitations ‘of protection by thermal capacity

There is an inherent danger in making use of the storage of heat to obtain
'pmtectién, because the heat stored in the clothing may only be given up slowly
after the wearer has retreated from the source of heat (Fig.l11),

Thus even if the rescue worker reireats from the source of heat as som as
he feels pain, his skin temperature does not necessarily fall immediately; it may
even cantinue to rise and maintaining the surface of the skin at a temperature
which initially only produces pain or discomfort may, in a short time, produce a
burm (pe 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 thermal capacity
is concentrated in the ocuter layers of the clothing; to achieve this, the outer
layer should be of a dense material and the imner layers of very light open weave

materials, Concentrating the thermal capacity in the immer layers would delay the

EIn an explosion(a ), workmen wearing cotton dungaree overalls were either killed
outright or bumt so severely that they died scon afterwards, whereas firemen
standing next to them although badly bumt did survive, The firemen's clothing
gave sufficient but only just sufficient protection over most of the body as
photographs of the clothing show, Details of the workmen's clothing are not
available so that it is not possible to state whether the actual protection
afforded by their garments was insufficient or whether the hazard was increased
by the flammsbility,
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temperature rise of the imner surface of the assembly but the heat would then
tend to flow inwards rather than cotwards when the heat scurce wes removed,

PROTECTION BY REFLECTIVITY
Except for polished metallized surfaces the infra-red reflectivities of

all textiles likely to be used in protective clothing ere very low(_59?._

It is however possible to design clothing that reflecis over .90- per @t
of the radiation incident upon 1%, by heving a reflecting layer of aluminium
cn the outer surface, The protestion afforded by this method depends on the
conditions encomtered,

In an enclosure with the air and wells at the same temperature, a high
reflectivity does not affest the final skin temperature; but reduces the
rate of rise of temperature, This is useful for rescuve work or quick repairs
in a kiln, An almminized surface is more satiafactory as = protection against
radiation than flemes because it is quickly damsged by the latter, When the
air temperature is low and the intensity of rediation fairly high (e.g. near
a fire) a high reflectivity not only reduces the rate of temperature rise
by a large factor (10 or mors) btut also reduces the final temperature
attained, particularly if there iz a wind,

A reflecting lsyer insides a garment is valuzless unless there is an air
gap of scumething like 1 cm in frontof i%.

Limitatioms of protection by a highly refiecting surface

A highly reflecting surface redices bath the rate of sbsorption and
emission of radiation by a large factor., Thua the rate of cooling of
gamments when the weaz:er has retreated from the heat is reduced by a
reflecting surface; this effect is greatest in still air when there is
little cooling by convscticm,

If a reﬂec‘l;ing surfacs becomes dirty or covered with soot its
reflecting power is greatly reducsd,

EFFECT OF WATER ON PROTECTIVE CLOTHING

The heat lost by perspiration is of great importance in maintaining the

heat balanee in long term exposurs and also in emabling protective garments

intended for short term protecticm to be wormn for long periods "at the ready”.
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.. Clothing may modify the rate of evaporation considerably. Sone of the
moisture may be absorbed by the clothing, some may pass through the clothing to
be evaporated from the surface, and some may be removed by natural ventilatiom,
The resultant effect can only be determined by wearing the clothing under practical
conditions, . . e |

N
-

Absorption of water by clothing

The moisture in a garment consists of free water between the fibres and
absorbed water within the fibres, The amount of free water depends mainly upon
the weave, whilst the amount of absorbed v}ater depends on the .nature of the fibre
end@ the relative humidity of the a.tmosPhere(u")a, Heat is evolved upon wetting at
a rate of about 100 cal/g of water(60) and is additional to the latent heat
evolved when water vapour candenses, Thus, if water vapour evaporates from the
skin and is absorbed by clothing, the skin is cooled but the clothing is warmed
and more heat is evolved in the clothing than is absorbed from the skin, Although
the amount of heat involved is small, it may be desirable for underwear to have a
low regain(él) .

Pasasage of water through oclothing

This occurs either by diffusion through the spaces between the fibres as
(61)

vapour or along the fibres themselves as liquid by wicking Transmission of
water vapour through clothing is.analogous to the transmission of heat, both
resistance to the passage of water vapour and the capaclity to store it being
important., The resistance of a material to the passage of vapour through it depends
more upan its structure than upon the actual fibre, where the fibre content is less
than 30 per cen.t(61). .

If the skin and undergarments are wet, scme water may pass through the
clothing by "wicld.ng"(sz) to be evaporated from the ocuter swxface, The ease of
"wicking"” depends mainly upon the nature of the fibre and any treatment it msy have
received although the fineness of denier and type of weave are also important(sa).

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

-
% .
The moisture ccntent expressed as a percentage of the dry weight is known as the
regain, .
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the garments and through the interstices of the faibr:i.c(sl). The amount depends
on the activity of the wearer, the design of the garments and the stiffness
and air permeability of the fabrics.

Effect of water on protection

The water content of "clothing influences the protection given by:

(1) The cooling effect of the evaporation of water from the surface,
(1i) The heat trensfer through the clothing due to the inward
diffusion of hot wvapour.

(iii) The chenge of the thermal properties of clothing materials; the
thermal resistance may be reduced and the thermal capacity will
be increased,

When clothing contains‘a moisture barrier a large increase in protection
is obtained by wetting it, Without a moisture barrier, wet clothing gives
less protection against radient heat than dry clothing because of the inward
diffusion of moisture; against flames the protection may be slightly higher
for wet clothing then for ary(9), (Fig.12).

Clothing snd comfort

For the wearer to remain comfortable his perspiratian must be evaporated.
In order to provide protection, it is necessary for clothing to have .a high
thermal resistance bui this is generally associated with a high resistance to
the passagé of moisture., Many typeé of reflecting garment are impervious to
moisture owing to the continuocus layer of aluminium deposited on the surface
and are pa:rticularly unconfortable to wear for long periods, For these
reasons unless clothing is to be wom in flames or hot gases it should be
designed so that the movement of the wearsr induces natural ventilation,
Openings to allow ventilation which can be quickly closed may be useful,

For comfort under hot canditions, materials with a low regain but a lerge
wicking tendency may be prefersble to those with a high regain,(62).
LIMITS OF PROTECTION

Increased protection for the operator would not increase his danger if
he worked for no longer than asnd in the same conditions as without protection,
but it must be expected that he will tend to work for longer periods, probably,
in more exi:osed positions, Should mechanical failure of the clothing occur,

however, the gperator may be exposed to great dangei‘.
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When the alr in the immediate vicinity of ths skin reaches and rises sbove the
akin temperature, the skin can no longer lose heat by radiatim; and convertion but
anly by eveporaticn, The ocuset of this change may lead *o a feeling of panic, but
it is not the critical point and does not indicate that the protection time has
been exceeded.

It is comnon experience that ths onset of pain may be rapid and oczur with _
little previous sensation of warmth, This is due bo the fact that the skin bempera-
ture ja increasing steadily with time of exposure st fempemtms where smell
increases in temperature produce large effects, The suddemness is due to the
properties of the skin (p.9 ); the reaction is physiological and may be expested
with 211 garmmemts, The effest of the garment is +o dslay the arrival of the heat
(ps12 ) =nd although different gamenmts mey delay the cnset of sensation by
different periods, there is litile truth in the statement that the heat arrives
suddenly with a certain type of gamment, The time for which individuals can remain
exposed to heat varies comsidersbly., Once pain has been felt, it is advisable to
withdraw immediately and in order to minimize the risk of bumms through the
naintensnce of the temperature of the irside of the wlothing after removal of the
heating source, clothing should be so designed that it can be quickly and easily
removed, This is particularly important with garments having highly reflesting
ocuter surfaces,

ARTIFICIAL COOLING OF GLOTHING

Under conditions where there would be no nest 1¢ss of heat from the body, long
temn protection {20 min or wors) can omly be cbtained if the germent is cooled by
external mesna,

Spraying with wakter ("watting down")

When the temperature of ths surface of the clothing is not likely to approach
100°C, "wetting down" increases protection by in@masiné the thermal capecity of
the clothing and by providing evaporative cooling, At higher rates of heating when
the surface may exceed 100%C, "wetting dowm" delays the onset of charring and reduces
the tendency of clothing to loze its atréngi:h. Under these conditioms howewer, ’
"wetting dowm" increases protection omly if a moisture barrier is included in the
clothing; without it, the protestion time may be redussd, The danger of scalding

from initially wet olothing is much less than from clothing which is wetted when it



is hot(9) and thus if there is a danger of accidental wetting, clothing should
be "wetted dowmn" before the wearer enters the fire zane, and should not be

allowed to dry out,

2 sbout 35 o,c.

If the clothing surface has an area of approximately 2 n
of cold water must be evsporated per second to maintain the surface at below
100°C if the rate of heating is 1 cal cu~2 s™%, Thus for 5-min protection at
least 10 1. (ebout 2% 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 extemal supply. Excess water can then be applied and the extermal
surface of the suit can be kept below body ‘tempemt\m(63) v

Ventiletion from an extermsl source

This method has been used to cool aircrew in meodern high speed alr-
cra.'f“t(a’“). Its .main application seems to be to pmir:i.de protection against
relatively low rates of heating for long periods, Forced ventilation at a
low rate could be supplied to an impermeable suit whilst the operator is
"at the ready" in hot conditioms,

Foam-f1lled suits

Water-based foams of a reasomably stsble nature have a high degree of
thermal resistance and even when they do break down, their water content
has still to be evaporated, |

A suit based on this principle has now been designed(GS). In one fom
it consists of an inner layer of an imperviocus fabric and an outer layer
through which foam can pass, The space between them is filled with a stable
liquid foam about 5 em thick; this may be supplied continuously from an
external source or intermittently by the wearer sarrying his owr supply,

THERMAL TESTING OF CLOTHING

Broaedly, there are two conditions that need to be investigated; thoss
in which cmly the insulating power of the assembly is important and those in
which the thermal capacity is important as well, Where only the insulating
power is important, the protection afforded by an assembly at a given rate
of heating (Fig.8) may be estimated from the thermal resistences of its
parts, making a correction for temperature (Fig.7), and for reflectivity.
when rediation is the only important heatiang method, ‘Where the thermal
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capacity of the clothing is also importsnt, the protection camot be calculated
as a1l the thermal properties of clothing vary greatly with temperature and the
outer surface is often being destroyed., Two laboratory teats have therefore been
devised to assess the relative effestiveness of different clothing assemblies and
are described in detail in Appendix ITI, The assembly to be tested is backed by
horsemeat to simulate human flesh and the front surfacs is exposed to radiation
or to flames, The temperature of the surface of the horsemeat is measured by a
thermocouple and the time taken for its temperature to rise by 25°C is regarded
as the protection time, Any tendency for the temperature to continuwe to riase
after the removal of the heating source is noted., The protection given by an
assenbly carmot be estimated from the protection given by its elements(ss); it
must be tested as a whols,
LIMITATIONS OF TESTS

(i) A simple criterion of temperature rise is only a crude measure of the

limits of physiological enduiranes,

(41) The temperature rise of 25°C is an srbitrary one; skin raised in
temperature by this amowmnt would signail pain or a burn wit'hin a short
time, Changing the tempsratbure rise o 15°C dves not chenge the ocom-
parative effectiveness of materials, (Fig.13),

(iii) The thermal constants of dead horsemzat and living tissue are not the
same tut the error introdused is not likely to be largs.

(iv) Reasanable repeatability of the results is found only with materials
wnder slight compression; this means that the results are strictly
applicable only %o the tighter fitting portions of the garments,

OTHER CONDITIONS

The tests were designed to assess the suitability of materials for clothing
aircraft crash rescne workers and the ratss of heat transfer in these tests are
of the order estimated to occur in ajrcraft crash fires, They may be ftoo high or
too low for other conditions where azly shorit periods of work are possible and the
level of the radiation test could be changed accordingly; the severity of the

fleme test can only be increased,



SPECIAL ITEMS

Coverings for the hands, feet and head have to fulfil the same functions
as those for the rest of the body to which the discussions an (p.12-18) are
relevant, but there are scme additiomal problems,

HAND FROTECTION

The dexterity of the operator must not be wmduly reduced by hand
protestion; this condition may restrict the thickness of gloves or gaumtlets
that may be used especially on the front of the hand, which means that the
thermal resistance may be low especially as the surfaces are comvex (p. 13 ).
If hot metal is handled the rate of heat transfer may be high, Under these
conditions, it is probebly most effective for there to he little thermal
capasity in the palm of the gamtlet; the operator will then only hold hot
objects wntil he feels pain and there will be little danger of a burm due to
the heat stored in the glove, The glove should be camstructed so that the
palm can be protected by partially closing the hand, The back of the hand
can be provided with a thick layer of insulation and should be aluminized,
Tools with insulated hendles should be provided so that hot metal need not
be har;dled for long periods,

FOOT PROTECTIGN |

Where boots are likely to be immersed in flames and extinguishing
agents, they must be adequately water-repellant and resistant to chemical
attack,

An effective type of footwsar (Appendix II) censists of an imner end en
outer layer of leather with an interlining designed to provide an air gap,
Veluable extra protection may also be given by thick woollen socks, which
can also absorb a good deal of perspiration,

Although there seems to be no satisfactory altemative to leather, it
has the disadvantage that it may shrink sufficiently to cange the footwear
to become wmcomfortable or even dangercus, Owing to its high thermal
capacity the temperature oftem contimies to rise considersbly after the
footwear is removed from the source of heat (p. 15 ). Henes it is particu-
larly importent that footwear should be designed so that it can be easily

removed.,
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HEAD PROTECTION

Where there is some danger from Palling objests a helmet is required, This is
conmonly adjusted o beswe s useful shicld sgainst radisnt heat,

Against higher levels of radiant heat ani showars of heot particles from a
knomn direstion a simple mask set off from ths fass is probudkly adequate, If an
area of flame or hot air (abovs 507°C) has to be gntersd the eutire head must be
enclossd, The headgesr may be a rigid helmst with a vizor and a neck curtain or a
soft houd fitted with a window, Care mist be taken to prevsat the entry of flames
and hot gases into the hood., This, however, is difficslt to achiewe without
limiting the alr supply evailebls for breathing %o tha® ocmtained in the headgear,
An air vent or opsmable vizur under the camtrol of tha oPeratwr. is useful whem
exposurd is intemmitient; the operator mrst, howewer, bs trained not o copen it
when in the fire, The volums of a.vaﬂlable. sir may be incressed by aliowing ths
wearer to breathe scue of the adr camtbained inside his clething, For long
exposwins bresthing apparatus is nessssary,

Helmets

The present test for firamen’s helm-ats(gi ) waz desigued as & mesgure of
ignitebility and cammob be used sz a measurs of protestism time,

The same copsideratisoms spply to the desigrn of a hzlmet as to other clothing
and in addition it should be kept as 1ight as pesaibis, Helmets which enclose the
head may comsist of a ghell of an inconbustitils material, such as glass fikws, .
beld away from the hgad, An insuliating lining i3 desirsbls, partisularly =
reflecting lining with an sir gap inside the helnst(68), Coating the exterier of
the helmet with a reflesting material such as sluminium foll may greatly increase
the protection provided.

Vizers

Proteotim must be given to the face withoub unduly obstrusting the visioem ox
breathing, The permisaidbie obstrustim to vision dzpends upom the type of work,
Except for rare fires, such ss those involving magnesimm, glare is not likely to
be a p:t‘obiem..

The mazimm level of rsdistion tolersble for lomg pericds is about 0,025 ¢al
a2 &1 (0,1 W) (p. 9 ). Radiaticn from most fires and hot bodiss is largely

in ths infra-red regicn of tli@ spestrum and ideal protectiom would be given by a
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vizor which, whilst being trensparent to visible radiation, reflects infra-red
radiation, Reflection is very much more adventegeous than sbsorption, because
elthough both reduce transmission, the iri.';or becomes hot by absorption and
re-radiates upon the face and the face may come into direst contact with it.
In addition, a vizor should not ignite in the most severe exposure conditicms;
it should not become deformed or lose its optical properties on heating and
it must not shatter if it is sprayed with water or foam when it is heot., The
actual temperature at which a vizor deteriorates, although importent. is not
by itself a complete indicaticn of how the vizor will behave in practice;

the thermal resistance, capasity, and sbsorptivity of the material are also
importent. Two vizors(?) both having the same sbsorptivity, ane of which
gsoftened at & given temperaturs, while the other became opaque at a much
higher temperature, deteriorated in shout the same time when exposed to
rediation with an intensity of 0.5 cal en~? s=1 (37/ca2). This was beceuse
the vizor became opaque when only a small thickness of it reached the
required high tewperature whersas dsformation due to softening did not occur
mtil the entire vizor had reached the softening tempersaiure,

The suitability of a given material is determined by exposing it to
radiation of the anticipated intemsity and charsgteristic temperaturs, The
vizor should not dstericrats, e.g. becoms opaqus, break up, seriously deform
or ’transmit too much heat to the face in the time for which it is likely to
be required (Appendix IIT),

A wire gemze conveniently I_'ednces the intens:itgr of variation upon the
fao@(ll). If the embient temperature is low and there is no dangsr of
particles passing through the gavzs or of clogging by foam, it mey be used
by 1tself, Tﬁ;i.s bas the advantage of increasing the vemtilatlom, l
BREATHING APPARATUS

Although not strictly protective clothing, breatbing apparsius has o
be ﬁsed whersver there are toxic or noxiocus geses and whenever the ambient
temperature is high (> 50°C), Care must be taken that the spparatus and
particularly the gas cylinders should not become hot, When high rates of
heating are encountered, the apparatus should be prwvided with an insulating

covering; small spparatus may be wom beneath the protective clothing,
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Considerable practical experience of their use is summarized elsevahem(ég) (70) .
Under hot conditions liquid air apparatus is preferable to compressed oxygen since
the inspired air is cool(w) and for the same reasom open-circuit compressed air
apparatus may be preferable to closed-circuit compressed oxygem.

CONCLUSICNS

Each situation in which protective clothing may be used hes to be assessed
individnally because of the wide reange and duration of exp‘x;;sures to heat and flamea
that may be encoumntered, sach demanding different lewvsls of physical work, but
there are certein general principles which must be cbserved (Table 8),

No prastical olothing can provide protestion for more than a few minutes
against high rates of heating without external cooling, Reflecting surfaces
provide excellent protection egeinst rediation, tut the garments mey be wmowm-
fortable to wear for long periods owing to the difficilty of losing body heat by
perspiration, Besides this, al the emd of the safe-working period, this type of
clothing mst be removed as.quickly ss possible besavse the heat stored within it
escapesvmt;st easily to the skin, Reflesting surfeces are of little use against
flames, Protection in these circumstances is bsst obtained by using an sssenbly
incorporating an open weswd or other fype of febrie cuntaining an air gep, which
has thé advantage of storing little heat, As this typs of febric is also effective
against radiation it should be used wherever possibla,

If the ambient air temperature is high cere must te takem to prevemt the hot
air entering the gamments, If in »dditicn, the atmosphere is noxious or toxie
breathing spparatus may have to be wor,

There are limits to the time for which protective ¢lothing may ba vsed without
external cooling, The most commen way is by 'wetting down'; this, to be effective,
mu.st. be continugus, but where it is not possible a moisture barrier should be
incorporated in the gaxment, otherwise the presence of water may lower the
protection consideradly,

Materials which may ignite;, glow, or emiinte to burn must not be used,

The extremities, (head, feet, hands) present extra problems beceuss their
specialized functions wust not be impeded unduly,

Wearing protective clothing does not gusrantes gafety and cioes not cobviate ths
need for great care at all times; the importance of regular and frequent practice
and careful mainteinence of garmemtls cammot be overszmphasized,
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APPENDIX I

FLAMMABILITY AND DISINTEGRATICN TEST

The British Standard test(71) should be used to measure the ;
ﬁammability of the garments, A strip of cloth, 2 in, wide and 15 in. long
is suspended vertically in an incombustible box with a glass front (Fig.1lk)
and a lunminous flame from a Bunsen btumer 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 already damaged by flaming is
-.noted. The reduction in rip strength is also measured by the method laid
-down in British Standard 3119, The materiel may be called flameprooft’2)
provided that:

(i) Plaming does not persist for more than 8 s after the removal
of the Bunsen burmer,

(ii) Glowing does not spread beycnd the area already damaged by
flaming,

(iii) The length ripped does not extend to within 11% in, of the
unburmt end on any cne specimen and to a mean value of 10% in,
for all the samples,

The British Standard test requires the flame to play on both sides of
the fabric at once, so that this test cannot be used on the whole assembly
and companents must be tested individually, For most applications it is
probably sufficient for the outer layer to be "flameproof”,

APFENDIX IX
TESTS TO DETERMINE PROTECTION
DESCRIPTION OF TESTS
Flame test

The apparatus used for these tests is shown in Figs 15 and 16, It was
__désigned to expose the clothing assemblies to flames from a petrol fire,
Specimens of the entire assemdly are mounted on a metal frame and inserted
into a square hole 6,5 en x 6,5 cm, cut in the asbestos wood shield (a)
'(?‘ig.IS) . The rear of the specimen is protected from flames by the asbestos

board (D).

L

- 32 -



The shield (a) is mounted so that its front face is vertical and 2 in, behind
the edge of the trey (o). The petrol fire is cbtained by buming ebout 150 c¢.c.
of petrol floated on water in the metal tray (¢). Horsemeat™ simulating humem
tissue is placed in contact with the imner face of the clothing assembly and its
surface temperature recorded automatically by a copper disk 1,25 cm in dlameter
with a 38-8.W.G. copper-constantan thermocouple soldered to the centrs of cne face,
The disk tends to adhere to the surface of the horsemeat ensuring good thermal
cantact, The time taken for the surface temperature of the horsemeat to rise by
25°C is noted; the petrol flemes are then extinguished and eny further rise in
temperature measured,

Four samples of each assembly are tested.

Radiation teat

This is similar to the flame test except that the 6,5 cm x 6,5 ¢m area of the
face of the assembly is exposed to an intensity of radiation of 0,5 cal on=2 g=1
(2 W/em?), The specimen is exposed to the radiation until a temperature riss of
25°C is recorded, The radiation is then cut off and eny further rise in temperature
noted,
TEST CRITERIA

Temperatire rise

In the test the time taken for the temperature to rise 25°C is memsured; this
is an arbitrary figure which is probably greater than that needed to cause severe
pain after sbout 10 secands (p, 9 ). The time so measured should not be regarded
as the time for which protection may be given, but as the basis for a relative
assessment of the protection afforded by different assemblies. In applying the
results it must be remembered that the tzsts were designed for a particular
application(l)"(lo), In circumstances where there is a long exposure time at a
lower rate of heating the relative merits of assemblies may be different, since ths
protective effect of thermal capacity is reduced, and the ability to trenamit

perspiration becomes important,

HIn place of the horsemeat any incombustible solid having approximately similar
thermal characteristics may be used, An asbestos insulating material has been
substituted in later experiments, The protection times can be related by a
simple factor determined by comparative fests,
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Fuf‘ther temperature rise

. With most materials, the temperature rise after the source of heat has
been removed is small, However, with those materials that ignite or glow |
El.;Lbera.t:ing considerable quantities of heat, the further temperature rise may
be large (¥25°%C), These materials may be dangercus in practice and should be
rejected, ‘

"Time of further temperature risé.

For those materials which neither ignite nor glow, the time during which

the tempemﬁu:e continues to rise is principally a measure of the radiative
“cooling constent of the surface and to a lesser extent of the heat capacity
of the assembly, Assemblies fall into two classes: those with aluminized
surfaces where the times for continued rise of temperature tend to be very
long (pe. 16 ), and the non-aluminized surfaces where the times are short,
Within this second class, those assemblies with an immer lining of low
thermal capacity tend to.cool more.quickly, These differences should
influence the choice of assembly for different applicatioms,

COMMENTS

Relation between tests

- The protesction times against flames are campared with the protection
times; egainst ra.d;i.ation in Fig.,1l7. 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 sbout 0,5 cel cn™2 s~% (2 W/en2), It follows, therefore
that the mean heat transfer from the flames is about 0,6 cal om~2 g=1

{2.5 W mmz) , 80 that exsept for materisls having a high reflectivity the two
tests are of approximately the same severity,

Effect of canbustibility of garments

The tests may not show whether the materials have ignited as the extra
heat produced by cambustion may be quite small; for this reaswm, fire-
retardant treatments may make little difference to the protection ‘time(2) .
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AFPENDIX IIT
TESTS Tg DETERMINE FROTECTIVE VAIUE CF VIZORS

DESCRIPTION OF TESTS

Thermal transmission test

The apparatus used and the method of test is similar to the radiation test
described in Appendix II, except that the entire vizor is subjected to radiation - _

and the heat it transmits is measured,

A total radistion radiometer is placed 2,54 cm behind a point where the

intensity of radiation is 0,5 cal cw=2 s=1 (2 W/ cm?) end the intensity of radiation
recorded, The vizor is then placed 2,54 cm in fromt of the radicmeter and left in

position for 2 min, The reduction in themmal 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 flow 2,80 c,c./min (0.5 pints/
min) is directed against the front surface of the vizor for 10 seconds,
TEST CRITERIA
The vizor should not crack, seriously deform, or cease to be transparent during
the test, nor should it shatter or crack when the jet of water is directed upon it,

The heat that is transmitted should not exceed 0,025 cal cu~2 s*l (0,15 Wan?),
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BESULTS OF TESTS ON S(ME SUITINGS, FOOTUEAR AND GAUNTLETS

Haterials Flane toats Badiation tests
Ti.neocror Further Additianel Tine qr:or Further Additianal
25 tezperature tine 25 temperature tioe
Outer Interlining Lining Underwear (¢ omorature rise for further |temperature| rise for further Renarks
rise erature rias tﬂg:uhm
o % =A °c Be - g
SUITS
ool pila Cottan poplin Nons L9 2 8 76 I 5 I 15 }
- - String vest 78 2 1n not tesated J
Fhite lasting
oloth Open mesh Laating cloth tends to char
fabric (two - Nane 64 5 a2 83 3 2 oy exposing interlining
layers)
Plue lasting Wool pile Cottn poplin Nene 58 2 9 53 3 7 ditto
None Cotton poplin None 34 2 8 53 2 9 TUhen heated Fearnought swella to
Pearnought Vool pile " . 82 1 26 1o 3 25 forn brittle mass of frothy
) hod String yeat 142 1 22 not tentasd carbonacecus paterdal . .
Asbentos cloth Yool pile Cotton poplin None n 5 1n 62 3 17
| “asbontos bria Ootten poplin : a 7 has %o 2 %0
15. 24 2
Eheki serge Neme Hone ucoul::';‘itm 12 3 3 645 not teated
| FOOTYRAR
Open weave Nene 155 0 165 e " .
asbestos eloth Uhite
+ alupinium goatalin Two layers of 180 12 60 . . »
vynide laminate sook ’
Open weave Hhite Two layers of
asbaatos cloth goatalkdn sock 185 1z 1% " " "
Thite
ahroas Expanded Ratural None No results cbtained . . . Bubber ignited end burnt
leather Tubber i peraistently
Expanded - " "
necprane - ) 167 16 150
Chroms aplit . " 38 18 170 " . "
Service boot Expandsd ] " 185 12 36 # - Ll
necprens
GAUNTLETS
Asbestos cloth Jute canvas Cotton material " 23 [ 8 (43 2.5 15
Brushed knitted R
None . 28 L 19 645 o Nome
Alumipiup-faced | Sotbon :
esbeatoa cloth ° Linen caaves . 19 10 15 70 o Neane
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RESULTS COF TESTS ON VIZORS

Transmigsion of radia
Infra-red heat radiation from a fire : Time for
Effective transmittance Vigible Ratio of serious
Vizor Trensmittence | (including re-radiation) | radiatim visible distortion Notes
Initiel value after 1 min tranmittancs | transzittance at .1 i
- per cent - per oent - per cent to infro~red | O.5cal em™“s
N transnittance (/cn?) - s
. After 120 3 bubbles formed in
Perspex 10 10.5 95 945 Y perspex, Vizor sagged inwards
Uire gauze backed 7 8 45 6.5 70 Perspex bsdly distorted but not
| PEXSpex ire gause.
Tinteq perspex 12,5 16.5 20 1.5 15_
Perspex with semi- Unlacquered coating darkened,
reflecting aluminium 3 4 L5 15 90 lacquered coating became
coating trenalucent
: After 105 s btukhles appeared
Lapinated glass 22 - 95 o5 - between laminatians, Applicatiom
of jet of water after 120 s
resulted in frunt laminaticn
peing badly cracked but rear
lamination remained intact
Application of jet of water after
120 s had no effect,  Vizor was
Cotposite vizor 1.7 1.7 30 17.5 irradiated at 3 ¥/cm? for a
(Two sheets of glass further 60 s, Plastic sheet
with a semi-reflecting became deformed and touched glass
layer of copper and opaque blister formed, Jet
between them and of water was again directed at
separated by an eir front face, PFront lamination
gap from a plastic cracked but rear glass lamination
sheet) regained intact
Thermogettin 10.2 15.2 . After 90 8 vizor surface became
plastic ¢ > - 8.9 "crazed” and by 120 s was opaque
and breaking up

O\



TABLE 8

CUTLINE OF PROTECTIVE CLOTHING AGAINST FLAMES AND HEAT

Protection required againgt

sure (1 = h)

Short term exposure (s - m)

Long tem

Effeot of relative Examples Flano-resistance Type of protection Fitting of ouit Suitablo type of Head protectiom
. Ambient hunidity of atmosphere rating requircd material
: Heat temperature
%
1 50 Close spproach Highly reflecting Free ventilatiom Rofleoting cuter | Paoe shield vire
Rediant heat to fires ané sufaosa, high deairsble to allow garacnt with open | gsuze o clear
furnaces themmal rssistance, §soveporation end mesh vnderwear or | window
for high rates of prevent local heat- | interlining of :
hoating, thermal ing - complete wool pile
capacity may be cover nay be
necessary VARCSe888YY
2 50 Inside kilns- A 1 - care As little entry of | As 1 - but wool Helmat - a3 1
Radiant heat olose approach |All garmants and necsssary to ensure |air as posaible = pile useful to
to fires in especially the that perspiratiom but as much flow absorb perspir-
nines inside outar garment is absorbed, tho inside as possible~ | atim - open mesh
burning compart-}mmat have a high eole meens of loaing |breathing apparatus | type undervear
ments flare-realetanos heat, Heat transfer |Bay be neocssaary ,
rating by conduction
Negligible (except dangercus
that moisture
contcnt of garmemt
3 50 ﬂgﬁ gamg:a Aircraft crash Refleoting As 1 Heavy woollen Helmoet oz 1 but
Radient hoat are to be vorn at rescue work - surfaces useful blenket weave inpenotrable
and pocketa “the ready® for lomg ojl fires - againgt radient acloth effective - naterigl neceasary
of flane pariods in vhich firemsn resacue heat - thermal top gament nay to prevent foen
cese may lead to work roegistance ag be aluminiged and water from
diseoofort high as possible if flemes reeching visor
in order to rely wnlikely to
on thermal roach it
capacity as .
little as possible
Reflecting surfaces [Total extlusiom of Heavyweight Holmotiaz 3 but
b of great value air essential asbeatos febrios -| airtight
Innersion in Energencics As above but outsri,ytgige if not soot aluminized
flanes 1000 garment should be covered, also garments
incombustible useful inside suit, probably usoful
continuous wetting
down may be
neceasary - breathing
apparatus essential :
======% — = ————— ——— mmm:::#
5 Reduces maximum General firo- Az 1 A8 1 = linit sot by |48 1 - free As 1l Helnet an 1
Radiant heat 50 toleredble air fighting thernal resistance ventilatiom
(dry air) teoperature to operaticns - essential
lesa then 33°C at furnaces - kdlns
saturatiom
6 Difficulty of As 2 - aircraft As 4 As 5 « all parts As 2 - broathing Asg 2 Helmet a0 1
Radisnt heat 50 protectiom at high gpeeds protected - forced apparatuc alrost
inorcased at high ventilation or certainly
humidities wetting dow essantial
essentisl
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Qutside . Inside Outside Inside Outside Inside Outside Inside Outsidg Inside

{a) No heat applied (b) No temperature (c) Inner surface (d) Pain threshold (e) Steady state
rise on inner surface temperature rises exceeded on inner
surface

(a)—(e) Show the temperature distribution through the material at different times after application
of heat ‘

F1G.9. TEMPERATURE DISTRIBUTION THROUGH MATERIAL DURING HEATING
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removal of heat source continues to rise steady falling

a—d show the temperoture distribution through the material at different
times ofter removal of heat source

FIG. 11. DELAYED COOLING DUE TO THERMAL “CAPACITY
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