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. THE TOXIGOLOAY OF FIRE

'5PARIEia' Agsessment of Toﬁiq;Fgﬁfofﬁiﬁréatediby_Fitg;1

 STMUARY

© The nilifsry importancs of flame attack on Cortified Japsnsse. positiions - |

in the Pagific theater led the Hadiqal‘Divisiqn;,Arﬁy*Chenioglfﬂbﬁéh;fiﬁfgc
-eperation with,the,ﬂational‘DefensefReaearch;Commi%tea,‘to‘undertgkeggg;ﬁna

 vestigation into the ocasualty produsing factors im flume attack, i

- Rarly pilot eXperimente 1left some doubt ams-%to whether heat or a toxic
atmosphere was the primery lethal factor in' ¥illing men subjected to flame
atteok in snolosed fotifications when the victims showed no vigible sigus
of aurface burning. The experiments first ocarried out by the Medical -

Division were designed to measure quantitatively and continuously beforg,

- during and af¥er flame attack;the.air:tamparaturerandfthe\anogntration'GEA;
various geses in the atmosphere {0z, CG, CQz,-andfhydrodarbons) which might

contribube to the production of cesuslties. . The methods finally adopted

are describsd.

- Following the initial experiments on a poorly'v@ntilated Japangse
type bunker, experiments wero condusted on other gtructures of different
ventilation sharasteristics, end on targets ilan the open. N :

Tn order to corralete the emvironmental changes racorded by the
mesguring instruments with their physiological effeots & cortaln DUmUsT
of goats were axposed under rigid medical supervision end psrtinent
physicloglical ibservations wore made. In a further effort to elucidete
the relative importance of the warious frctors, enimals wers exposed to
the effect of the separate factors, singly end in combinations of twe “or

morss - Probloma-of grotestion ageinst flame etiank wara also studied.
()
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o Wn_le fiama ﬁarfaro Elayﬁd bgt a smalﬁ;part'in'opera iona car‘ied ouf
cy United States forges in the “uranean.thaster of World Wer IF, its role .

in the Peoifio. theater assumed incressing 1mpo;tanoa to United Stabas. fcrsee
88 tHey proceedsd with tha attavk and reduction of atranﬁLV'fﬁrtif4ed uapﬁa“r
‘nems island posit*ann-: Japanesa fortifications were oiteu 50 constructed

s to ba almest zmpregnable against attack with artillery or mortar shell,
serial bombs, grepades; o~ small atms. - It was discovared anpiricelly that
flama throwers were often effectiva in killing the oocupants of such forbi-

- fied pogicwona.,, “In the mﬁanwhile, flame. warfars was bsing used entensive-
~ly by Canadian forces in the Northwest Eurcpeps,ihaaterj -and somashat less

extensively by British foraeg, It was notined in both the Buroposn and
Pacific theaters that tho occupainbs of fortifications aub;ect@d to {lems

rattack Wers aomstimas killed ﬁitheu* vislble ev%dence o bein"'bufuadg

It W imvortant ffom the military polnt of visw to aiﬂapver wnau
faatozs other than the dirsct offact of contact with burning fusl wars.-vs
sponsible feor kllling the ‘oocupants of fortifications attacked with fleﬁa,

~ Henus +he primary problem was to dotermine what lethal fastors sfine. wuan
. its ineinaratiﬂg effeot might be present in patrolsum fuel burn*ﬂg inaié%
& olosed or partially alooed struoturee : : .

in intensive effort wWas made in the fiald te davermjne thﬂ eause af

' death in the unbhurned eabualtwas from {lame attaoko;; A pathology isam

frem No. 1 Canndian Mobile G. W. leboratories asucmpanied soveral infaﬂtr"7 ﬁ'
operations in which flame thPO#era‘ware used. - Cansdien medical services

were alerted to the problem as wsll. . The Medionl Diviglon, Army Chemi-
eal. Corpe, sent Captain Goorge C. Ham, . Ca. 0. tre Papific théster for |

the purposs of gathering similar data. It was. found impossiblo, ha:gvar'
in-eithsr the Buropsan or Pacific thuatsr-to sstablish seaslusive svidance -

" as 40 causs of doeth bucause the chaotie conditions of ths battlefield

necessitated too long a delay befors the bodiss could be carsfully ax-

‘anined, or bacause incidental damege to the bodles P£ron other wouspons

after the flans nhtack rendsrsd the ceuse of death doubtful. - After two
Connddan officsrs were weunded while studying the effeet of flanc aticolk
under fire. it was decided thet the problea could best be studiad 14
experlmenua} setablizhments at kome:

Pilot experiments revecled that buralng fuel diacherged {vum s flawc
throwar in+o g poorly vontilated fortification was nci a Imajq aonpletely
combrsted within the fertifismtion. it wes therefors aasy te pestulote

Ry
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=
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[

tho prosence of carbon monoxide as a possible lothsl factor. Along s
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- carbon menozide one aouxd exnaut to ;ind carbon dloxide, & deiic1ancy a? axn;':i S
_ mcsgner*c oxygen, hot air, ‘particulate natter (olly smoke), and pcssibly ey
‘gteam.. - In gaddition Ho these thers m mizht be present 1rr1tant gases resul*é_;"”
inﬂ f?cm the yartigl*asccmposxtion of pat;oleum fuelc.' Lo : ._._‘:;;;

The rslutive importanue oﬁ thess faators wER unknswne It was; tnere—_[; o
fore, "decided to attempt to discover the mature of the! lethal factors- Ecuuwjfif"
&lly present “in flame atbtack; snd-to” evdliiste Lhelr- Feletiy gimporsancss- o -
“$idce poorly ventilated Japunese fnrtifica+wons-were at tha moment of’ pri~x'
mery militery interest, inifial interest centsrad. On,ntUdy of the-affeots
) petrolsum,fires 1 poorlw veazilah d sbructurés, SubseQuenﬁly the

;ssopa of The lnvestigaticn° w86 enlarged Yo oover ths Isthal factors 1nr”“;§'
volﬂed in flsme &ttack of oderatéiy and well venti}ated p05ﬁblonae ‘

The atudy of the fothal factors 1nvolved in fl&me attack wag initlated .
in tﬁis country {n the spring of 1844 when- Dr. Alen R. Moritz and 06+wOrKETS
of Harvard Univeraity. working under. contract with Divisien 9, Hational Da«
fense Resoarch Commitbee; agread to-curry out a geries of pllot s xperimantsa'
At about the same time, ths Censdian gOVernuent also unaertco : 'serlss of
experiments involving the flafe attack of & model Japanass. *nnkua-u; :

There wa immedlatsly availabls for Dr. ﬁO?itz 3 aork cefnain faoilia
ties of the Factorj itnunl Experiment Stetion et NWorwood, Mass. A oonorate
fireproof room of 800 cu.ft. capacity, whish could bpe mede mearly alrtight,

. was ohosen for the first experiments. Gasoline was. placed in akallc. pans,
«whish eonpletely oovered the floor of the roon, and wes ignited by an
slectric apark. Samplec of the atmosphere wers collsutsd in svaocuated
‘flasks through leng tubes leading through the wall of tlie conflagration
chember. Air temperatures wore taken in geveral locations in the chembsr
b" means of eonthuously rsuordiné SQnswtiva %harmorouples,

o "The piiot expe?lwenfs indicetaed thai when Whe CGEflngatLOu ohanber
¥6S pooLly ventilated, the gasoline fire was quickly exbingulehod by leck
of oxygen, but that in no case did the oxygen ooncentration in the aumosv
phere drop belcﬂ 14% the ocarbon mOLoxide soncontration orcsed 1% or the

- garbon diozidd ‘concsnbration sxassd 4. o Alr Tempsraturss oo hich as :
SGQQpa wOryg Feoorda& e wers not ma*ntalned above 400°C. for mors than
20 szcends.  Ia uonflavrat%ons whers ¢ hs shanbser AL“VoatLLatgcc tha
grsoline tnrnad uwmple sely and there wes Do evidencs of giguificant PEYEZER

dspletion or developnent of significant amountq of carbon monozids or -

carbon diaxioe in thn a%mquherbu

On the baa;a off hoce pwlut ehasrlmcucs. Morits and nis ec;wcfgcra
consluded that heat was prohabdly the most important casualby preduoing
factor in gasoline conflegrations: Trey necordingly directed their x' ,
efforts to sn investigation of the time-energy relationships in the pro—_-
dustion of casunlules by expesure to heat. Hueh of this work has By
baen published (1,2,3,4,6,8,7,.8,%) snd will not be desoribed im deta*l

"in this raeporc.
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At approximate»v ths mamea’ %;me By thq Mopits omperi ﬁ@aﬁq 'Lhe Guuadiéh

'goverambnu carried cut e seriss of oxperimonts iluwols iz( flaus thrower

attggk of a modol Japaness buniter st the Suffisld {é)ber a) Bxporiment Stpe
bion. . In the ocoursa of thess studies: goate wars plecad in ghe bunksy in o o

‘sush & positioa that they were : h;alded fron the f£leue itseli.  Hsaths

osourred-in some of these gosts, and in the msjoridy of hoss ‘aicoumbiv
a lethal concentration of vaﬁbon ﬂonozice was fouﬁd in the- blocd (10¢l?§

The Ganadlan data indicated that the. nroa;cus of combuvtiow ﬁufht plav

& more important rols s a lethel factor in flomeo ‘ebhack than hsd besn cuse

pacted on ths bmeis of Horitz's pillot sxperiments.® - Becauvse of unfavorablo
meteorological conditions abt the Sufficld Experimsnd Station, it wan sgresd
that the Msdical Division, Ammy Chenical Corps, with the support of Divielon
3, Rationsal Dsfense Resea*cu 301m¢5u99; ghould underbaka an - intenslvs inves-
tigation into the lethal faoctors lnvclved in-flsme attseole of enclosed forti-
ficatLOnsa, A F1ame Etﬁaok Saction, of the Tozicologloal Hessarch Laeborse
tory, ifodical Division, Army Chemical Corps, was 5uuordinglv S8 up in %hs
summer of 1844 undez t“a command of Caphuin Boris 3. Rubongbein, ¥.G., and
subgequently of Gaptain Gaorge C. Ham. M.C., and of Ceptain L. B, Hobaon,
¥.C. As thers was immvdiafely'aeailﬁble at Ddgowood Armensl, Meryland, &
replica of the Japanesc bumker which had been used at Fulfivla (Fig. 1) it

was decidsd ¢o ubilize 4% for tho firss oxpsr mautae

At theo ssme tinme, a agudy of tho coastruction datalle of saptured SJap-
ensse and Germen fortifications was earrisd cut by the audhor, snd as a ro-
sult, four different typss wara reproduscd at Rdgswood Arsensl (Figs. 2,3,4,
and 5) . The divergity of %hs Uypoes permitved contidezable variation in the

ouaitioma &tteu;anu %0 the flﬂﬁﬁ attack. : '

It was dgoiaad That bh@ ftr t abjactive ol the Enuevaﬂd wronp ehou ld
v i

‘bs o obtain quancxta‘1VG informetioa concorning tho physicsl snd ohemical
ehsnges ocourring insids © bunlker gnbjscted te flgme attaeck:  Iatsress F85

initielly centered iam thé changes teking pls sce in looations shaltered from

_the effects of direut {lams. - he'mgaauseuent whioh . wore considered mosd

important were as f0¢¢aﬁss o S R ‘-,;-A_,x-ﬁl.'," B

sreturz and eslaria bounbardment at werlops- 00

= T

Js
n tho bunkar.

ke 10

-

i3

™

Oxygon, cerhnn mcnmz:de, and nnrboz dlozlds oewntent ~
of air within the buolker. g

&

Z. The concsnmbraiion &f nnbuvnea hyﬁ?oaez ong sad aihoe
gesoes developed Witﬁﬁﬁ the bunkor. c

The dlgeracancy sults of Moritsz and sf th na turnpﬂ out

1o s dus to the 8 in combustion ona ; rolann
fusl glebically it ain enclogsed builil; and Tavrnlag volous
fusl injectsd invo such & building-




T T e

B
ST SR

RN

o Al
568LE o
ST TR TR
!

-9
i

L s —
e wis Y
e 1
<k r I
s m i
Mm fvou &
" R ) ¥
/ - .
- ) ] fa \.‘
1
NG
| .
e \ v/ s
; I
: L M
. 1”1 ,‘
1..&2?.5{?.5‘54? > \ll.lw - R S e T T "!‘IM‘....rAL}!-.||I... -




KON 23&4 Q0ON 3003
S . uaﬂ &;um .(aw?;
WILTIIHS Gy zé . EdAL- 393NV 902 0

: R I R _ S ‘ LY T T,
CU e Ty R o B Hel LE0n

KOOE a0 DG~ 3

_ . : . o ZLud ARIBIDNILFL
- .m L IR , IS UL A I yasv | FRIBBEIL
3 o ' ' ! .

/ iRG Sl RN ﬁ/ﬁm

ﬁmﬁﬁﬁﬂﬁmﬁm‘iﬁw ﬁ%@ﬁ@q e

N

\s -

* - o - ‘ . . ,

IN S g ‘ MAD BwY \&Uw - FomyRinD 20 TOSO L
, T . o AKQG MM T 3nsNYEL pallE bl

s AT L LY N iy g P e




& | RESTRTCTED

rm
L I
|
i‘

. pparvasLg . - R
FLARRTHRHTHRR -

-

i

L.

3 | EMDRABURE

;¥R AL £
gy

L: TEaTANEGeR §§

5
3 E wi .
P PRI

NSt e VTR TR
LR L A M B NI

SOALE 1Vaen’
a pEatiad

AR

G i
bttt

v 1




g e e we i

|
i

[itscy
&f -
B
N ]
LJ =

o,

&~ g”?
A

%
L S
t

:
a t 3 ;
LIl mpe
£

R
Lha o
f—. ) sy

X

2

-3

£

Ly

IRE

FIG W

e o




RESTRICTED

A r et i

LA R

197t

T

B

[
ofd
tal

il

W
ol

AN

rlnd
el

EENY

»

o 4

Bid

ain)

el




w

RESTRICTED ' 9

Idealily, 81l of the above variables were to be measured continuously,
before, during, end after flams attsck. TWith the exception of oalorie
bombardment, this proved to be practicabls. Subszsquently, the Flame
Attack Section developed methods for making physiologisal studiss of ani-
msls exposed %o flame attack and extended its investigations to cover the
flams attack of moderately and wall ventilated positione.

5

 Having measured bolh tus saviromsental changes produced by flame
attack and having studied the net effect of these factors on animels, it
was desiratle to attempt to evaluate the relative importance of the lethal
factors singly and in combinations of two or more. . ?hese investigations
werse undsrtaken by the Clinical Research Section, Usdical Divieion, Army

Chemical Corps, under Captain P. R. Dumke, ¥.C.

II. EXPERIMENTAL

The methods used for measuring the enviromsental and physiological
changes produced in enclosed structures by flame attack are dszoribed
helow,

A. Envirommental Changes
1. Esset
{a) Ambient eir temperature

: Changes in air tompsrature were measured by means of &
ohromel-alumsl weldsd thermocouple whose output was amplified and recorded

oontinuously. 15 order to insurs sensitivity o rapid chenges in tempera-.

turs, & fine thermocoupls was required. Ho. &8 (12,6 wil} chromsl and
alunel wires werws thrsadsd through two chanuels of a poroelain tube and
allowsd to sxtend sbout ons guarter of an inch from each end, To these
12.6 mil wires, Ho. 36 (& mil) wires were welded, ohromsl %o ghrenel and
alumel to alumel. The § wil wires were Lhon weldsd togethsr to give a
5 mil thermncoupls with 12.6 mil leads. From the othor end of th2 por-
oslain tube the 12.6 mil wires, insulated by szbssbos fibsr tublng, went
to ths ecld junstion whore they wers counected Lo coppsr lesds end imnersed
{n an ice waler babh. The coppir leads from bhe cold junstidn Wors plaved
in asries with 2 10600 ohn potentiometer to peralt sempeosstien for line and
LYhermoooupls resistanes.  The outpub of the thermacouple was thsn ampli-
igd through a Gensral Hohors, uvrsaker type., N.C. amplificr whose cubpub
rag reeordsd on & lins Angug Recordsy. Thormocouplea of Uhils con-
¢ c with & respenssz tlue of abe

Lenvornture measursmeud with ihis

3

r oubpus up to 900°C.
a o -
L i Iy
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elestrically on a thermoccuple brazed to the interior of the cylinder. While
these celorimeters proved to bs satisfactory under condiiions involving rela-
tively slow changes in tempsraturs; the tims lag in respounse was too great for
them to be of much vslue during tha usual brief flame sttaock under sirmulatead
battle conditions. They were accordingly not used for the bulk of the exper-
imants. -

2, Oxygen soncentration in the atmosphere

The por ceut oxygen in the atmosphere wes measured by means of
the Cities Service M. H. Heat Prover, which incidentslly is also equipped to
measure per cent compustible gases (neinly hydrocarbons and carbon monoxide).
Gas Somples were drawn froa the bunker through a one-eighth inch pipe by &
one-quarter h.p. pump sampliag at a flow rate of 10-1%2 liters/ﬁin. with &
negative line pressure of two inches of mercury. A second pump which is &r
integral part of the Heet Prover, drew a measured sample from this main

sampls line and delivered it to the oxygsn neter.

The oxygen meter of the Heet Prover consists essentially of & -
neatstone bridge eircuit, Ywo aras of which arc made up of heated, catalyti~,

platinum wirse, and two arms of variasle resistences and hot wires. The gas
semple drawn from the punker is mixed with excess hydrogen, zenerated in the
meter by & sodium nrdroxide cell cperatiag at constent voltage. On coaing
in contect with the heated catelytic platinum wire, all of the oxygea in the
sample combines with nrérogen, and tne nest evolved by the reaction increase
the tomperature ol the wire and unbalances the bridge. The degree of unval
ance is measured on & milli-voltmeter graduated to read in per cent oxygen.

To make a continuous record of the per cent OXygen, the milli-
volimoter was disconnected and the degres of unbalance of the Wheatstone

bridge was measured on a jGenerali Electric photoslectric recording galveunomete”

naving a full scale deflection for 21C microamperes. The accuracy of the
oxygen determination is‘i0.5%, fee., if E = per cenbt oxygea, the instrument

measures it to within X ¥ 0.5%.

3. Carbon monoxide and cerbon dioxide concantrations

Tha csrbon monoxide snd carbon dioxide concenbtrestions in the
atmiosphere were msa e and Morthrup Selesilve Gas
Analyzers, which &7 i rptie f dipolar

‘astie

L o Aand

R
Sy ouin

LAY L L
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to eliminate the effect of the pregence of that gee on the carbon wmounoxids
analyszes. The dividsd bean then falls upon & differential thermopile which
weasures thoe diffcrencs in energy eof the two heams, -

: The infrered absorption is maximal in the bsam passing
threcugh ths gas filter containing purs carbon monoxide, while the amount of
absorption in the beam passing through the oxygen filter depends on the con-
centration of carbor monoxide in the gas sample. In prectice, the output
of the differential thermopile is made zero imitislly {in the abssmecs of
carbon monoxide ia the air sample) by the application of a bucking potential.
Subsequent appearance of carbon monoxide in the air sample unbalances the
tharmopile by reducing the amount of radiation passing through the oxygen

filtero i

The output of the analyzers wes amplified and rescorded con- v
timuously on Esterline Angus recorders. The relstion of output to carbon
monoxide cencentration was determined by snalyzing gas mixtures conteining
¥nown percentages of carbon monoxids. The air sample was pulled through
the analyzer at a flow rate of 10 liters/min. The accuracy of the determi-
netion is proportional to the percentage of carbon monoxide in the sampils,
so that if X = per cent carbou nonoxide, the analytical error is approxi-

mately +0.05%X %.

b. Determination of carbon dioxide

The method for the determiration of carbon dioxide 1s ex-
actly enalogous tno that for the determination of oerbon monoxide, except that
the two gas filters contaln oxygen and pure carbon dioxide, respectively, and
the additional carbon dioxide filter is, of course, sliminated. Since the
concantratian of carbon dioxide in our experisnce was elways sufficiently
grester than that of carbon monoxide to eliminate serious interference fram
the presence of the latter. an additional compensating filter containing
carbon monoxide was unnscessary.

The sampling rete, mathod of calibration, &and acc 7 of
the determination wore the same ag with carbon monoxide.

curisd in the process of aunalysis, ths Sené air sampl 5
carbon monoxide sanlyzsrs snd carbon diozide mrnalyears in series.

4, QConcuniration of unburned hydrosarosong

]

ha Citlss Service @. He Hoet Frover, monelonod above, consists

o Por he dziorminabion ol oXygsn ad alvnady described, and
bhe deterainacion of unburned combustible zasen. The latior
wburned hydrosarbos i 1

sonatruevion snd

o
20 the owymun moter oxcep
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sxcoss alr parmitting complets oxidation of combustible gases over tha
heated catalytic platinum wire. Since carbon monoxide was being detar-
mined simultansously by means of the infrared enelyzer, the concentra-
tion of combustibles obther than carbon monozids could be estimated.

5., Other possible toxic gamsss

In order to determine whether any possibla texic comstitu-
sntz of ths stmosphere wars being averlosked, gas samples taken from a
bunker subjescted tc flame attack were analyzed by the National Bureau of
Standards, by nmeans of the mass spsctrometer, The results of two
analyses are shown in Table I.

PABLE T

Analysis of Gas Sﬁmples From Edgewood Bunker

Component Sample-#l Sample #2

Mole Per cent Mole Per cent .
Usthane 0.47 & 0.06 0.48 1 0.05
Acetylens 0.05 % 0.01 0.05 £ 0.01
Ethylene 0.38 % 0.03 0.45 * 0.04
Propylene 0.04 ¥ 0.01 0,068 % 0.01
Acetaldehyds .14 * 0.01 0.18 ¥ 0,02
Butenes G.04 2 0.01 0.02 % 0.01
Benzena 0.06 ¢ 0,01 0.07 i 0.01
Tolusne 0.01 % 0.005 0.01 ¥ 0,005
Neon 0.11 £ 0.01 oaosli 0.01
Hitrogan 7.0 F G.) 77.7 I 0.1
Garbon iHonoxids 2,38 & 0.03 2.51 % 0,03
Carbon Dioxids 8.0% % 0.02 10,38 © 0.0%
Oxyzomn 9.59 £ 5.02 .55 ¥ 0,08
Argon 1.10 2 0,07 L.10 £ 0,01

Tt ezn be geern {rem teble I thatl aside {ros corbou
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B. Expsrimental Animalsg

The instrumentel data obtained by the msthods described abeve
pointed tc the importent lsthul factors associsted with flame attack, but
the quantitative data could only bs.evelusted by correlation with physio-
logical and patholozical changes associated with s given set of enviroa-
msntal changes. For this purpose/ sxperimental animals had to be used.

i

Of the availabla sxperimental ‘animals, the goat was chossn be-
cause it was felt that the response of the goat would closely approximats
the re<ponss of man under the conditions . of the expsriments. The goat has
proved to te a satisfactory animal for experiments with toxioc gawaa. The
effscty of heat on the gost had not, to our knowledge, been investigated
prior to ¥World War IT. but in this raspect also, the goat possesssd favor-
able qualifications. ' ~ '

Esat can produce deinage in two ways: (a) Ly loeal injury or
destruction of the skin (burns), and (b) by slevating the body temperature
vithout necessarily attendant skin damage (hypsrpyrexia). In the lattsr
case the rise in body temperaturs should bs related to the amount of heat
absorbed per unit of bedy weight (cala/kg.); On the other hand ambisent
and radiant heat reaches ths body from the surrounding atmosphsre by virtue
of the caloric bombardment of the body surface. It is thus apparent that
a small snimal with a relatively largs surface (target) area per unit of
body weight would be more vulnerable to the sffects of heat than would =
larger animal with its smaller ratic of body surface to body weight.

A oomperison of the ratio of surface arsa to body weight for
various experimental snimals caloulated by using Mesh's formula and
Benedict's oonstants is given in Figure 6, and it can be seen that this
ratin for a goat weighing about 76 lbs. is not significantly d¢ifferent
from that of man. The relationsghip is only approximete since the
epplicability of the formula tc ths goat has not been verified experi-
mentally.

I

2

The animals used for the exnsriments on the toxicolagy of fire
were adult goats weighing from 25 to 138 lbs., and averaglug 64 ibs. The
goats were exemined by a veterinarian belors use and ware rsjected if
thare was any evidence of disease or =abaormelity.

Since tho long hair of the gzosts afferded significant though
124 &

variablc protsction frem embient heat, ell andmnle wers clippad from
knoss acd hook Joints to the hesd velore exposurs %o flams abttack. Clip-
ping was done with an elsctric clipper whieh laft aboubt ous~aighth iach

{

The goats wers iastened i
attuck by a chzin attechad Yo & lez
enough To & shew Lo fall witheul cholkin £oal
Folleowing flmao sitack, the aninsl

until ©

in the structures sudbjected to [lame
thev r. Tis chein was lo
if they beocame pr

¢ wWere un

& c
tho atruchur
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COMPARISON OF BODY WEIGHT
& SURFACE AREA

WEIGHT - - AREA
(IN LBSY CiN SQ METERS)
158G 1.&3
B.cocur
AREA
0.915
K0.458
G- " Tg'
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At the time of removal, tihe animals wore imnediately oxamined by
a veterinarian. Any animal which w&s deed on removal or died within ten
minutes after removal was clasgified as & fatality. ‘A1l enimals which wers
alive ten minutes after romoval were classitied a&s survivors regardlssa of
the severity of their injuries. All soversly injursd survivors were des=
troyed by electrocution imnediately after the ten minute ohesrvation perlod.

C. Physiological Observations ' ' S

Physiological observations on goats expnsed to flame atteck were
a necessary adjunct to the instrumental measurements of the environmental
changes. Dus to. the number of éxperiments which had to De carried out, it
was not possible to make detailed observations on all animals. The end re-
sults of an expsriment were the number of animels killed {as previously de-
fined) or surviving. However, in & large number of animals the body tempera-
ture, blood oxygen concentration. and blood carbon monoxids soncsntration
following exposure to flame attack were measured. . '

In most cases, rectal temperature was measured immediately after
removal of the animals from the structure attacked by flams, the instrument
ased being an ordinary glass laboratoery thermometer. In a few experiments,
rectal temperature was recorded continuously by means of an iron-sonstantan
thermocouple coupled to a recording galvanometer, Blcod oxygen snd blood
carbon monoxide were measured by the method of Soholandsr and Roughton (13).
Blood hemoglobin was measured photometricelly by means of a Klatt-Summerson
Photoelsotric colorimeter, and blood rethemoglobin was messured spectrophoto-
mstrically by means of a Coleman Spectrophctomster.

Additional measurements were made in special ocases, which will be
described as occasion arises in gubsequent papers. :

‘D. Pathology

A representative pumber of animals were exemined post mortem for
gross and microgcopic pathology. The micropathology was interprsted by
Mz jor A. M. Ginzler; M.C.; Chief, Pathology Section, Hedisal Divigion,

Army Chemical Corps:

E. Syathotic Expsriments

By means of the techniquee described above, & conalderable SEoUNT
of descriptive inlormation relative to the euvirommentsl changes produced by
flams attacl was obtained, and this information wasg correleted with physio-
logzicel changes producsd in sxperimental animals. The information did notb
crovids 4 complets sxplaunation of the relative impertance of saversl lethal

factors which occurred simultanscugdlye. It was,; btherefore; docldsd to spprosch
A ¥ -
the wroblum by ezpoding gonts to each of the imeen lethal faotors ab first Ot

thon to expcts them to combinstions of" two ©
out by the Clintcel Research Ssction, Medical Division, uander the direction

P OmOrS. Thig work wTms earriad

~

of Cashain Paul 16 Danie, ¥.0.
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F. Irotection Against Flame Attsck

Methods of protecting persomnel ageinst the effects of flame
attack were given serious consideration, not only by the Army snd ,
Divieion 9, WDRC, but also by Division 11, KDRC. =~ Bxperiments- conducted

at the Army Chemical Center, Maryland, inveolved studies of the effective-”'“;’“

ness of protective clothing and of heat protective ointments. These
exporiments will be described in & subssquent paper, ‘

III. BIBLIOGRAPHY

1. Henrigues, F.C.,Jr. and A, R, Moritsz, Am. J. Path., 32.531, 1947,

2. Moritz, A.R. and F. C. Henriques,Jr., Aqu.Path.,_gi, 595, 1947.

$. Moritz, A.R., Am. J. Path., 23, 915, 1947, -

4. Moritz, A.R., F. C. Henrigues, Jr., F. R. Dubtra and
J. R. Weisiger, Arch. Path., 43, 466 1947,

8. Henriques, I'. C., dJr., Arch. Path., 43, 489, 1947.

6. M¥glean, R., A. R. Horitz, and A. Roos, J. Clin. Invest., 26
497, 1547.

. 7. Roos, A., J. R. ﬁeisiggr, and A. R, Moritz, J. Clin. Invsst.,
26, 50B, 1947,
8. Henrigues, F. U., Jr., Rev. Sci. Inst.,.ig, 673, 1947.
9. Mcritz, A.R., F. G. Houriquas,rJro, and R. Mclsan,
Am. J. Path., 21, 311, 1945, '
10. Patterson, J. C. and 0. 3. Nerdland, Suffield Report
No. 128, March 194&.

11. Bonnycastls, D. D., 3uffisld Report Wo. 128, Karch, 1945.

Oy AT

- [ ] L] 1
' ploEl e

12& FaSW‘ZiB; ’ﬁ’o G: a!ld ‘;te Hc ?fuud, Je (IE-,tO SOC;: Sllie 3 3{;

Pad
L

[SO
)
o

Scholander, P. F. and F. J. ®. Roughton, J. Biol. Chen.,

2 e o




PART II.

TEE TOXICOLGGY QF FIRE

Factors Iavolved in Injury or Dsath
From Bxposure to Direct Flanse,

RESTRI

iiiTy

T
(O



RE3TRICTED
Modical Division Special Report No. 4
TEE TCXICOLOGY OF FIRB

PART -II. Factors Involved in Injury or Death From
Exposure to Direot Flame.

Goats exposed in the open to the effects of seriel bombs charged with
thickened gasoline frequently died within an hour or two. While they usually
sustained severe cuteneous burns, these burns were not of a type which is
\nowrm to produce such ipid death. Exemination of the casualtiss revealed
shat dsath was not due to inhalation of toxic gases or & deficiency of oxygen
in the atmoaphere. - Pathological exemination revealsd, in addition to the
skin burns, damage to the respiratory tract and pulmonary congestion and
edema, which presumebly resulted from the {nhalation of heated air and smoke.

Gosts exposed in the open %o burning fuel discharged from a {lame
thrower also frequently died within an hour or two. They also sustained
severe skin burns, but did not show damage to the respiratory tract. Thers
was, however, evidence of central respiratory failure in ascme goals and in
others there was an increase in serum potessium concentration to levels
ordinarily considered lsthal.

T+ is belisved that in both types of exposures ts direct flame in the
open, death was caused by heat, 2 factor which YMoritz and oo-workers had
shown to te a sufficionl cauge of rapid dsath wnen animals were expossd for
longer times to temperatures lower thar those which sxisted for s few
seconds in these experiments.
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Medical Division Special Report Ho. 4
TEE TQXICCLCGY OF FIRE

PART II. Factors Involved in Injury or:Death From
Exposure to Direct Flame. ‘ o

I. HISTCRICAL

It was indicated in the first part of this paper +that several fastors
may be invelved in causing injury or death to the occupants of enclosed forti-
fications subjected to attack by fleme throwers. These ars chiefly hesat,
carbon monoxide, lack of oxygen, carbon dioxlde, hydrocarbon vapors and pos-
sibly other toxic gases. On & priori grounds it would be expected that the
toxic gases would be most sffective in poorly ventilated fortifications and
less effective as the degree of ventilation of the fortification was increased,
The exireme case of good ventilation would be flame attack of persecnnel in the
open. imilarly, one might expect heat to.be most important se a casualty
factor under cases of maximum ventilation.

As a part of investigaticns sponsored by Division 9, National Defense
Research Committee, Horitrz, Henriques, and co-workers undertcok an sxperi-
mental investigation of the effects of heat, uncouplicated by toxic gases in
the production of casualties and death (1,2,3,4,5,6,7,8). .These studies
have done much to increase our knowledge of the pgonesis and mechanism of
heat injury. That part of tha Moritz end Henriques experimsnts wnhich bears
most closely on injury by firs involved the cutaneous exposure of pigs to.
circumambient (sir) and oircumradiant hest in an oven {4) and the respira-
tory exposure of dogs to hot air and steam (8). ' -

Moritz and Henriquea studisd the effect on pigs of exposure for varying
lengths of time to sir temperatures renging from 709C. to 550°C.  In ths
extrsmss, exposurcs of the order of 1f minutes to an air temperaturs of 80°C.
or of the ordsr of 30 ssconds to alr temperaturss grester thazn 500°C. wers
capable of ceusing scute hyperthermic death. During exposure the auimals
breathsd air st room temperature. The mechanisme involved in the production

{ death at the lower and higher temperature extromes, however, worc somowhat
diftereat, In the long exposures at low tempsratures there was little or no
cutaneoug burning asnd death eppeared to result Irom psriphersal veasculnr Gul=
lapso with sttondant progressive hypotension. In the case of brief exposure
to high air temperetures, there was slways severe general cutaneous buruning
with circulatory failure of central rather thau peripheral origin. The causs
of the centre! cirveulatory failurs was traced to the rapid liberation of po-
tessiun from erythrocytes in the heated cutanvous and subcubansous tissuss,
consaguant demeging offsct of Uhs liberated potassium on the heart (4,

In the wsbove experimsuta, the heat wes epplied te the skin and not to
4 3 3] iy Y el 0 A L AP EE
the vespivatory tract. In enother series of sxpsrimenis, tho sitest o

N

abed by ovtanasous uxpesure to hea
& + 9

oat,

waro muae Lo broeths sither uvven

X T ‘
neati ou the respirabory treet, umsomplic 3 1
wns invsostigatad (8). frosthebized doss
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was a Bsevere pharyngeal edema wnich resulted in obstruction of the resplratory
pessages (and hence asphyxia) withir an nour. ~ In these cases, however, hezt
damage tc the lungs wec not evident.  Yhen %he hsated atmosphere was deoliver-

ed by meang of an in uiated;traﬁsﬁ§rﬁlfcdﬁgg}pﬁinfpaﬁhé'trgchea balow ths -
larynx, the following effects were noted: (a) Hoderate to savere tracheitis
‘without deep pulmonary injury when hot dry air or flame was breathed; and (b)
tracheitis and mild to severe thermsl injiry of the lungs when steam was
braathad. The differsace in the effect of “hot air aad steam was attributed
to the tect thet dry air has little heat capacity, «nd gave up its neat be-
fora rasching the lungs, whereas steam has uors heat to give up and lost
heat more slowly, so that enough heat could be delivered to the lung to
caugse thermel injury- ' T R

heated air, or flame or stesm. If breathed in ths normal feshion, the reczult
1

Theses experiments showed definitely howfhéat.!uncomplicated oy the «
effect of inhalation of » toxic atmosphere, could ba a csuse of death or
severe injury in the circumstances attending {lame attack.

On the battlefield, men were being subjected to flame attack in the
opan and in many cases were being geverely injured {or killed) as a result.
Two very practical problems arose thereby. How could the destructive
power of flame attack be minimized by the adoption or utilization of pro-
tective devices? How should injuries sustained as 2 result of flame attack
te treated, i.e., as heat injury, injury from toxic gases, or both?

Ths experinents of Moritz, Heariques, et al., while very important,
did not completely answer these quastions becauss: (a) Moritz's extreme air
tempereturs was about one-half that of flame tempsrature; acd (b) the possi-
bility of injury from inhalation of toxic products of combustion could not
be arbitrerily excluded, even in the case of personnel sttacked by flame in
tiie open. It could not te conoluded with certainty, thsrefore, that ths
mechanisms of heat death revealed by Moritz's experiments would be those re-
sponsible for killing or injuring personnel attacked by flame - even in the
open.

The following expsriments were carried out therefore to study the
effact of flame attack in the opsn on gosats, and to svaluate the toxic
fectors thersof. The justification for these rather drastic expsriments
was simply that the informetion gainad might save the lives of Allied
soldiers, end that such information could be gainec in ne othey feasible
wWaYs

IT. EXPIRIMENTAL

P~

. Iaterials and Msethods

sriments dealing with the effects of flenme in the open fsll
tegories: (&) Those in which tho fiame was dalivsred ento
fire bombe charged with thickened gasgoline;
eme was deliverad onto the targel by means ol a
rssc wanpons were bveing ussd on ths vettleticld,

he “ire bombs were dropued onto s targest arcs from alreraft, end
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expleined in Part I of this peper the goats were clipped so as to leave a
uriform amount of hair, corrasponding roughly %o the amount of protection
sfforded a.man by a suit of cotton coveralls. - c .

The target area was entered within 30 to 90 seconds after the bomb
detonated, and blood samples were taken on selected dead or prostrate eni-
mals for dotermination of oxyzen and carbon monoxide contsnt and oxygen Geé-
pscity and occasicnally for other analyses. ~"All survivors were examined
immediately by a veterinarian, and if injured, wers painlessly destroyed
on- the spot. Selected goats were oxenmined for gross .and_micropathoiogye

In the second group of experiments, s single goat was tethored in
a location adjacent to a 1/6 inch irom pipe, placed upright and with the -
open end 3 feet 8 inches from the ground. This pipe wag supported by &
larger one to which a chromel-alumel thermocouple was attached. Ths thermo-
couple was shielded from poasible dirsct impingement of burning fuel by &
small piece of itransite. Gas sampling and analysis, and recording of alr
temperature were dono by the methods desoribed pravicusly {(Part I of this

paper).

7 The goats used were heslthy adult clippéd animals sas desceribed
elsewhero. :

An initial blood sample of 10 ml. was drawn from the jugular vein,
and the rectal temperaturs was taken by means of an ordipary laboratory thor-
memeter inserted about two inches. In most sxpsriments, electrocardiogrephic
leads of the non-polarizable, plate type supplied wita the Sanborn Cardiettse
were taped to each fireley and the left hindlegz about two-thirds of the dis-
tance from the hoof to the sxilla or groin. Ordinary electrode paste was
used and the skin was not shaved. Initial electrocardiograms were taken
prior to the flame attack.

In some experiments a cerdisc thermistor, mounted at the end of &
piece of rubber tubing 18 inches long and the size of a No. & French catheter
was passed through a 12 gaupe nesdle insertsd into the right jugular vein
until the thermistor wes at the junction of the venss cavee. Previous
trials under fluoroscopic observation guided the placement of the thermistor.
On occasion, the respirstion rate was msasured by means of a carbon pile
rneumageaph, which was placed about ome-third the distance from the sternum
{0 the vertebrs at the level of the wiphisternum. The carben pile unit was
hold firmly egainst the ribs by =moans of s strap pessing ground the thorax.

L

The slectrodes
ngg end cloth held closz to the body

ot
heet by hesvy paddi
surface.

ds end pneumograph were insulated [roa
cl

=

The duretion of exposurs to flams was of the order of five senonds,
after wiich time the gzoats were dsad or unconsciouz. Survivors were vnder
the constant observation of s vetsrimerisn end a physiclan and wore painle

gsly
destroved if they showed any signz of diseonfort or return Lo consclousness.
o J’ .\i 5]
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Blood samples talten after exposure wers used Jor the degermination
of serum potassium and sodium Dy means of the Flams Pnobometer, plasma pro-

s
th
techniqus, and bvlo
hematcorit was est

the heparinizsd blood.

@
od pigments and gases Ly standard

Tl imated roughly by using s centri-

analytical methods. TIh

(- TR ¢

Immediately after the dsath of each subjact, ths chest wss opened,

" and blood was withdrawn from each euricle. The lungs were remcved, drainsd
. ecsrefully of blood, and were weighed. The blood, water, and ash contents of

f£he lungs were measured suvsequsnily in sach animal., A greegs sutopsy was

performed, and tissue specimens were taken for micropathological sxamination.

‘B, Resultis
- 1. Fire Bomb Experimente

Fire bombs of the tvpe used in these experiments scatter chunks
of burning thickened gasoline over a roughly elliptical ares of ground. For
s fev seconds following detonation, there exists in the vicinity of the bomb,
s largs cloud of buruing vapor which hes been aptly described as o fireball.
After the fireball has dissipated the chunks of fuel burn on the ground for
gavsral minutee. Goa%ts outside the ares of burning fusl wors not injured.
Animals inside the ares of burning fuel were liable to two sorts of injury:
(2) Radiztion burns from the fireball; and (b) actual physical confect with
pieces of durning thickensd gasoline.

. Following the detonution of a fire bomb, the goats were reached
within 30-50 seconis by observers who ertinguished any fuel in contact with
the snimals. While skin coantact with burning fuel produced severe local burns
es might be expected, these were of the type which usually does not result in
immodiste or even rapid death. Yet 34% of the-goats on the surface of the
ground and 2% of the goats in slit trenchos were dead within 10 minutes af'ter
Setonation of the bomb, and 46% of those on the surface and 33% of those in
trenches were prosirate snd unoonsciocus. It appears likely, therefors,
+hat desth or severe injury was assoclated primarily with the cloud of burn-
ing vapor or fireball.

The oxygen and ¢arbon monoxide content of the bleocd of goats who
ve but unconseinua fcllowing the bomb burst are given in Table I. I%
frpa tha data of Table I that carbon moncxide was not a sufticient
noe the arterial blood levels are well below those ordinarily
low oxygen saturation mey be ussocisbed with the sleow
stion of the eninsls end does not necessarily indi-
stmosphere strilingly auficient in oxygsm.

DL
:

4 crade measure of air temperatures abtained was made by scat-
tering tempersture indieating pellevs* over the %targels arses. Trhese pelletls
IS T

never indicebed temperstures above 600°T., but muech higher eir %e
s sxistedi fov twe or threo seconds, and the time lag for melting

a4 e K ~- .77 s (W mo. R Ll 7 d ‘. »T r
sTemnpi l~Pellets - The wempil Lo, aeW YorkK, fHisy-
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Gress ond misressspio pathological studies were made of 14 goau.
"Findings in the individual animale are listed in Table I7.
¥

« ... The signtficant findings were mainly conf'ined to the respiratory "o
.system, and Formed a oharsoteristio patteri. although there was consideradble vers:
{iation from one animel {9 another. Laryssesl e was presant to some extent’
tn &3l bl sie of ths fourtsen goats. Inm six animals the edema of the laryes .
- goul muoosa procuced complete or almoat somplete ooolusion of the laryux, and
1in four more there was partial ocolusion. All of the goats showed slight to:
icensiderabie reddening of the muoous membrans of thé trachea and main bronohi, -
‘but in only one instenoe Gid an exudative pseudomenbrane develop. Several prev:
-aentad a depusit of oarbon that lined the trachea snd axtended through the brons;
7oniul tree, but this was nu® & consistent finding. lu wlmost 2all casss thare
‘was &% lessh @ elight awmms of Fresiny edema fluid in the breneht and lower .-
Jrachens in mome inetonnas, aonsizzrgble edesu flutd poured from the bronohd

-and $£illed the trachea with foamy fluid. v

5

: The lunga dacwed & genaral increase in size and weight, half of -
‘the group showing a decifed incresss in the lung: Body weight ratio beyond - -
. the normal range of 0. to l.2€6. This was associated with congestion of the.
~;lungs vaiying from peishy involvement, chiefly of the lower lobes, to almost
diffuse involvenent oi all lobas; and a similarly variable degree of puhoM
edema., In soms animals the ou* surfaces of the lungs wers considerably con<
gested but pressnted only a slight or moderate amount of edema fluid on pres-
sure, while in others a oonsiderable amount of edema fluid exuded freely from
wv’ teotions and filled the bronochi and trachea. -Microscopioally, the lungs
shawrvd prominent hyperemia of the interalwveolar septal ocapillaries, and con-
‘#22id 7 of the small blood vessels. Zdema of the I.\a.mgu varied from the occur-
rencs of an cocasional patch in sections of some animals to diffuse involvemeat -
of almost all elveoli in seotious of ~thers. Where more advanced, it was
‘usually accompanied by some degree of perivascular connective tissue edema and

lynpathic dilatation. Atelectasis was not a aignifi\cant gross feature of the

4 RESTRICTED
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ulmonery peathology, but areas of partial atelsctasie were not an uncommon
icrosceopteally.  Their occurrence appeared to be related to a
istinet capillary hyperemia and esarly trangudetion of fluid into
the slveoli, and thsy were genereliy absent in gecilons of
vanced esdsma. Thas appearsnce of the bronchi was not sugg
constriction, although the bronchi scmotimes contained col
mated epithelial cells which, posaidbly together with some 1
‘date; mey have sontributed to partial obstruction of asuch bro
ial dssquametion vseurred chisfly in the <trechen snd main brong
or not at all in the gmaller bronehi- Actusl epithelial necrosi
observed. Qccasionally, granulea of carbon pignent were observed a3 far
distally as the respiratory pronshioles and atris. o systematic histolog~
ic study was made of the other orgens since therc was no gross evidence of
pathology- ' ' - '
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Z: Flame Thrower Bxpsrimeonts
a. Chonges in ths atmosphers

The results of fifteen +trials in which eir temperaturs,
oxyzen, carbon onoxide, carbon dioxide, and hydrocarbon concsntrations wers
measurcd continuously are shown in Table III. Two valués ars recorded for
each varisble: The peak or extreme changos and the Ct or Tt product, whieh
is the intsgral of the curve of gas concentration, C, {or air temperaturc;T) :
versus time, t. The integration of the curves was done machanically by N
means of & planimeter, and was carried out from ¢-0 at the tinme of firing ’
to the time when the estmospheric condition had returned to csseniia:ly nor-
msl limits {(usually five minutes or less). In the case of oxygen, which
decreased in concentration a&s & result of the conflagration, the ragults
sre expressed in terme of & Ct where A C is the change in oxygen concentra-
tion expressed &s a positive number: Thus, the grsater A C%, ths greater
the oxygen deficit over ths given period of time.

The Ct valuss were caloulated %o give soud index of the

1

| dosags of a given inhaled gas, for ¢ (vols./100 volumes) times % {minates)

: timsa resplration rate; R {volumse for minute), hes the dimensions of quan-
] tity of gas. If respiration vate is assumed Lo be conchant {rem ons animal
P and experimsnt to angther over the pericd in which the gus is respired, 0t

i nould be proportional to the doss of ths 1nhaled gae.  Whils The ansimp-

A

sho

tions mey not be and probscly ars not gtrictly justifi . was at closs an
D

QO
(7
9]
Lokl o

i approacn to 2 dosago gaantlty as wes practical. The guantity & Ct for oxy-
' gon representing as it doss a deficiency of an essential stmospheric son-
gtituent rather than the pressncs of & noxious constitusnt, may still bs
conaidersd in o zsnss as representing e dnsage of &n injurious guantity.
my ny the sams ressoning may be lunaglued as & dosags cf heuwt, altheugh the
heat probably wcbs mainly on the surfeoe of the hody and reletively little
. oy virtue of i®s lmhalsbion,
Tonred
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RESTRITTED 25

In these trials, ich {lame anuarentl - struck the sanp-
ling point, +‘ere wes else = mar}ed ﬁplutinﬂ of oxygen, ead carbon monoxide
was present in concentrations whioch rse as hggh as 9.3% (DF 9),  Unbusrn-
ed hydrocarbonsz wers zlso pravent oven ch sambustion was taking plass in
the open air. The conceniraticn of the varlous EdCPd returned bo uﬁ"F“4
levelu, hovever, almost” immediabtely aftev the fisamc pagsed, sc that the Ct
velues were low. ‘

d‘ (Ta

o il

O
ﬁ [

(.F‘t

o
B

All goats exposcd to flame showed s diminished responss o
pain and appeared to be unaweare of what was nappsning around uhom. Kone
wes convulssnt, bub all but one were proe tpata. Reflexes wers diminishsd
tsrminally, but were normal othervise. '

Respiration waried fron aninel to enimal and from time %o
time with ssch goat (Tabls IV). The most common type of breathing was
labored, slow, and noisy, of varimble depth, and subsided gradually intc a
seriss of slcw gasps. Every goat had & thick tenuous nasal discharge.
whiclh did not ssem to interfere greatly with respiretion. YHost aninels
also salivated excessively-

The estimeted extent of the body surface which was
seversly burnad varied from 3b %o 100%. This amount of burning
generslly is fatal in human bsings.

The rectal tempsrature of thie goats often di
all and nsver excesdad 42°C. kT&ulC IV) The sardiac temper
highar then the rectal by 2.1 1o 4,19 ., snd in some wsrs &bove tna staf
of hyperthermia Cound to bes fatel in pigs by ¥oritz and his g

The heart rate mlways rose during exposure to fleae, and
remained high for = variable lemgth of time. 105 of the animals which
disd soon afier expooure showed aleCtIOC&rdJD rephic changed usually masso-
cisted with cardiac encxia, 1.6-; termln bxadyca rdie, conduchbion defects
of verious typss, sctoplc fecl, arnd var i sble arrybimias (Figs, le end ib).
ons goat (Fig. 2) had a slow ventrieuler fiurillation described as ocourring
iy pobsssiun intoxication (7).  This animel also hed hign 1l vols of bloed
go?a siun (rably VI)-

q-’

The blord carbon monoxids did not rise to dangercus leve els
in any of expoasd 3 on whom anelyses wesi'e made
{Tebles V). of the nar cent saturatisn, and the ro-
meining b 855, respootive. he final oxygen gefuration in
thess same nged from 4.0 To ‘7eﬁﬁjbﬂt he luw oEyEen sa*urations
caanot be ted Lo oxygon deflclensy in the oim osphers bhen
the gools simosphoric eir for ot leas® Bﬂ?af&l Ainuies
lgzthe 3 tretions ceased in tisge anlmals bafor
sction s¥o ig probable Lrel thg nnoxemnld WAS of

e ——— e e v e
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TABLE IV

Changes in Physiolcgical‘Eeasu:amenﬁsjpuring‘Exposnré to Flams

Bedyv Tampsratura

(°C.)

Hsart Rate Respiration

ao;z No. Feotal Tardiac - (Change in beat (Chenge in rets
' - par min, ) par min.)

DF 16 40,1 - - -

pr 17 - - - -

DF 18 30,8 - . -

DF 19 -0.1 - +85 -

DF 2l 0 - 430 : -80

DF 22 o - +30 _57

DF 23 -0.1 - +25 47

DF 24 #1.2 - - -

DF 25 31.1 - - ' -

DF 26 $1.5 - +100 +20, -4

TF &2 2.9
oD 3% $i.

DF ¢4 <G, 1
oI 4b S0

RESIXICIED_

+4,0

+3.68

- $05 +352, #1c4
- - =28

- - +228, -218
vdel - 12, =%
£3.4 70 -10
2.1 ¥4 8 ~48
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52 RESTRICTED
The serwa pobassiunm *oncentrat*on‘was always aleveted
,&Pter exposure 5o flame (Tapls VI). The average initial walue for serum -
potaszium was 17.13 mg./100 nl. and the range 12.5 o 33.7 mg» /100 ml.
{blood drewn from the jugular vein).  Blood sumples after dselh were
taken as gquickly as possible by opening ths chost wall and withdrawing

slood from each auricle. While sometimes in good agreement, the samples

s
from the two auricles showed &t other time

e C arked differencss in ths
concentration of gerum potassium ag well as et% plood constitusnis.
Ho saplanstion for this diflsrsnue wus app&rant,

Only four goets (DF 25, 28, 30, and 31) nad final serum
potessium levels aoovs 50 mg./100 ml., the level usually considered to
bs lethal. : -

The serum sodiwa concenbravion &av srpgs d 343 mg. /l 00 ul,
before exposuro. The final sauwples {Table VI) varied from 383 to 286
EE./100 ml. and in meny instances the terninal 5uni 1 concenbration was
lo than the initisal.

Thae amcunt of hem o~lobin in the serw (i.e., from hemole
yeis) did not psrallel the potassium levsl although it varled widsly, and
wes generally higher in the left suriclse than in the right.  The amount
of hemoglobin 1n‘whola blood bafore and af'tor exposure to flame is zhoma
in Tebls VITI. The concentraticn of hemoglobin increased af'ter exposurs,
ths increase verviag from about one to fifty per cent.

A rough hémetocrit determination was made 1in gans experi-
nents, Thz results \Tablo YII) showed wide vuriations af'ter axposurs to
‘iame, and poor correlaticn with changes in the conceniration of hemoglobin.

he veriation in vlssma probein concontraticn belors snd af'tar sxposuva san
he saen frow the data of Table VI The changes were nub marked, =nd thers
was no correlation betweon the concentrabioen of plegme proteins and heuo-
zlobin or the hemaboorit after sxposure to fleme,

il

1

Gross pathologi“al gramination ot 15 goats dying from ex-
posure Lo divect [lems shicwod obvious burning to the SUpDFflC‘al lavers of
the skin and muccsa. The larynx was sligntly edemnious in a fow goa;s
spd ths brachoa was oceasionally hyperemic: The lungs of = Aurbsr ef the
animale appaared %o be hypsrsmic to & vartable degres, sud gsusrally wore
Gyanotic. Thera was no grogs odems orF heworrhege:

Vicropathology wes confined almost eabir
waich showed wocvosiy : S Tne dermis
latsd throuzh at lses 3% 01iy ons o5t
DF 28) showed necrosi cimess of the ds
of the heart, resplirs liver, emeil Lo
kidnsy and pitultary; s peyond The winer pfbhu
in tho croung of & gro zoata considerad o bo

T A Y
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TABLE VII

Hemogletin and Hematocrit in Joats Exposed to Flame

Trisl or “Remogplobin (zm./100 ml,) Hematocrit {rough - ) )
Gost YMo. Initiel ¥inal . Initial Final
~<L" Rtﬂ L' 'te
Aur, . Aur. , Aur.  Aur.
D 16 T.T4 10,88 11,10
I S, k4% 12,312

DF 18 A 9.75 13.20 12.38

OF 21 11.27  12.88 1&:18
oF 22 10.43 15.41 1262

o
'
[ 3]
(35
=t
(@7
-
w
[41]
]
,_I
~3
-
Eav ]
]
LY
[42]
o
L&
o>
[l
]

DF 25 T+20 7.8€ T.42 50 30 40

J
3
A%
e
w
bt
1%
[#e]
<«
[o2}
[teN
w0
o
-3
fa
1Y
41}
[l
(&)
v
o

DF 28 745 7,492 10.09 25 20 39
D¥ 23 927 8.0 9.40

(=)
e}
W
—
o
-
~
Qo
[de)
L]
[®]
Q
€O
2
)
<
]
o
¥
<
113
53]

DF 33 10:3 12.6 -
DF 34 93.68 12.0 12.0 &0 55 50
Ny 35 9,84 1104 1070
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afsroral artery
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welevotid artery

RESTRICTED

')

i e




different, hewever, from the effects of exposure to flame from the flame =

'
11 o

RESTRIGTED
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ITI. . DISCUSSION | | e

7 A review of'the-faéults of,pﬁé:éié6£§q§ﬁ§$f§e§cfiﬁéﬁl&ﬁéﬁé;tﬁéﬁﬁ §itﬁi
the aerial bomb chargsd with thickened;g;sbliﬁﬁ;ﬂhd”thé“flame‘thrd#erj”rea;f
veals both similarities and differences. - There was' unok; in ‘either -set of ..
experiments, evidence thet toxic gases or atmospheric: anoxia played any sig
nificant part in producing casualties or death. ~“In both sets, there was -
ovidence that intenss heat was phq'predém;ﬂﬁﬂt:&éﬁhﬁlﬁggp;p;{?gégégﬁix it 5

e

. The effegts of exposure to_flamawfébﬁﬁthéf@éiiéi;pgmbpﬁeré Sﬁméwﬁﬁt;",;"vi"’*b

thrower. The only explanation for- these differences would appear, o be -

in the different physicel characteristics of the respoctive fuels or ia
their state of dispersion during combustion, since their chemical composi-
tion did not differ in sny material degree. - Tl T

Goabs dying from exposure to the effects of the fire bomb{‘shoﬁédjiv

consistent pathology of the respiratory tract, such as leryngsal edems,

tracheitis, and pulmonary congestion and edema. Goats killed by axposure -
to flame from the fleme thrower, on the other hand, showed no respiratory
trach pathology in 14 of 1b goats examined. in both seis of experiments
the pathologists expressed the opinion that the immedisbte cause of death

_ was not readily apparent from the anatomical lesions found on gross ana | |
" micropathological exemination.

The lesigns of the respiratory tract found in the first et of ex-
periments could have bsan caused only by the inhalation of 8 heated atmos-
phere. It will be recalled that there existed for a few seconds after the
burst of the fire bomb e "firsball”™ which was spparently composad of burn-

‘ing hydrocarbon vapere In some animals there was & deposit of ocarbon

which lined the trachea and extended through the bronchial tres. This
would indicate merely the inhalation of smoke, but it is not unreascnable
to assume thet the smoke was very hot. ° :

~ In the flame thrower experiments, there was no significant involve-
ment of the respiratory tract. 1t should not be inferred, howsver, that
this difference would always exist betwoen the effects of firs bombs and
flsme throwers, since it appears to depend on physical phenomsna which
might well vary under slightly different conditions of expaosure. In
fact, Canndien investigatora have reported finding pulmonary edema in
goats subjected to flame attack in the cpen by flasme throwers (9,10}

Physiological studies were nob practiceble in the fire bomb exzperi-
ments, but obsorvations of various sorts were neds on goets sxzpused to tho
flame thrower. These observations wers consishbent with ths hypothssis
that heal was the sole imporbant lethal factor in deaths resulting from
dirsct sxposurs for a few seconds ©o flamwm. The twe primeipal sffacta
of hoat whioh must be considered ara: (&) Tocal cutansous vurna: and
(v) general incresse in body temperaturs. :

e e g m B LUl = e R W Pmemt e e P S8 e Ko xR a s - e eivea e .
e L S T T L
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Morits and his group déscribsd two mschanisms of death in plgs ex-
possd te¢ heat. (7). When the animals wsres hsated slowiy, death ctdurrsd
&s a result of peripheral vascular collapse with attendant prograssive hy-
potensian. In brisf expesurss to high air temperatures, thers was circu~
latory failure of central rather than ﬂerlpheral origin. The cause of
““the "central oirculatory failure was attributed %o the rapid relssse of”
;potagsium from erythroeytss in heated cutansous s&nd the subcutanscus
-_tzasues and the consaquent d&maglng effect of the pot5381um on the hearu,
= The goats exposea to the {lnme Lhrcwrr d;u Lot fhil
‘either olasz. . The heart action in soms animals -stopped bs
‘about the same time as the respirations. Two of. the. goats, n tDlE group
had serum potassium values above the presumed lethal. level ana one (DF 28)
an electrocardiogram (Fig. 2) whizh showed veatricular fibrillation that
might have been caused by the hyperpotassemia. In other gosts, ths res-
pirations ceassd well in advance of the last heart best, and all of ths
eleotrocardiograns were, in the termindl phase, of the anoxic typs.

Only one goat of this group ‘had a high serum potassium valus.

It would anpear freom these data tha* in some oases at lsast, the -
liberation of potassium intc the dlood stream is en imnortant mechanism
in death from exposure toc flame, It is not, however, the only mschanlsn
since most of the gouats which were killed by flame did not ghow & final
serum potassium concentratlon at or above the lethal level, snd since
respiratory arrest preceded cardiac arrest.

The data on the gosats do not”allawran acourate evaluation of the
role of peripheral vascular collapse. The presence of shook, howsver,
wes indicated by the hemoconcentration (Tabls VII) which war observad
with fair resgularity.

Thus, while nc definite statement can be made as to the exast
cause of death in animals exposed to the sffects of flame in the open,
it appears from the data on nand that heat per se is the primary lethal
factor, that respiratory involvemsnt may or may not be present depending

r. the particular conditions of the conflagration, but that respiratory
ipvolvement is not a necsseary accomn&nlmsnt of fatal exposure.

One can, thersfors, generalize that long {15 minute) exposurs to

an eir tempe:u\afe of 80%C. can kill by causing acute periphsral vascu-
lar collepse (Moritz et els), short exposures (30 seconds) to tempera-
tures of buoou‘ cun kill by Lau51ng & rapid release of potsssium ’;Lo
the blood stream {Moritz et al.}, and that sxposures on tno crder of

§ secoads to bs saraturss apbproximating that of fleas {theses sxperi-
ments) can kill savaral mechanisms wnieh include hypsrpotasasnisa,
hyperthornie, and shock.
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THE TOXIGOLOGY OF FIRE

PART TII. The Creation of Toxic Atmospheres by Firs
- SUMMARY

Zxperiments in which flame throwers charged with petrolewz fuel
wers fired inte a poorly vsntilsted siructurs (& Japanese-type bunker)
are described. In portions of the structurs where turning fuel did
not penetrate, the oxygen concentration of the atmosphere was temporar-
11y roeduced to levels as low as zero, carbon monoxide reached &s high
as 3.5%, carbon dioxide was high as 108%, combustible hydrocarbons &s
high as 10%, end sir temperature ss high as 375°C. :

Goats exposed to these alterations in tha atmosphers frequently
died, and there wes a fair correlation between the erimal mortality
and the severity of the changes in the atmosgphere as meesured by the
integrels of the geas concentration:time curves end air tempersture:
time curves.

Physiological examiration of selected goats dylag from exposurs
to flsme attack in the bunker revealsd in the majority of cesss the

presence of enough carbon monoxide in ths blood to be considered lethal.

There wag also a deficiency of blood oxygen, & rise in rectal temners-
ture, and hemoconcentration.  FPathnological exemination revesled pul-
monary sdeme in many of the goate: The significance of these chunges
is discussed,

It is pointed ouf that in conflaygrations enccuntered in civiliaen
1ife gimiler e%nospheric couditions may preveil.
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THE TOXICCLOGY OF FIRE

.

. .PARY III. The Creation of Toxic Atmospheres by Fire

‘T... . HISTORICAL

Fart I of this peper pointed out the practical importanae of flame
warfares in World ¥ar II, arnd the desirablility, from the military point of

visw, of gaining more information as to the mechanisme, obther than con-

tact with bturning fuel, oy which {lams produced oasuelties or killed.
Flame warfare was especially elfective in the attack of enclosed fortifi-
cations such as dugouts and bunkers, snd it was rnoted in both the Buropéen
and Pacific Theaters that the occupants of fortifications subjscted to
flame atteck were seometimes killed without visible evidence of being
burnsd.

{hese observetiona lsd to the hypothesis that flame might kill or
producs casualties by virtue of hest (radiant and ¢ircumembient) or by
ths creation of » toxie mtmosphere, l.e., ons daficient in oxyzen and
containing toxic constituents such ag carbon monoxide, carbon dloxide,
hot particulate matter, steam, and posaibly irriteant gases regulting
from the partial decomposition of petroleun fuel,

The relative importance of these lathal or cesuaity faotors could
not be assesssd on & priori grounds or investigated on the field of
attls, so a progrem of experimental investigaltion was set up as des~-
crived in Part I orf this papers It was felt that heat should be the
declsive casualty-producing factor undor conditiens »f good ventilatior.
such as flame at+tack in the open, where there would be little opportunity
for the scoumulation of toxic gases or s deficlsney of oxygen: Part II
of this paper describes experiments which esteblished tue correctness of
this assumption. The present paper descrives experimsnts which show
thst m toxic atmosphere can be crested by fire burning uader conditlions
of poor ventilation and that injury or death may result frow expesure %o
auch atmospheres.

o

o s T T AT
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A. Heterials and Fefhods

sceribed were carried out by flriag s
fiame ¢ bunker so that burning fusl snterad
tn wsures. Ths bunker wes bullt mostly
L opaning spproximstely one oot above
2 : roz of L osg.rt.  The only ovher
cpening Was aar Seor annrowimstoly 3.8 By § fset. which lod into ths
bunlter througn a Lellilod DAassegs: The volunc of the bunker wog 3400
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4 .iThﬁ'intafiorfbf;thefhunkgrnwas;divided_into;ﬁhrgé,ccmpurfﬁents_byH

compartment by the baffles, but flame and smoke penetrated Yo the other

~compertments. Reasons of milltary'sedufitylhaﬁe"prbﬁibited-tbefraprddﬁc;

tion of & drawing of this bunker; and it is, therefore, impossitle to

. visualize the experimental getup exactly. However, the flame thrower o
‘was fired into the central compartment of the bunker. = Goats and sampling -
equipment were placed in sach of ths adjaceut compertments at positions
which may be-labelled-Positicn 1 and Position B.  Goats in theee posi-
‘,,tidns_QSUallyudid;npt sustain severe -skin burns when the flame thrower
was, firsd.into thq,dentralAddmpartﬁent of the bunker; - ' s

The goats at Positions 1 .and 8 wers tethsred adjacent to sampling
points whioh consisted of -a thermocouple for measuring air temperature; -
and a pipe line for drawing off samples of air for analysis. As des-
oFibed in Part I of this paper, continuous rscords could be obtained of
‘the air temperature, and of the concentration of oxygen, carbon monoxids,

" carbon dicxide, and combustible hydrocarbtons, before, during, and after

a shoot, +In a few sxperiments, where small quantities of fuel were used,
goats were exposed at Position 5, a location closer to the embrasure at

which the flame tirower was aimed than were Positions 1 and 8. Eo meas-
ure=ents were mada of air tempsrature or gas concentraticns at Position 5.

, Two fusls were used in these studies. Both were composed of petro-
leun hydrocarbons, but.differed in viscosity. For purposes of dsscrip-
tion, the ome fusl will be chardcterized as "thick" and the other as "thin"
fuel. VYarying degrees of change in the atmosphere of the bunker were
produced by varying the amounts of each of thess fuels fired into the
bunker. 7 - . - ‘

The procedure followed in sach trial wyas to place the goats in the
dssired positions, start the sampling soparatus, and fire the fliame
thrower.

is Boon as the anslytical instruments ‘ndicated tkat the atmosphere

was azein sssentially normal, usually about five minutes aftsr firing; en
exhaust fan wes mcved into the rear deoorway and the residual smoke was
quickly exhausted. The bunker wes then sntersd anda the animals rewmovedls
Those desd on removel or dying witnin ten minutes after reaoval were arbi-
rarily classifisd as having deen ¥ill=d by the expusure: Those surviv-
: ten ainubss after removal were arvitrarily classified es surviving the

. Any survivorg which suifered burns or obher injury were pain-
gstroyed on ths spot.

N
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gurs to {leme attack
ats the instru-
5f the stwosphsre
o blood was drawn frem
; weras placed in the duuker prior
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ature and ancther blood smmple were taken. This final blood sample was
taken f{rom a carotid artery sxposed by rapid dissection. Eech 10 ml. . =
blood semple was placed in a tube containing 20C mg. of potassium oxalate,: .. .. .
stirred well, and plamced on ice in a dark box. The arterial samples wers ! )
collected under mineral oil and determinstions were.always completed om .o . ..
the day of the trial. The analytical methods ars described in Part I =~ - "w o
of this paper. Sslectsd animmls wers alsc sxamined for gross and micro- : e
pathology- : S o LT

The firing of the flame thrower into the central compartment of
the bunker resuited undér the conditions of these sxpsrimerts in esaent-
ially complete combustion of the fuel, and preduced at Positions 1 and 8 a
rise in air temperatur: which resched a maximum of 400°C., a fall inh oxy--
gen concentration to a minimun of zero; a riss in cari 1 monoxide to &
maximum of 3.5%, a rise in carbon dioxide to a meximum of 10%. snd a rise

in the concentration of oombustible hydrocarbons to a maximun of 8.5%.

The time trend of chenges in eir temperature, oxygen concentratiorn, carbon
monoxide concentration, and combustible hydrocarbon concentration are

shown in Figs. 1 to 4, which siow the extremes and average change in ,
forty trials in whioh the same quantity of fuel, thick or thin, was , -
fired into the bunker. o '

It was recognized that %wc facturs were probably involved in . S
the sffect of the alterations in the atmosphere on the sxperimental ani-
mals, namely, the intensity and duratien of the abnormality:

Attempts wers mede to correlats animal mortality with the peaxs
¢f the temperature: Time and gas concentratiocnstinme curves, but the cor-
ralations were not imprsssive. It was then dscided, following the reason-
ing presented in Part II of this paper, to integrate tho curves mechanic-
ally by mesns of planimeters and thus determine Tt and C% products whish
=ight prove tc ve more significant with respect o-animal mortalisy.

1

c- 3

The curves of the individual trials wanich made up the composite
curves of Figs. 1 to 4 were integrated Irom t=zero (time of initial de-
flection o v=4 {4 minutes after initiel deflecticn)). Four minutes was
chosen beeausa it wes Telt Lhal Lhe ges and Sempsrature valuos wers oo
close to normal aftsr 4 minutes ir these particular trisls that integra-
tion over longer time in%tervals would not be sigaificant.

There was of courss a %ime lag in palling the gas samples i
through the smapling lime but this was correcied Por by ta¥izg a0 eb !
the time of the instrumental indication of the {irsi change in cowposition |
of the atmesphere after firing. 1

' |

The T+ and Ct valuss obtained are represzanisd in the hisvograms ‘
of Figs. & to 8. Ia thosa, thns concentration of carbon monoxide and of i
coabustitle hydrocarbons is mosasured as voluiss per cend above zéro, “he X
concenbration ¢f oxyzen is mzasurad &3 change in volumss per cent below 20, ‘
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~and tempersture as °C. above zero, since the initial environmental tempara-
ture on the instrumert scale could not bs distingulshed {rom zero “C. The
height of each histogram reprssents the mean value for thick and thin fuels,
respectively, and the superimposed dots show the scatter of the individual
valuea. It can be seen from Figs. & to & that the integrals of the temper-
" sture:time and concentration:time curves wera fairly consistent, and that =
there was no esaential difference between the two fuels used so far as
altsrations in the atmosphere of the bunker wers concerned. a '

, " No curves or histograms are shoma for cerbon dioxiae- . This gas ..
#as not measursd in many of the trials bscause apparatus for its combinuous -
analysis was £ot available. The maximum peak COp concentration, whem
measured was approximstsiy 103 and the averagm peak approximatsly 7&. As
with the other gases, the concentration of carbon dicride fell to essent-
imlly normal levels within 4 minutes. - - - . - - '

The effect of the changes in the atmosphere ox animal mortelity
can bs gesn more clearly in another group of experiments in wnich the
amount of fuel fired into the bunker was varied so that a wide range in
the severity of conditione was produced, The dats are shown in Tebles I
and II. It had been decided by this time that the continued measuremsnt
of combustidle hydrocarbons could not provide sny further wvaluable informa-
tion so data are not given for this variacle., On ths other harnd, the in-
tegrals of the oarbon dioxide concentretion:time curves {CO Ctis) ars
given. Ip_each field trial, there resulted a set of gas G%'s and & Tt in
two positions, Position 1 and Position 8, Two goats were exposed in éach
position in every trial so th.’ *“-rs ocsurred a goat mortality of'2/%,'1/2,.
or 0/2 corresponding to each set of Ct's and Tt. L ' )

The correlation betwesn the gas-temperature valuss and goat mor-
{ality is shown in Figs. 9 to 12, Tt can be seen that there was a fair
correlation between each of the variables measursd and animsl mortslity.
However, the variables heat, oxygen, carbon monoxids, and combustible hy-
drocarbons are highly corrslated with one another; so that the correlation
between any one of the variebles and goat mortality caaonot indisate a
necessary ceause and effect relationship betwscn that perticular variable
end death. Thess factors will bte discussed in more detail in 2 subse-
guent papsr.

‘The affect of fatal sxposure on the goats, as revealed by
chanzes in the btlood and organ pathelogy, gives some information about
the causes of daath, Thiritv-cns goats which wers dead on removal froa
Lhe bunker were stuiied for changes in carboxyhsmzoglobia, oxyhemoglobin;
zotel hemoglobin seoncendrabicn, and rectal famperaturs. Twenty-ons of
these were exsmined for zross sad micropilhoclogy. as wers also two
sdditional gosts which wmere alivs but moribuad when removed from the
bunker, and wnich were sacrifliced.
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, ig. 13 shows the amcurns of carbon nonoxide in arterial blood
) (£ HbCO); The heighth of the histogram indicates the average ; % ¥ul0, and
“ the individusl observativns which make up the average are shomn 85 super- .
imposed points. The per cent carbexyhemoglobin was qa,~g lated frem the
equ&ti On: 7. o o . - i R ) d R ,_»_:*, - o e L . 3 R : o :4—7‘_'.. - V L S A'(,-_
- Tce o - T SRR S
-t % HbCO 2 - x 1C0 -
RN A _ c 7
‘where Ceo was the carbon monoxide content of the blood {in volumes psr
cent and Cp the oxygen capacity of the vloed (in volumes per cent).

- It can be seen from Figc 13 that there was no substantial dif-
ference in the % HuCO found in goats dying at Position 1 and Position 8,
‘tut those dying af'Position 5 hed consideradbly less HoCO. - It will bs re-
called thet Position 5 was closer %o the flame than the others and that,
therefore; heat was probably the dominant lethal factor in that position.

The amount of oxygem in the arterial blood (p Hb0p) is shown
in Fig. 14. Thsrs is good agreement in the values obtained at Positions
1, 8, und 5, and all values are of doubtful significance since it is pos-
gible that there was utilization by the tissues of oxygen in the blood
if respirations ceased before circulatory arrest or of uptake of cxygen
by the tlood if the snimmls brsathed pure =2ir before dying. Fig. 15
shows the per cent changs in ths hemcglcbin content of the bloeds = There o
was usually some hemoceconcentration although & few goats ahowed a decrease

n hemoglobin content.  The histogram shown by aolid lines for Positien
5 shows tne everage per cent henoconcentration if the sxtrems value of
62.1% is sxcluded. The dotted extension of the histogram ashows the
‘effect on the mean of including this extrems value. Ths per cent
hemoconcent rat*on.was calculated ass S

S S - ote) . .
e ¥ I x100
EDI »
,Uhe & ﬁbT is. t“e initial total hemoglcbin ccnuant (in gms/lOO ml., LY
nbp the fld&7 total nemoglobin content.

fig. 18, from
from goab b
glevaticna et Positl

The motheroglobin contenl of four zosts deforo and afier
flems sttuck is shown in Teble [IT. The samount was small and insig-
aificant initielly snd was not increased alver S4posure.

twornty~one goaus ww'
two which ware mori
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Viguve 13, Amount cof Carban
¥onoxids in Arterisl Blood (3 HbCO)
of Coate Elilled by Flams Alteck
% HolO |
Y
¢
_ Figure 14, Amount of Ozygea
ol % "
b3 o in ATtsrial Blocd (% Hula) of
Goats Killed by Fisme Atiack
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TABLE ITII

Matnenmcglobin Content of Goats Before and After
Exposure To Flame Attack

-

Animal } % Methemoglobin
No. Initial “Final
14 SR 1,82 o
L8 1.47 0688;
N3 | S L3 LT ,
N4 14 0.75 P

and two showed no avidence of skin burns. Aside from ths sgkin burns, the
remaining pathology was essentially confined %o the respiratory tract.

The lungs, grossly, showed edema and congestion varying from mild focal
hyperemis and patchy edeme of the lower iobes to severe, slmost diffuse

involvezent of most of the parenchyms; in the more szvers instancss, the

lungs were large, heavy, boggy: or almosh "meaty” in consistence &nd
reddisn~-purple in color, with < ~able mdesa ['luid exuding from cut
surfeces, and frothy edemm flu.’' .. +he bronchi and trachsa., From
a combination of gross and nicros “zg,; pulmonary sdema was 83~
timated ns ccnsiderable or sgver of ths twenty-three deaths,

moderate.in nine, and sbasent in nu

In about hall Mo es wx uihis group, there was slight
to pronounced edsma of the "-= mgesl mucous membrane resulting in partial,
or, in the more Suvers :ns. - - 3 s ~erently complete laryngeal obetruc-
tion. The imprassion =as “s nastances ol laryngesal edema
were most lilsly to occur a: " ~y.  ™l¢ molsture was present in the
bunker, which may nave res. . . 1y wa p asretion of steam #wnen ths fleame

sntersd, The laryax 2nd e 2 coutuined deposits of cerbon which
often extrnniad or ¢ oo sadn. e dirtmnoe distally.

8i nificent grote om 380 v OTe avsent in other organs of the
anivils in the groun excn. . %, € °C D Jor the frequent ocourrence of a .
cherey red coior of tum Leatss I7s bra:ns wore not ezxamined,

B
‘-b-
'»J

3

o

]
3

It iz s omabtisr of geaeral knowledge that a guled ing flems,
gsach vt lamp or csndle, will be axtinguished if tha ox¥gen consenira-
tiorn tha atmospshnere fells below 18%. This fact hes bsen utilized in
mInct 1in rasocus opsiations as s tost for the pressence or an atucs-
chsre  obaining sufiicienw oxygen Uo support 1ifg. ticrits ot a1.(1)
lirew 2 ted thal when ia larg treys wes sintic-
= * i X 1 gased on th
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When burning petroleum fuel is fired under pressure into & poorly
ventiluted space, such as & bunker or similar fortification, the condi-
tione of combustion psrmit of & much more effeciive use of the atmos-
pheric oxygen. I+ can be saen from Fig. 1 that the average minimum
cxygen concentraticn in a series of forty trials was arcund 6%, and that
it fell in some trials to s level not significantly different from 16ro.

The more e-7lcient ufilization of oxygea in the flame thrower &x--
periments is also rsflscted in the concentration of the products of com-

bustion. TWhers Moritz et al. (i) for example; found a pea¥ carbon mon-

oxide concentration of l.4% in their experiment with gtatically dignited
gagsoline; the everage peak in the forty trials with the flame thrower
was around 2% and the meximum peak Was 3.6% - '

Ccomplete compustion of petroleum fuel should result in the end pro-
ducts carbon dioxide, water, and haat. in this sense, conbusticn wes
not complete iz the flame ihrower axperiments just descrived, since cer-
bon monoxide and unburned hydrocarbon vapcr #ere both present in the at-
mosphere of the bunker, and both ars products of the partial combustion
of petroleum fuels. A detailed analysis of gas samples tesl:en [rom the
bunker was chown in Table I of Part I ol this report:

Neither the peak carbou monoxide concentrations ner the minimum
oxygan‘concentrations'encountered in the bunker would be compatitle with
1life iZ they persisted, but tne duration of the most severs conditions
was very short and atmospheric conditions usunlly returned to normal
within four to five minutes. There was, moreover, no striking corre-
l1stion betwsen the peaks of the gas - temperature curves and sanimal
mortality. It was, therefore, decided that a measurse of deaage which
took account of both the intensity and duration of the esbnormality in
the atmosphere should De cploulated. Accordingly, following the '
reasoning presented in Part 71T of this papsr, the zes-concentration:
tige ourves were integrated and the areas expressed o Ctty (or fn CF
in the case of oxygen). The alr temperaturestime curves wATs like-

" wise integrated and the results exprassed ag Ptig (Figs. © %o 8}).

The data of Tatles I end II, when plotted in Figs: 9 %o 12, show
s reasonsbly good correlation betwesn the magnitude of the Ctls and TY
. s /s o~ S ;
and goat mortality (c¢/z. 1/%2; or u/a}e 7+ ean be seen that for each

£

variable (oxygen, carbon monoxids, carbon dioxide, and air tempsrature)
thers is an upper limit above whieh both poets were alweys xilled, and
a lower 1imit below which no goat wes ever killedc Thare #8&5 &la0 &n
irternediats range io which the nortality was quite variable, as might
be srpectud whers cnly two animels were oxposed at a time.

Q

he date of Figs. § %o 12 bring s dancer which ig inherscot i
mut £ oo 5 sorrelutions betweon the respective
: ¢ mernit the inference thet any ons of
5, mportant I ceatl This stems from the fach that
al: of the verisbles were nizhly correlated with one another, and hence

ALY YN T N ey
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if" any one causal factor showed a good correletion with mortality, all ol the
other factors would likewlse show s good correlation by virtue of their da-
pendsnt varistion with the causal factor. Ths possibiliiy of synergistic
action must also De considered. For sxample, Hendersonz and Haggzard (Z) have
listed the physiological effacts of CO Ct's (recalculated in teris of volumes
par cant x minutes) ss followas

-

¢e ¢t Efflect
e S Dy rych wie SERP ) PR
e Q2 Liv) LJU- \JU:J W Wi VA LW W
3.6 4 just perceptible effect
5.4 Headache and nausea
™ t
3,0 Dangerous

Tt will be noted from Fig. 9 that zoats died a% CO Ct's abovs 1.3 and

that no goat survived & CC C%t ebovs 5.5. The resscn for the discrepency y
betwaen t‘eae results and those of Henderson and Haggard might possibly be

in differsnces of concentration and duration of exposurs since the rule

Ct=x does not usually hold over an extended time and concentration range;

D8]

‘but the main reason is more likely to be the contributing effect of hsat,

ancxis, ®%tc., to the morﬁalwt" in ths nresent sxperiments.

The physiological observations cn 81 goats killed by exposurs at
Pesitions 1, 8, and 5 to the results of Clame attacik, provide some basis
for spesculation ts to the toxic fectors involved in the death of the animals.

¥iz. 13 shows thet the carboxyhemoglobin saturation averagsd around
80% and ranged, in goats sxposed st Pesltions 1 and §, from 40 o 87%
Aenderson snd Esggard (2) also list the physiological effects egsociatad
with various amounts cof carboxyhenoglobin Ln the blood, as follows:

3

% C0 Eamoglobin "~ Physiological Kffects

10 . ¥o epprecistle effech, sxoept snoriness of ‘braeth
on vigorous muscular exertion.

20 No =ppr the effsct in mest i nsvauces, except
gnortne.  .f breath, svsn on nodsrate exertion;
occasionally siight headaghe. ’ .
30 Dacided hesadache; irritapble; easily ratigued;
judgment disturved.
L4
45 to &3 Headzcne; slight gonfusion; 2ollapse and [lainbing
on exaertion.
80 %o 7C Toueonsciousness; respirebory failure and dearth if
sxposure is lorg continued.
80 fdspidiy fetal.




A comparison of this tabulation and the dela of Pig. 13 shows thet

2 of carboxyhemogleobin probably existed in goats sxposed &t
nd & in Lhe average oxperiment and almost certainly existed in
rinents.
If an strmosphere containing cerbon monoxide was girmltaneously de-
ficient in oxygsn, the lethal blcod level of carbon monoxids would presum-
ablv be lowered. TFigz. 14 shows that ths amount of oxygen in the arterial
bluod was indeed low, s finding which i2 cmpetible with the oxygen de~-
ficisncy which undoubtealy existed in the stmosphsre. The figurss for
per cent axyhnemoglobin must be Laken with reservations, however, sincs it
ig possible that they are too high (1f oxypen was added to the blood by
the breathing of reletively pure air before death) or too low (if oxygen
7as lost from the blood to the tissues by virtue of the occurrence of res-
piratory arrest erior to clrculatory srrest).

In any even%, it ssems probabdle that the smount of cerbon monoxide
in the clood couplied with the deficiency in oxygen would be sufficient in
the majority ol caseg 1O causs dms*th without any reference to the effscts
of heat. The five gcats dying at Position 5 (Fig. 13), however, had very
little carbox msmoglobin, and 1t appeers likely that these wsre killed so
quickly by exposurs to Leat that there was ngo opportunity for ocarboun moa-
oxide asphyxia.

The heat exposure factor canuct ba neglected for any of the exposures
et Positions 1, and 8, howsver, since the majority of goats showed an in-
crease in rectal temperature which averaged 3 to 4°C., and wag only slight-
ly less than the average inorease in rectal temparature of the goals ex-
posed a2t Position 5. Trhese data, whils establishing the fect that thers
was exposurs to hesat, do nol ellow too close interpretation since it wes
eabablished irn trials where go t3 were subjected te flame attack in the
open that rectal tempsratures do not always parallel the tampsrature of
vlood in the desp arieries or ths hesar®. : :

Roth carbon dioxide and combustible hydrocarbons wers rressnt in the
stmosphere during the. exposures, ard these ney nave had soms affect on the
poet mortality.  Evidence that will be discussad in mors detail in 8 Bub-
ssguent paper; novever, 1sad us to beliave that these gzases wWerse of sscond-
ery rather than primary importance.

In general, ths goats wnich were dapd on venmoval from the bunker
d scme henoconcentration {Fig. 18): Patnological examination of 22
scted gosts generally revea.ed sone pulmonary eceid. This nes elso
n ooservyed in Cenadisn szperiments with goats exposed O attack by
r “ed expsriments in which goats wers
Lhe human vietime of

of s \Z): in soms of ihs=
aster (4,5): end in dozs exposed To tre inkalaticn

oW oW
B 0y

o]

The npusos of pulmonery sdena apre many, bwub in the present sxpari-
4 mest assvsre in those
in %he bunker, which
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erimeuts sstsblish ths fact that dangercus or lethal atmus~
: ] roduced by the combustion of pstroleun under conditions of
rfuot ventilation, and it is believed that similar conditions of venti- -
noountered in civilian disasters. Since the products of
cubustion of psircleum {7), ara gualitetively similar to
cmbustible materials listed by Emston (8), it would appear
observabicns msy have gensral applicability to conflagra-
limitsd ventilation and do much to explain the "extreme
ppesrs to be displayed by fire gases under csrtain circum-

oF QW

el

On the basis of the sxpsrimants reported, heat, carbon monoxide, and
a deficisnoy of oxygen appear to be The chiaf lethal fantors. I4 doss
not seem to be necessary, therefors, to postulate the pressnce of other
4oxic gases such as nitrous fumes, vhosgene. hydrogen cysnide, or hydrogen
sulfide {albthough these may be tressnt and significant in speciel circun-
gtances) irn order %o account for the desth of ceasualties in conflagrations
whera skin buras are absent, or appear to be of minor importancs.
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Bxperiments are described in which a flame throwsr wes discharged
into an srperimental building designed to Dbs sithar poorly ventilated or
wall ventilated. With poor ventilation, 5 gallons of fuel killed 28 of
96 goats exposed and the evidence tndicated the:t carbon monoxide and a
deficisncy of oxygen were the predominent lethal factors. Heat was prob-
ably alsc important, although the same smount of heat, uncomplicated by
carben monoxide or anoxia, did not, in another sxperiment, kill any of
four poats. '

When the same building was well ventilated, no goats were killed
when quantitiss of fuel less tnan 16 gallons were fired, Heat was
apparently the chief lethal factor under conditions of good vertilation.

Trials were also carried out in which a flame thrower was dis-
charged intc threse abandoned mine tunnels. PThess sxperiments showed
"4hat the toxic gases of combustion can trevel by convection a consider-
able distance from their source under favorabls conditions. The travel
ot these gases, however, is interrupted or diverted by sources of verti-
. oal ventilation or by the interpositioen of relatively simple machanical
‘barriers- - ‘ :
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PART IV. fThe Effect of Vsatilation

I.  HISTORICAL

It has been shown in Parts I, II, and IiI of this peper that the fac-
tors responsible for rapid death as & result of axposure %o retroleum con-
flsgrations ars different depending on whether the conflagration takes place
in the open or in an enclosed poorly-ventilated structure. Under condi-
tions of poor ventilation,; heat, cerbor moncxide, and oi&gen deficiency are
the chisf lethal factors, while hest alone is the dominant lethal fector in
conflagrations in the open air, Death in thess experiments, was rapid,
fregquently occurring within 10 minutes after exposure to the conflagration.
Thus, the delayed death which often occurs alter severes burns did not enter
into the picture.

This paper w#ill discuss some of the qualitative and gquantitative
8ffects of ventilation on the lethality of such petroleum conflagrations as

- om

produce rapid death.
II. EXPERIVENTAL
A, Materials and Methods

The oxperiments carrisd out were of two types: (&) Those in
which burning fusl was discharged from a flame thrower invo sn experimental
building whose ventilstion could be veried; and {(b) thoss in which burning
fusl was discharged intc mine tunnsls having different ventilation charac-
teristics.

The experimesntal building wos sracted in the shags of & T &5
shewn in Figz. 1. It was constructsd of concrete bleck, and provision
wes nade for discharging the fuel intc the base of the T es indicated in
Figz. 1. Joors at Positions 1, 8 and 11, sxtending from floor to ceiling,
could bo opened to eny desired degree in order to crenge the ventllaiiou
charactaeristics of the siructure.

hetually, resuits with only two degress of ventilation will be
described.  in the first cmse, which can be characterized as "poorly venti-
lated¥, the doors 2t Positioas 1 end 8 wers cempletsly slosed while ths
door at Pocition 11 was 1Pt partislly open lesving e slit 20 inonss wida
extanding from fleor %o ceiling: Tn the second cass, characterized ag
%eell vantilated, 8ll Ghree doors wsre Tully opensd.

Provisions wers mede for continucusly rescording air tempsra-
ture, oxvgen congontration, ana carcen monoxide concentrafion wt Vosis
rions 1, 2, 7 sad 8, bat It devsloped thet o aonsistent diflercuces in
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stmospheric conditions were produced emong these four positions, so that in
most sxperiments samples were taken either from Positions 2 and 7 or Posi=

tions 7 and 8. The msthods of continuously analyzing for oxygen, garbon -
monoxide and mir temperature are described in Part I of this reperts .

nhil

Healthy adult goats, prepared as previously described (Part I of
this paper) wsre tethered adjacent to sampling points gt Positioms 1, 2, 7
and 8 in some of the trials so that the atmospheric conditions could ba
correlated with animal mortality.

Freliminery experiments with the building "pocrly ventilated" were
carried out to detsrmine the approximate quantity of petroleum fuel that
had to be discharged from a flame thrower in order %o produce barely lethal
conditions st Positions 1, 2, 7 and 8., A number of trials were then con-
. ducted with this selected gquantity of fuel. The doors of the building

. were then opened, and a further series of trials were conducted, in which
the amount of fuel fired into the building was varied.

P A M T T TR AT T TR AR YT ORI AR 1 WAL TR e

The second type of experiment involved firing fuel from a flame

thrower into three mine tunnels of different natural ventilation charac-

E terigtics. These tunnels had besn bored into the sides of hille in the

: vicinity of Dugway Proving Ground, Utah, for the purpose of mining metels
and were subsequently abandoned. They were predominantly horizontal, al-
though in some caces as will be described, the tunnels communicated with
vertical shaf<ts. In structure, these tunnels were not unlike some of the
caves which wers defended by Japanese troops in the Pacific.

etk

It was not practical to meke continuocus analyses of atmospheric gases
or eir temperature in the mine tunnels because of their insocessibility, so
tliet spot saamplec wore usuelly teken with Bureau of Mines vacuum bottles,
or by pulling eir frcm the sampling point into collecting bottles by meens
6f & 1/8 inch. i.d. pipe and a vacuum pump. The samples were subssquently
analyzed aither by the Buresu of Mines, or the Army Chemical Corps.

Sincs mine safety lamps and carbide lamps will not burn in atmos-
pherss contsaining less than 16% and 12% oxygen, respectively (1), thase i
] used in all trials to determine whether the oxygen concentration

elow tha recpsctive critical parcentages during & trial; &s
well 83 to determine the time after firing wonen sufficient oxygen was pres-
ent to allow safe erxnloyment of the carbton monoxide sbsorbing canister of
the M34 typs K sk The carbon monorids concentration was roughly de-
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As in trials previously deascribed in Parts II and III >f this psaper,
the petroleum fuels used in the present trials varied littis in chemical com-
position but rather markedly in viscosity, so that some could be characterized
as "thick" and otusrs as "thin". Since the d=ts of previoua trials failed %o
revea. any significant difference in the physiological eflects of the "thick"
and "thin® fuels, no distinction will be made among them in describing the
present trials, either in the experimental building or in the mine tunnels.

B. Resulta
1. Trials in %he experimental building (Fig. 1)
. Triasls with the building poorly ventilated

Twenty-four trials were oarried out {n which 5 gallons of
fusl were fired directly into the building through an opening adjasent to

- Position 11 (Fig. 1). Oxygen concentration, carbon monoxide concentration

and air tempersture were recorded continucusly at Positions 7 and 8 during

and aftsr the firing of the flame thrower until atmospheric cenditions had
returned to apcroximately their pre-trial status. Goats were exposed during
the first 12 trisls, 2 at each of Positions 1, 2, 7 sund 8, or 8 goats per trial.

Following the reasoning presented in Parts I, II and IIT of
this paper, the curves relating gas concentration to time, and air tempsra-
ture to tims following a trial wers integrated mechanically by means of plan-
imeters in order to obtain Ct and Tt products which experience had shown to
be significantly related to animal mortality. The curves wers integrated
from t=0, time of initial instrumental deflsction, to t=x, the time when the
instruneuts showed an sssentiamlly normal atmosphere.

The results of the 24 trials are shown in Table I. The
goat mortality in the first 12 trials was 26 of $6 goate exposed. As stated
previously,only those goats were counted as dead which were dead on removal
or died within 10 minutes after removal from the building. The CO Ct's,
the [koz.ct's and Tt's associated with the 27 animal mertality are shown in
Table I. The everage CO Ct at Positions 7 and 8, averaged over ell 12
trials during which gosaus ware exposed, was 2.89, the LAOp Ct 66.65, and
Lhe TE 647.79. When thé iandividual Ct's and Tt's were averaged over both

Positions 7 and 8 and all 24 triels, the results were: CO Ct, 3.b3;
A 0z Ct, 65.41; and Tt, 866.71.

b. Trials with the building well ventilated

Fourtson trials were carried out in whion &1l 3 doors %o
tne huilding weres fully open. The fleme thrower wazg fired from the sams po-
sition as in the trials with poor ventilation, but the quantity of fuel fired
was weried from 4 gallons to 24 gallons. * In these trials, samplos wers
taken at Positions 2 and 7, sad one goat was exposad at each of Positions 1,
2, 7 and 8 in nine of the trials while one goat was exposed at each of Posi-

tione 2 and 7 or 1 and 8 in tne remaining 5 trials. Tae results of fthe ex-

poriments in terms of animael mortality, CO Ot A\ 0o CT gnd Tt, ars shown

s s} r
it Table II.
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Thess data sre furthsr surmariged in Table III, in’
which goat mortality, sverage CO Ct, average &0y Ct, and average Tt are
related 4o the quantity of fuel firsd. It can be seen that the SO Ot and
AOC, Ct with any quantity of fuel up to 24 gallons did not appreach ths
velles obtained with & gallona of fuel fired into the same structure when
poorly ventilated, CO Ct arpesred to.reach a limiting value when 1€ or
more gallons of fusl were fired, while /0o Ct appeared to reach & limit-
ing value when 1lZ or more gallons of fuel were fired. Aninal mortality
inarsaged with the smeunt of fuel fired, although no animals died when the
quantity fired was less than 16 gallons. The Tt product increased dirsct-
ly with the quantity of fuel fired, fror 4 to 24 gallons. When 12 gallons

? fuel were fired into the well ventilated duilding, the Tt product was
approximately the same as thst ootained when 5 gallons of fuel were fired
into the same building with poor ventilation.

TABLE III

Relation of Quantity of Fusl Pired to Effeots Pro-
" duced in Well Ventilated Building

Gals. Goats . Average Average Average

Puel Xilled €O Ct 80, Ct Tt
4 o/2 0.09 1.45 141.0
8 0/4 0.15 1.88 264.4
12 0/4 .48 14.02 631.1
16 4/8 1.16 13.36 333.5
20 14/20 1,08 14.82 902.3
24 6/8 1.07 . (8.89)% 1136.7

(5)w» (26/96) % (2.89)%» (66.55)%%  (647.8)ss

*Single reading - DOl &N aVeragse. Other readings
lost due to instrumental failures. ‘

s«Comparative data with building poorly ventilated -
Cf Table 1 '

logical observations other then classifi-
s or. the gzoats in Thase trials.

2. Trials in mine tuanels
a. Tunrel No. 1

The plan of Tunnel Fo. 1 is showa in Fig., 2. Thia
tunuel was 173 feet in length, and ended in a pit or winze whose floor Was

aporoximetely 18 feet pelow the level of the main tunuel. A side tunnel
£ 128 f'set from the main floor

braached off the maiu +unnel et u distance ol
aporoxinmetely 12 feet avove the floor of the

and sloped upward to & point s
mein 4umnel. The single mein portal was ihs onlr source of ventilation
of this tunnel: ips lines of 1/8" i.d. were rua %0 points A, B, snd C

s A e e itiie T TRt e st eioml i e sl A deret
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in the tuanel {Fig. 2). A sheared goat was tethered at each of Positions
4. B, C, and D.  The flame thrower was fired into the mouth of the tunnel
from s range of ten yards. : e
. . s ,;;; ’_v_:‘, -~ .V_.: B
o Flame was obssrved in the tunnel for approximately

ten minutes, but little flams came out of the sulrance. After ten minutes,
however, unignited vapor was sesia to come cub along the bottom of the tun-
nel to ths portal, where it ignited just outsids the cave. = - - ‘

: The tunnel was entered by observers wearing oxygen
breathing apparatus cixteen minutes after firing. At this time, vigibil-
ity was only 2 to 3 feet throughout the mine: ~ Heat was noticeable only.in
the region where the actuasl combustion took place. - Bevond ths first turn

of the tunnsel the air was cool:

Table IV shows in relation to the number of mimutes
after firing the gas concentrations which were obtained through the pipe
" line system as well as by means of Bureau of Mines vacuun bottles, and also
shows the condition of the goats. As indicated, observations were made to
determine whether the flame safety lamp or carbide lamp placed at various
positions within the tunnel before the fuel was fired were cor were nct
gtill burning, and the density of the smoke was estimatsd.

Goat A was reached by the observers 19 minutes after
the end of firing and was found dead but unburned.: The carbide lamp was
not burning, and a vacuum bottle samrle was taken at a level of 2% fsst
abvove the floor: At 22 minutes, Goat B was found alive and unburned. The
carbide lamp at Positioen B was not burning. At 23 minutes, Goat D was
found dead, but, like the others, unburned. The carbide lamp was not durn-
ing. The zoat at Position C in the bottom of the pit was reached 24 min-
utes after the end of firing and was deed.  The flame safety lemp ut Pusi-
tion C was not turning,; and a vaguun bottle sanple was taken at a level of
1% feet above the floor of the pit.

: One hour after firing, the air of the cave within 10
feet from the portal was irriteting toc the eyss although visibility weas
merkedly imcreved, and the flame safety lamp burned norzally. A Hooleamite
deterpdination st this point indicated acproximately 0,4% carbon monoxide-

Sevent—-five minutes affor the end of firing. ©
flams safety lamp would burn suywnere in the tumnel cxzcept when lowered
i+ at Position C. The snimsls were then removed from the
ring aprropriaste respirevery protection: The geat at
ad at this tine.

Blood was drawn from the left ventricle of each of
+ve dead enimels within b minutes after removeal frem the tunnel, for hamo-
globin, hematosrid, oxyhemoglobin and cervoxyhemoglobin determinations.
The results of bhe analyses Ars showmn in Teovle V¥
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TABLE V

Blood Studiss. on Geats in Tunnel MNo.l

Z2osi~ Observa- lfandition ~ Hemo lobin Homuntoori v ShED O EATES)
tion tion - , g /100 ml. :
Time - Init. Final Init.% Final¥d Fimel Fingl
min. . o : B -
A 19 Deed 16,7 11.7 42 39 0.3 74
B 22) Unconscious
76) Dead 10.0 8.3 31 27 9.7 64
C 24 Dead e 8.3 - 26 1.2 71
58 0.3 79

D _ 23 Dsad 9.0 1l.4 31

The ventilation in Tunnel Ho. 1 was sntirely by con-
vection, i.e., air sntering tho tunnel from the outside being warmer than
the air in the tunnel, rose Lo the ceiling and irsvelsd alnong the ceiling
until it cooled. Air left the tunnel from the bottom. It i3 interesting
that the gases of partial combustion were carried back throughout the 173
fest of the tunmel by this simple mechanism. It is obvious that the
amount of oarbon monoxide in the blood coupied with the existence of & de=
ficiency in stmospharic oxygen would be sufficient to cause desth. Heat
was apparsntly not a significant lethal factor at the poww.. whera the
goats were expused. )

.

5. Tunnel No. 2

Fig-. 3 shows thet this tunnel had & slngle portal

lending to & main tunnel 548 feet in lengih, In sdditicn, thsre was a
curving side tunnel 217 fest in length, which branched off from the main
tunnel 34 fest from the entrance. The long tumnel had several lissures

f various sizes at different points throughout its length. These ars in-
dicated in Fig. & by small cross marks, either singly or connected with a
malid line to indicate, in the lattor instance, a fissure which transected
the entire tunnel. The shorter bunnel was similar to Tunnal No. 1 in that
there were no fissures or other openingzs except ths portal where it joined
the main tunnal.

Triel No. 1. As indicatad in Table VIi. gozts
aitions A, 3, C, and D. Carbide laups woare plece
a flame safety lsmp at Position A. The fluws
7 fa

were nlacsed av 0
Positions C and D and
hrower was fired

-
L0}

1
25 in Tunusi o, l. During & 10
efter the end of firing. flams alternately flsshed out of The opsning of
“he mine, and then inte the tunnel so deeply that no fire appesred at tho
entrance, Eloven winutes after firing, three men with oxygen masks snd
gogzles eatersd the minc.
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TARLE VI

E 7 ’ Tunnel Ho. 2
§ Yosi- Time sfter Smoke %00 ROz %00, #CH Goat Lamp -
5 tion end of {ir-
g ‘ ing - min. - e
§ -6 14 % G.0 20.9 0.1 0.0 Alivs arbids lamg
? burning
3 - =
g B 16 None 0.0 208 0.1 0.0 Alive -
A ]
A 19 ¥eus 0.0 20,9 0.1 0.0 Alive Flame safoty
; lamp burning
i
. #
% n 20 s 1.3 14.9 3.3 0.4 Dead  Carbide lamp
s burning
% D 64 * 0.1 19.6 0.9 0.1

¢ 70 Hone 0.0 20.8 C.1 0.0 ~
§ JL '

L
* Visibility less than 50 ft. with elsctric miners' lamp.
¥ Visibility less than 3 ft. with electric miners’ lamp.
#£ At junction of tunnels 33 minutes after end of firing the Flsme Saflsty
Lanp would not ignite snd carbon monoxide concentration was 0.1 by
Hoolamite.

: NOTH: A1l samplos teken at level of the head of standing goai (approxi-
. mately 2 {t. above floor level) by meanug nf Bursau of linss
1 Vecuum Bottles.
E
| Table VI shues the time after firing at which var-
. ious positioans were resched, the condition of the lomps, and the location
: and ssmpling time of Uho gas saumplcs. As noted in Table III. the smo¥e wWe§
- sxtromely dense whroughout the lengbh of the 217 ool sids tunnsl lsading
: to Position D, whereas. in the main tunnsl, the density of the smoke dimiwu-
y v ishad after pessing the first fissure. was only moderate at Position U and
: way undstuctable at Positions & end B. The eatirs tunnel syston was cool

except for v ssetivn sabonding slong ths main tunnel for a distaence of B0
-,

sey
feet from the porial.

1 found dsad- Thin
; animal was found to h boxyhsmoglobin in
a vost morbten Llocd gom ri Ho. 1, heat wasg
suparantly net a factor in the deebh ol this goab: Ths goats abt positionsa
L. B, snd O, were sovavontly vonlloctod in any way.
RESTRICYED
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Trial No. £, The results of the first triel sug-
gested that the veatilation supplled by the verious fissures in the main
tunnel might be reducing the effectiveness of the {lame attack., There was
no trece of smoke on the walls or ceiling of the main tuunel by the time
on» reached the wooden construction half way in the 548 foot mein tumel,
whersas, in the 200 foot side tumnel which had no £iggures, smoke could ba
detected on the ceiling all the way to Position D.

It was decided, thorsfore, te pack ell detectsble
figssures with wet straw and burlap. In addition, a standard army *egg-proof”
door was constructed of sorap lumber and 2 G.I. blanksts in the side tunnel
et & point 148 feet from the main portsl (Cf. Fig. 3). Goets were placed at
Positions A4,B,C,B;7,G, end H as indicated in Fig.3. Carbide lamps wers
placed at & positions as indicated in Table VI1, and a flame safety lamp
wus placed at Position G, The same guantity of fuel was fired as in Trial
No. 1. Thirteen ninutes after firing observers entered the tunnel wearing
protective equipment. The conditiorn of the goats, lamps; and smoke are
indicated at each position in Table VII. '

The gas analyses for samples taken at FPositions B
and C in Trial Yo. 2 jindicate the greater sifectiveness of this trial over
Trial Ho. 1, {Compare Table VI and TII) so far ss the main tunnel was oon-
cerned. The gost behind the "gas<preof®™ door at Pomition G was unharmed,
the flame safety lamp was burning and thers wes no detectable smoke in the
tunnel beyond the "gas-proof™ door when this portion of the tunnel was first
entered. Analysis of the blood of the goat at Positicn ¢ showed 3.7% car-
boxyhsmoglobin, but this was after the goat traversed the section of the
tunnel between the “gas-proof" door and the main portal; so that much or all
of this cerbon monoxide ocould have been ¥reathed during romovel. The blood
carboxyhemoglobin soncentrations of ithe goata at Positions C,B.F,G, and H,
ars shown in Tabls VIII.

TABLE 9III

Blood Corbon ¥onoxide Concautration
In Geats ¢ Triel Ho: 2

Gont Conaition %ie CC -
G Alivse 5.7

B Collepsed 27.%

¥ Unenonscious 28 .4

) Alive 3.7

H Need a6

- . s x 3iea o PRI ELAT e e

The contrast betweon tho condiii b
ay to tho offsotiwenzsa of simpls prot

ron s dnatds
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Tunnal No. 2

ﬁ _ Time rfter ,
3 Poai- end of fir- Smoke O Fo, %boz ZoTn toak Lanp
' tion ing - min.

5 A 19 Fone 0.0 20.9 0.1 0.0 Alive Burning §
- B 22 . Bome 0.1 18.8 1,86 0,0 Aliva - 5
1 c 24 s ¢.1-.18.8 1.7 0.1 Alive ot burning,

A ‘ : roiznited ]
1 o 26 * 0.3 16.4 3.0 0.2° Collap~ Not burning,

‘ ged(2) reignited

! F 27 5 0.4 15.8 3.2 0.8 Uncon- Xot burning,

: scious reignited

(2)
; it 31 4 0.5 16.4 3.6 0.4 Dead  Not burning,
reignited T

4 6(1) 32 None 0.1 20.2 0.5 0.0  Alive Flame safety

i lawp burning

(1) Behind "gas-proof® door.
(2) Recovered comuletely.

&  Visibility less then 10 ft. with electric wminerus’ lampa
%  Vigibility less tham 3 rt. with electric miners'! lamp.

T A R, AR e

KOrB: All samples tsken at levs! of the heed of e standing goet (approzi-
matsly 2 £t. abovs Flooy lavel) by means of Bursau of Hines Vacuum
Bottles.

:
i
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)
£
%

e
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Ce Tunnel Wo. 3
Tunnsl No. 3 is shown iy Flg. 4. T4t consisted of =

main tunnel and seversl branching tumnels., Approximately 200 feet from the
portal, a 20-foot tunnel branched off, terminating at Position C, at which
point a vertical shaft roge 30 feel and cormected with o horizontal tunnel

20 feet long, which terminated with a second vertical shaft extending 20 fest
upward to the surface of the ground. Goats and lamps werse placed at Posi-
tions 4,B,C,D; end F as indicated in Tubls IX. The flamc throwsr was fire
into the main portal from a distance of 15 feet, using the sams quantity of
fusl as in the other tunrels. Seventeen minutes after the snd of firing,
observers entersd the tunnel wearing oxygen protective equipment. At this
time, all gosts were alive aud all lamps wers burning. There was a woder-
atoe amount of smoke from the portal to Pogiticn C, but none distel to the

n

point whers the side tunnel leading to Position { branched off.

-
8

TABLE IX

unnel Noc 3

¥onis  Time sfter T e
tion end of fir- Suoke %0 0, #0; TLE Gosat Lamp
ing - min.

F 26 ® 0.4 17,8 1.9 0.4 Doad Carbidas 1am§
not Turaning

c 27 R 0.1 19.6 0.8 0,1 Alive Carbide lamp

not burning

A e8 Nons 0.0 19,9 0.3 0.0 Alive Cerbide lemp

: : not buruling

B 30 Noue 0.1 19,7 0.5 0.1 Alive Carbide lemp
burning

Nonse 0.1 20.1 0.5 0.1 Alive Carbide lamp
net dburaiag

g9
w
[AS]

s e 7 S S Ry

% Viegibility less thaao 10 lanp.
rx Vigibility unlinited.
NOTE:  All samoles taken at the laevel ol The head of a standiag goetb
(epproximately 2 f{t. abovg flaor leval) by means of Bureau of
Hines Vacuum Bottles.

aftar the ond of the firing &n agual

2 [ S 5~ P S AR

she Lunnsl. Twanty- sftor
e S A N W T o - o . . .

8 arain anteroed the tunnal |Weering pro-
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TABLE X

Blbdd”ﬂﬁ:bon Monoxide Concentration of
Goats - Tunnel lo. 3

Goat _¥5§nd;£i0j - %Eb_ﬁOb
A Aliva 0

B Alive : ' 5.7
C ~ Alive - 16.9
D Alive -3
F | Dead 63.7

sSample lost

III. _DISCUSSICH .
_The experiments described in this paver serve to show two important
facts: First, that tho gases of partial combustion can ve very effective
in producing a lethal atmosphere in poorly ventilated structures, even at a
considersble distance from the actual conflazration; and, secondly, that a
given gquantity of burning fuel is more dangerous to life in a poorly venti-

lated structure than in & well ventilated ona.

The triale conducted in the experimental building are of interest
because heat was an important lethal factor both when the bullding wes poor-
ly ventilated, and when it was well ventilated: Neverthieless, the quent.bvy
of fuel required to produce a time x temperature product of approximately 800
degres minutes was 5 gellons under conditlons of poor ventilation and 12 gal-

lons under conditions of good ventiletion. A dangerous depletion of atmos=-

pheric oxygen or dangsrous build-up of carbon monoxide comparable to that
produced by 5 gullous of [uel under conditions of poor ventilation cou’d not
be mchieved under conditions of good ventilation, even with quantities of
fusl up to 24 gallens.

if, therefore, one was exposed to a conf'lagration at relatively
close quarters, as was the cass #ith the goats in %he axpsrimental building,
onoc would have to worry most about toxic gases under conditions of pcor
ventilation and about hsat under conditions of good ventilation. For u
ziven quantity of burning fuel; the chances of survival would be better
under couditions of good ventilamtion.

The exparimeats carried cut in The @nine tunnels gorve to illustrate
hos far U xi
In Tunnel 1

1 7

tunncl,

=% o2
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The oxperiments in Tunnel No. 2 illustrate the éffectiveness of verti-

cal ventilation in mcting as & barrier to the horizontal movement of the gases:

of combustion, and they also illustrate the relativg”ease of stopping the tra-
vel of these gases by providing a sample mechanical. barrier such as the "gas-
proof" door comstructed of two G.I. blankstis.: - -

, The third tunnel differsd from the first two in having a vertioal
ghaft to the outside at the end of a btranch from the main tunnel.. -The ex-
periments cerrisd out in Tunmel No.3 show the sffsct of this vertical shaft
in directing the path %aken by the smoke (and toxic geses)e ‘ :

It.isvébvicqs from the experiments in these tunnéls, that a raletive
remoteness from the point of an actual conflagration within an enclosed
structure, and where no heat is experienced, cannot guarantee safety unless

- --one is separated from the conflagration by sources of ventilation which
" ggrve to draw off the toxic gamses, or by & mechanical barrier to the travel

of these gases.
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Medicsl Division Specisal Eéport Ro. &
THE TOXTCOLOGY OF FIRE

PART V. ° An Evelustion of the Toxic- -
Factors in Conflegrations

I. HISTCRICAL AND THEOKETICAL

It has been shown in previocus parts of this paper that the mecha-

nisms by which petroleun conflagrations producs casualties which Htarmi- .
nate in rapid death are different,; depending on the &onditioans of venti- -
lation which attend the conflagration. Where ventilation is very good,
ag in conflagrations in the open, heat is the dominant lethel factor,
and death is the result of hyperthermia. Where ventilation is poor,
however, death is apparantly the result of anoxis, attributable to resg-
piration of an atmosphere containing carbon monoxide, carbon dioxide,
zoke, unburned hydrocerbons, and deficient in oxygen. Heat may play
some part in effecting the toxicity of the atmosphere, but under other
conditions may contribute nothing to the toxicity of the gas mixture
making up the ambient atmosphere.

A very important otjsctive of these sxperiments was to provide in-
formation on the relative affectivensss of the different lethal faoctors
concerned, in order to guide research on protective and therapeutic A
measures. It was relatively easy to say when heat alone was ths domi-
nant lethal factor, but whan a toxie atmosrhere was involved, it was not
sasy to say which constituent of “he atmosphere was the dominant toxic
factor. Some of the difficultiss in evaluating the toxic factors have
already been discussed:

It wes decided, therefors, to investigate tha problexz by synthesis.
Ts 0linical Research Section, Medical Division, Army Chemiocal Corps, was
nresented with the results of the experiments previocusly described in
snich death of goats was appsrently due to carbon monoxide and anoxia,
and was msked to =xpose goats to thoe xnown lethal factors singly, and
tnan iu various combinetions, using intensities and duration of exposures
comnaruble to those actually observed.

8ince conflagrations of petroloun fuels under conditions of poor
veatilation do not result in complete combustion of the fuels, unburned
nydrocarbon vepors had to be considersd as possible lethal agents. It
wad beer noted by several investigators that sorious cardiac errchythnia
aud even deeth following veanbriculsr fivrillation occurred scmetimes dur-
ing chleroform and cyclopropans sneothesia; particularly when SUrgery was
vegun during the sariier stages of aness (4-8), Sevarsl investi-
gators noted thatbt the intravendus injedvl £ epinephrine, as & substi-
tute Por the oympathstic stlmulatlor
similer digcarbanses in conjunction w

ke
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nydrocarbons and halogenated hydrocarbons (9-11). It was thought, i
that the inhelation of hydrocarbon vapers during & petrolesua conflagrst
coupled with the intense emctional stimulation likely to onour durin
ure to conflagrations, might well result in « situation snalopgous to prena-
ture surgery or epinephrine injecticn during inhalation of hydrocarbon
anesthetic. '

thetice

The Pharmacology Sestion, Medical Division, Army Ohemical Corps, nheaded
by Major A. Z. Film=n, was usked to investigate this point (12). Dogs
were, therefore, expocsed to tre inhaleticn of nydrocarben vapoer in concen-
trations similar %o those encountsred in poorly ventilatsd conflezrations, -

n

e
and wers injected with epinepnrine in order to stimulates ths sym
nervous system.

‘The experiments involved were as follows.
II. EXPERIMENTAL

A. "Synthetio" Experiments
Gosts (or in.s few experiments, pigs) were usually rastrained in
' A suff was placed

around the chest or upper abdomer end connected Lo a tambour wnich recorded
on 8 kymograph. One of the femoral arteries was cennulated under losal

‘anesthesissfor the curpose of teking blood samples and recording blood

pressure-  Blood szmrles were collected in a heparinized syrings, sealed
:4th mersury, and kept on ice until analyzed.

{xygen, carbon monoxidse, and carbon dioxide content, and oxygenl
cspacity of the blood were measured on the Van Slyke-Neill apparaotus. Hem-
oglcbin was determined on each sample b7 2 modificavion of the Evelyn-
Melloy (1) cyanmethenoglobin method.

liter gasometers, arnd the
+ mpparatus. The gasometers
r fitting head mesk, and the
om the gascmeters. Ceontinuocus readings were
spiration and respiratory rate.

The gas mixtures were made up in 1
somnogition of the gzas wes checked with the Ors
4 1

-
54
q re tn‘r\:_ "o tc

wers cornnsctad by 1 inch oo
aninel inspired directly Ir
re

node of minute voluae of

¥o prectical method was found feor neating animals as raridly as
they were hested in expseriments with the flame throwsr. As a compromise
the trunk of the animal was wrapoed in bwo layers cof hesvy f21t snd turkieh
toweling, and was encirceled with three ccils of inductothern cable. Jeat~
ing was continued for approxinataly 20-40 minutes, until the rectal tempera-
turs measured 42.590. or higher, at which fime gessing was s%arted. In-
tarnal tenperatures immedietely after deatl., neasured above the liver,
were 10 - 2°C. higher than the rectel teompsratures.




R AT T . 0y
Axudl»L.UL_J . et

(]

§

animals were alleowad to b“e atne roon air, without artificial resniration,
folleow: ng exposure - )

. The pig was used in a few experiments Lscause of its nrevious use.
ne eytenswva haat studies of Horitz and co-workers. ' h '

5

in t
1. Results - "Synthetic” experiments

-

He Toxicity of low oxuge“ mixtures

, soats were subjected To an atmosphere cof pure nitrozen or
nitroger conteining up to 4.4% oxygen, since oxyzen concentration found in
prev1uds experiments renged from a minimum of zerc to an Mavarage" (Ct/%)

£ 4.4, over tha exposurs pericd. The res;lts ars sumnarizad in Tarle I.
. Tas four goets wnich oreatned 4.0 - &.4% 02 were still alive at the end of
10-18 minutes wien tie experiment wes terninased for technical reasons,
Sut the others brestihsd the respeciive sas wmiztures until all respiratery
end cardiac activity coased,
aring tre Tirst 2C0-30 sez9nds of gassing, *hs ;osts
rare asuelly guiet; violent convilsive movenents then followed, arnd were
accompeni ted Sy hyperpnea and anparent loss of conscicusness. Alter lmlé
minutes, respiratory volume diminiehed end convulsive moveﬂents dacreasad
in freguency and magnitude. The depression of respirnti &s coincident
with & cessaticen of the regular type of breathing fo*lcﬁsq vy & periond of
spnea lasting seversl seconds, which in %urn was followed by & series c?f
gasps at increasing ioferv: _ ... ~i1l death occurred.

Chraupges in cerdiac ection paralleled closely the resnira-
tory changes. After pronounced tachycardia in the seconi ngTP minute,
there was frequently a brief cardiac arrsst at ths time of apnesa Subse-
quently ceriiec action was characterized by marked arrhythm1a= The hear?d
beet was generslly audible at the chest well for €-8 minutses, and electro-
cardiographic sviderce of activity wes present fer as long as 18-20 zins.
Ir. one instancs, wventricular fibrillation resulting in asudden death
occurred before respiration had ceased (onset at 23 minutss).

Arterial oxygen saturstion fell precipitous
b - - - -
of approximetely 13% at the end of 1 minute when the animal breas
nen 1
n

+ % nitrogen, the level then decreased {urther %o less % saturetion
) gt time of dwath. With less oxygen deficient atmosphe-es the arterial sat-
uretiocn waos zeinteined between 107 and 25% until respiretion ceased when
the saturation fell sharply velow 10%.
Do Trhe toxicity of carbon ncnoxlide - low oxygen mixtures

»n
~
RN
9]

It was Gor
ent & reasonatle "averagzo" conc
t cn might bs sxpossd. Five goats wer

arben poncxide izght repre-
wnich vietims of & conflagrau
To exposad to a mixturs
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3

of 2.7% cervon moncexids in sir. : The results, exprassed as &vsragss for
each seriss, sre shown.in Tabls II. B ' o

maT.T s T
TABLE T1

[
:1 .
P
¥

@

[es]

The Dffect of Carboa lonoxide - Low Cxygzen X

Ges Hixture 2,7% €O 3 Go=
in sir . | in Ny
in N,
Yumber of Animals 3 _ : 5 -3 S 3
Respiration Ceased {min.) 3.03 1.9 4,88
Last Gast \min.) 7.24 4.¢ g.31
N y . ey
Arterial Cxygeu osetaration
Duriag ZFassing VWL aln. -~ 4
1.¢c " 45,8 30 28.7
$.0 " 13.8 10 --
5.0 " 7.6 6 16.3
5oy d ; DAy s e et
Arteriel CO 3Ja*turction (5)
During Gassirg 1.0 min, 24.2 48 -~
3.0 " 74,2 8z --
§.0 " 80.2 90 --
»Jate of Zaule I.
Tre ceomuiaeld effects of carbon monoxide and low oxygzen wers
3 ) ~ Exd - -
stzdied by exposing 3 goats fo 2,75 OO and 2,07 Qo in nitrogen. The results,
exnressed as avernjss, sre nlso shown in Tabls II.  The effects of exposing
2 . . ' . N
3 zoets 1o 3.0% Go in mitrogen are shown in the last column of Table Il for
tue purpceses of ¢onparison.
' -1 . 3 3 : *
I: can ce secn shat 2,7% €0 in air is slightly nore lethal
“har %.00 Cp in nitrogen in thet respirstion ceased and the last gasp occurred
slightly earlier wivh exposure Lo the carbon monoxide. Arterisl oxzyien sec-
. . - . . 51 . o .
urabion was lower aftor 5 minutss gasaing with £.7% CO (7.67) than efter &
nute as ; 5 {1E
JOF exygen in
lons or low
SYHEN It can

af 1,9 wmins.

RE3TRICTED
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58 hed & lower lavel (€%)}and ertsrial sarbon monoxile satura-
tion reeched o bhigher level (505%) efter B minutes zessing with the mixture,
; the iow oxyren or the carbon monoxide componsnt.

o. The effect of carbon dioxide I

Carb o dioxide levels did not exceed 10% in the conflae-
ions studled, sven de* conditions ol roia*’"ely poor vewthlﬂf on, and
1 once thet thi: level is =ot lethal in itgelf no
bon dioxide in air alone. It was recornized,

expn r

however, that the s5imulating effsct of & - 107 carben dioxide on tha res-
pirution and the rate of gaseous exchange in the lung, and the effect of
carbon dioxide on the dissoeiation of hemsglebin from -oxygen an<d carbon
monoxide, mizht have some 8l7act on the toxisity of gas miztures sontain-
ing carbon monoxide and deficient in oxyzen. :

Five goats were exposed to en atmoaphere centaining
2.7% carbon monoxide, 3.0% oxygen, and 7.0 carbon dioxide. Ths results,
expressed &s averages, are shown in Table III.

TABLE ITI

sn ths Toxicity of High
=y
-

ures
2.7= CO
Gas Mixturs 3.0% Oz
7. e C‘Oz
in No
¥umber of Aninals &
Respirstion Ceased (min,) .25
Last Ges» (min.) 4,1
Arterial Oxygen Saturation
During Gassing 1.0 mino 20
3.0 " 7
g.0 " 5
Arterial CO Seturstion
Juring Gassing 1.0 min. 72
5.0 " €9
5.0 " 91

It can be seen from the date of maole IT and Tebls II1I,

4hst 7.0% curbon dicxide had a siight and probably insignificant effect on
ths ti—e of death, finel =arterial oxygen gseturation, or finel ertorial
carbon menoxids saturacion, of goats gesss( with 2. 7% CG ant 3.0 C2 ia
No. Loss of oxygen Irom Tae o’ od snd incroase in carboxyhemnglchin were
accelerated, bat st tnc end of B 4ing, tre songentravions reached werc
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d. - Ihe eflest of ertificial fever on the toxicilty

v T Artificial fever was induced in 21 joats, & of wnich
Gied within 10-20 nins. from fever alons, and apperantly becauss of res-
piratory failure wilh precipltous fall in bl natisn before circu-
latery feilure occurred. - ‘ )

. The goats which survived induction of artifieial fover:
had rectal temperatures at “he end of heetin ; which ranged ‘betmeen 42.6 )
gni 43.890. It was noted that there was soae decrease in arterial oxygen
seturation after induction of fever, the initial averaze 02 saturation be-
ing 61.4% and the average after induction of fever 86.2%. Thile the rea-
sons for the decrease in oxymenation duriag induction ol artificial faver
wers not investizatad the decreass in affinity bebween hemogloblin and

o
N TSR
en at elevated “emperatures may be a fashor (e«

g, The offect of artifisial Taver on the toxiecity
of lethal gas mixtures

Heetsd zoats were gassed with the aixtures previously
jescribed, and the results expressed as averazes for each series are shown
in Tedle IV. '

TARLE IV

@
[
G2
o
w
=
Eas
ot
I
1
[¢]
w

Iffect of Heating on Goats Zxposed To Leth

- . . .. ~t - - - -
Zas Mixture ~ “h.2p 02 2.7 C0 L 2.7% GO 2,77, <C
: - P i
in Beo wnoelr 3. % O Sol%: On
. iyt -
in Y, 7075 CCn
) in Yo
- " i
Number of Aninmals 4 3 5 2
Respiration Cessed (min.) 2.1 2.5 1,28 1.08
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Artsriel Cp Saturssion
inutes or Tassiag  Cub 28.t £7.1 24 24
1.0 14.4 £1,2 12.2 12
2.0 5.4 14,5 2.9 2.2
£.0 8.6
Artarial CO Satur=ation
Yinutes of Gassing GC.5 214 3.7 27
1.0 4.6 29,5 ¢8
3.0 718 37.8 49
5.0 T3.2

A4 comparison of these datr with those o Tablss I, II, and IIT shows thet
heat ned a progounced cffuct in incrossine the suscepbtivility of oats Lo
S I v S
reg used, Time of densh wes raduced to Less thaa 3
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mingtes,in animels bre yll“g 2 7ﬂ CO and 3% Qs in H,, W1tq or without 7. o5
€05 4.2% Ug’ killed i\ 5T minutes, compared with an awrage survival ":ir"e
sxceading 1@ mimites in ‘nlsaunﬂ animals; and 2.7% CO® in air killed in 4.
minutes as .,.pa-e'i t "7 24 mlm‘bes in boat.) aet subds ned o neat.
. S urterlal ox,bea saturetion fell auch more rao‘"’y
tae liznted nniﬂaIS'11 th all 3es mixwuires., - Cardoxyn 'moplcbian, on the other

- “hend, -increased more slowly than in unheated a“_wals, except for the gEroun

gobiing 275 CO in &lv. AL death, the blovd of hestsd aalmels exposed Lo
2.7% CC and 3.0% Op conbained “1y 37.83% carboxg‘enoglobin and that of
én‘ﬁals expossd to 2. 7% CO, 3.0% Uz, gnd 7 .0% uOd econtained 49% carboxy-
nemoglotin as conna;ea with saturations of aboutb 9Q~ in unheated animels

-(Tavlses II and ITI). - .-

£+ The comparative effects of low~ oxyben and hi gh
carbon monoxide on joats and pigs

. : In order to get data on another specics than the goa*,
snd bezause of the extensive hLsat studies of Moritez and co-workers on pigs,
it was decided to gas pigs with 2.7% CO and 3.0% 0p in Np and with 2.7% CO,

2,00 ‘Cz, and 706D COp in Hpe  Ths results, expressed as ave"ages, are
shovn in Tedle V.
TABLE ¥
ffects of Low QOxygen and High Carbon llonoxide on Figs
; ) 2.7% GO 2.7 CC
a T 3.0 0 3,07 Oy
Sas I xture 7.0% CO, in ¥,
in Np
Numzer of Animais 3 3
Xesviration Ceased (ain.) ' - 1.17 : 2.0
Lest Gasp (min.) ' 443 ' 4.2
Arterial Os Saturatic.
Minutes of Gassiang 1.0 15 36
2.0 8 g
5.0 & 4
Artsrial CC Saturation
Mirutes of Jassing 1.0 75 49
2.0 = 78
5.0 85 02
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Comparison of the data of Table V with those of Tables II

and III shows that the response of pigs to these gas mixtures was not appraci-

ably different from that of goats.
g.  Survival rates after rinutes exposure to gas mixtures -

o A series of animals wers gassed for 3 minutes, and then
were allowsd to breathe rcom air, since this gave, in moet cases, Ct’products'
as great .as or greater than those ovserved ia f1e61d experimends (Part III of
this paper). A lerge majority revived spontansously asshown in Table VI,
Yost survivors wera on their feet and appeered nermal at the end of 15

zinutes after gassing. Taree of tiie 5 deaths ocourred during gassing.

8. Experimenss with gasoline vapor ani epinephrine

3

: he sxperimenis wish zasoline vapor and epinephrine hgve been des-
cribed by Chencwsth (15) elseshere, and will merely be reviewed briefly here.

Healthy male dogs weighing 5.6 to 22.4 kg. wers gnesthetlized with
35 mg./kg. of sodium pentobarbitel given by intraperitonesl injection., Gaso-
line vapor in eir was deliverosd to the dogs: tnrough a tracheal cennula, and
the concentration of combustible guses in the mixture was recorded continu-
ously by drewing a sample of the inspired air through a Cities Service M. il
Heat Prover. Blood pressure changes were folloved by means of & cannula
inserted in the fexoral artery and attached to & Huertle manometer, end
electrocerdiograns were taken on a Sanborn "Cardietta",

, The procedure used was to taks tracings of the electrocerdiograns
and blood pregsures bsfore adninistration of the gasoline vapor was begun,
Gesoline vapor was then adruinistered in such mammer &s to duplicabte =@
closely as possidble the concentration-tine ralationships found in exzeri-
nents with fleme thrower sttack of a poorly-ventileted bunker. A second
elecctrocardiogran was taken during administration of the gasclire vapor,
an<d then, after aa interwvel of 80-120 seconds, 0,01 mg. eplnephrine was

injected intravenousiy.

OO .'Jr

Ventricular fibrilletion occurred ia 12 of 3€ trials, involving 21
dogs, in which the gesoline vapor concentration reachad peaks between 4 and
8 veclumes per cent. Yentricular tioriliation could be induced in The re~
maining dogs either oy iuncreacing the chnllenging dose of erinevhrine, or by
increasing the concentration of gascline vapor, or both.

The mechaaism of production of ventricu
ipsumstances has deen discussed slsewhera (15,1
ions were reacred, it appearad that ventricular i

an ectopic cecaplex occurd i+ the rteriod of labe sys
le.

r fibrillation under these

ile no firm corclu-
on usually results
e or early di-
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ITT. DISCHSSIoN

The ultimete aim of research on the cauges of repid death in pairolsum
confiegrations resulting from flame Throwsr attaclk wes fe provide informetion
on the relative effectivencss of tha differsnt lethal factors concerned. FEx-
cect for flame aibtacic in ths open or under conditiens of shundant ventilaticn,
where heat proved to be the detarniling factor, it was not posszible to decide
from the date of field trials the rela%tive impertance of the different lethal

fuctors. The roasons for the diffizulby w11l be described in more detail

‘belew, but the "synthetic" epproach of exposing animals Yo the lethal factors

singly and in various comdinations as duscrlbau in this psper was adopted in -~
rder.to clarify the bltuatLOW., :
[

A. "Synthotic® sxperiments

1. V_Lcmjoz.;,fgen m.xtures

o élthbuwh, as shown in Table I, oreatnlng loa oxygen mixtures
caised rapid snd profound changes in respiration and blood oxygen, evea
total oxygen lack was 5qnera11y insufficlent ta ¥ill in & period of & wins.
(& 0p Ct = 80).  This is shown by the cbservation that the last gasp

occurred, on the averags, 217 seconds aftsr the onset of gassing with
yllnder nitrogen, and that 5 of 6 goats exposed to cylinder nitrogen for

ins. recovered. Animals breathing less anoxmc mixtures might die
1ortuitous y as by ventricular fibrillation. :

The effacts of oxygen - deficient mixtures on minute volume
of respiration were extremelj variable. Yany factors undoudtedly vlayed:
& part in respiratory changes and differences in minute volume eppeared to
have no signifiocant effect on survivel or blood carbon meonoxide or oxyzsn
content at “he oxygen and csrbon monoxide concentrations enployed. The.
sffoct of anoxia on the goat should parallel that of anoxia on man, since
Barcroft and SSSOulateS have reported that the ocxygen dissocistion curves

of goet and human hemoglebin are very simitar(14).
2. Curboan monoxide - low oxygen mixtures

Since thna concentrations of carboxyhemczlobin snd oxynemoglobin,
whan hemoglobin is exposed Lu slwmospheres containing carben moncxide and
vxygen are proporticnal to the relative partial pressurss of the guases, it
can bo predicte that low oxvgen in the inhaled mixture would favor the for-
mation of carbexyhemoglobin. The additive effect of low oxyzen and carbon
monoxide would be mors apparent, however, if the concenirations used wore
less drestic in eft'sct than those reported hera. In other words, lethal
soncentrations of reduced hemoglobin and carcoxyhencglcbin were reached
within very few minutes when low oxygen mixiturcs o 2.7% carbon menoxide in
air were employsd separstely. Ruwever, bleood gas concentration changes
were slightly more rapid when tne combination was usod.
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3. Zffect of carbon dicxide
The action of carbon dioxide in stimulating respiratory voluas

and circulatory rate is likewiss overshadowed by the high cencentration of
cerbon monoxide ani law condentretion of oxyzen used; in addition, there was
insufficient time in most experiments for carbor dioxide to exert its stimue
lating action. B -

Pininl fever

et

of art

[1=3

EffTen

wr

Numerous factors undcubtedly contribute to the increased sus-
ceptibility of heated aulmels to toxic gas mixtures. The fact that car-
- boxyhemoglobin concentretions at time of death in heated animals was much
lower than in urhested animals probably indicates that the animels died of
the combinetion of other factors before carboxyhemoglobin concentraticn
hed time to reach maximel levels.

B. Effect of zasoline vapors andiepinephrine
& . h & "

- The inhalation of 4-8 volumes per cent of gasoline vapors followed
by the intravenous injection of C.01 mg. epinephrins in dogs anesthetized with
sodium pentobarbital resulted in fatsl ventricular fibrillation in s certain
preportion of the dogs. This cencentration of gascline vepors could well de
sncountered during petroleun conflagrations, apd the smotional disturbance
attending exposure to sush conflagrations might well result in thc liberation
of sufficient epinephrine to sensitize. the ayocardium to ventricular fibril-
lation. While this mechanism of death must be ccnsidered as possible in
petroleun conflagrations, the evidence ¢f the field trials previously re-
ported, and the synthetic experiments reported here would suggest deeth
usuelly occurs as the result of aenoxia dus %o oxygen defieciency, and the
presence of carbon monoxide in the atmosphers, and haat. The hydrocarbon-
epinephrine mochenism, hovever, is of considerable importance in other ap-
plications and has been discussed in detail by Chenowsth (158) and by
Garb and Chenoweth (16).- ;

€. Gonersal

I% sppears from the expsriments here reported, that low oxy:zen,
high sarbon nmonoxide aud nest ars the chisl isthal factors reszvensible for
death in exposure to conflagrazions under conditions of poor ventilation.
Cerbor dioxide, while potentinlly capable of increasing the voxicity of
these lethal factors, apparently contributed 1ittle to their toxicity under
the conditicns of these expveriments. Another possible lethal mechenism,
that of hydrocarbon vapors plus the releass of epinephrine, leeding to
ventricular fibrilletion, was apparently overshadowed Ly anoxis in actual

In this comnection, it is interesting to counsider cerlain difficul-
" . . - §
o4




GUAT MORTALITY
LOG GO €1 VS LOG A 0§, Ct iN BUNKER
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TABLE ViI

“.Gorrelations Between Difforeat Lethal Factora
Proeduced Yy Flgme Attack Iln & Bunker - - _.

Corralation

7"Factors Coefficient (r)
Log ‘{ﬁ éz Otalog GO Ut | 6-94
Log £\ 0p Ct:log Tt 0.51
Log £\ 0y Ctsleg COp Ct 0.51
Log €O Ctilog TH 0.86
Log CO Ctilog COs CY 0.88
Log It 1log CU, CG 0.69

It can be seen that strong positive correlations exist be-
tween esash pair of factors, end by refersnce to Figs. 1-8, that each
factor singly oould be positively correlated witn aninal mortality.

If only one of thesa lethal factors, 2.%., Tt, hed bsen measurad in
these experiments end a correlation determined betwsen lecg Tt and goet
mortality (r=0.86), it might have Deen tempting to spesculate that heat
was the obvious lethal factor. Similerly, if ornly CO2 had besn meas-
ured & correlation would have shown equally gcod agreement between log
CO2 Ct and goat mortality. Thus, these sxpsviments {1lustrate thso
denger of drawing inferences as to causatioun from correlations where
the veriables correlated are not independeat of other varisbles which
may be concerned with causation., It would de legitimate, of course,
to say that log COp; Ct might bo as useful for predicting goat mortality
in these experiments as log Tt, or log/\ 0, Ct, or log 50 Ct, but

that is as far es one could go.
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THE TOXICOLOGY CF FIRE

PART VI. Protective Yeasures Azainst Injury by Fire
STALARY

Protection against firs involves bodily protection against heat and
respiratory protection against oxygen dericiency and the inhalation of
toxic gases. : . 7 o 7 o

Protection against very high temperatures for very short periods (less-‘

~then 1 second) can be achieved by very simple means such as a layer of heat’

protective ointment or thir cloth.  As the duration of exposure inoreeses,
the requirements for a protective body covering become more rigid, the best

devised during the war protecting against {lame temporatures for more than

one mimute. Moist coverings become Very dangerous if thsy are heated suf-.

ficlently to generate‘steam and -4f the steam can reach the skin.
Respiratory'protection agalnst oxygen deficiency and thq ingIa£fbn7of

carbon monoxida appeers to be of paramount importance in any ‘poorly venti-

‘lated conflagration. The protective measures involved should also be

sffective for protection against any inoidental toxic ga@es—that might
occur (such as nitrcus oxides, phosgene or sulfur dioxide) from the thermal
decomposition of certein chemicals. s .

Ventilstion is a good protective measarse for personnel in ths immedi-
sate vicinity of a conflegration in that & plentiful supply of fresh air
prevents the development of an oxygen deficiency and the formation of
carbon monoxide as well ss dilutes amy incidental toxic gases that might
be present. g

A second messure of protection consisis in gatting up a barrier be-
tween exposed personnsl and the conflagration. Any barrier thet ox-
¢ slec exslude othar toxic gases.

The amount of protsction afforded by various types of respirators or
zes masks is also discussed. Cenister masks or any other devices which
depend on an adsorcent for ths removal of tozxic gmses from the atmosphere
cannot be used safely in an atmosphere deficient in oxygen. "The air-
line or self-conteined oxygen masks, on the other hand, whon funotioning
proverly are safe even in oxygen-deficisnt atmoscheres or atmospherss
coptsining dengerously taoxic gases.
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THE TOXICCLOYY, QF FIRS

PART ¥I. Protective Measures Against Injury by Fire.

I. HISTORICAL AKD THEORETICAL

Previocus Parts of this paper have shown that the rapid death which
can occur &s a result of exposure to petroleum conflagrations meay be due
to heat, or to the inhalation of a toxic atmosphere, or to a combiunaticn
of these. Ventilation determines which of these factors predoninates.

"4f ventilation is good, heat is the dominent lethal factor and rapid
death results from & gemerel or local elesvation of the body temperature.
The delayed death whioh usually oocurs &s the aftermath of extensive sur-
face burns of the body was not a subject of study in these investigations.
If ventilation is pocr, inhalation of e toxic atmosphere is the dominant
‘lethal factor, and deatn ls the result of anoxia whioch stems fromn a pri-
mary oxygen deficiency aggravated by the presence of ocarbon monoxide and
to & certain extent, carbon dioxide. Heat may be present ac w2ll &8 8
Loxic etmospnere and contributes to the anoxia.

Protection against injury es 8 result of exposure to conflagrations
"involves, therefore, protection of the body against heat, or protection
of the respirsatory tract sgeinst anoxia and carbon monoxide or poth.

II. PROTECTICH AGAINST HEAT

Heat reaches the body primarily by convection (eambient heat) and by
radiation (radiant hest).  Bobh types of hsat are present during confle-
grations, radiation occurring either from the flame itself or from objects
heated by the flame, while ambient hsat comes fronm phyaisel contact with

the heated atmosphsre. Protection of the body against total heat, there-

fors, can be achiieved by insulation with a protective layer whioh does mnot
readily conduct embient hsat to the skin; and which refleots radiant heat
or absorbs it in its external layers.

h stion of axposure to heat as well as the intensity of exposuc~
determines, to a creat extent, the nature of the protsction reguired.
Yery brief exposurss {less than ) second) to very high temperatures such
as occur in explosions result in flash turus. The temperaturss in the
i« and most of the
s may be extansive

Ths dur
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exploding gases of ordinary munitions may reach
heat emorgy is ia ths form ol radiation. la
and feial depending upon how wuch of ths boly is posed, but death 1is
secildem or ever imnsdiate. Louger, 3bough brisf, exposurss to aigh
tempeoratures may result in repid wypertheraic death. Heritz and co-
workere {1) showed that 30-secend expogurss Lo sir Lemperature of the
0z, produced a somenhat differant tyve cf fetal damage to
{10 minute) and egually fatsl exposures to temperatures
xperiments with petroleun conflegrations,
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5 second expogurss -to teﬁpefatures'of the order of 1000°C. were fatal to
~goats, but the mechenism of death differed slightly from that deecribed

by Morits for pigs. Ig_these;;nstances the cauge of desth was systemio

or local hyperthermia although the exact meghanlsm by which death was

acoaaplished 3iffered from.ons type of exposure %o another.

It is probably a fair generaligation toc sey that the shorter ths dur-
ation of exposure vc¢ heat, the simpler the protection required. _Experience
at Pearl Harbor showed that flash burns were prevented by ordinary sotton T
shirts., The. bulk of the heat produced in a flash combustion is radiant
{infrared) and the thin T shirts were able to provide enough reflection and
sbsorvtion of heat to prevent burns to the underlying skin.

Protective ocreams and ointments also have a limited walus-in proisctiag
against heat - particularly radiant hsat., ~Ointments whioh contain ostallic
flakes, for example, reflect both infrared and visible radiation well if the
wave length of the radietion is small jcompared to the diameter of the metal-
lic flakes. Metal bearing ointments were not suitable for military use be-
cause of their high reflection of visible light, which was incompatible with
canouflage requirenents. 'Nevertheless, both the Army snd Navy produced
gat:-flash ointments which were capable of reflecting or absorbing a high
progortion of incident radiation, noth infraréd and ultraviclet.

: Radiant heat raeflacted away from thc body hasg e physiclogical efTects,

' vut sbsorbed heat raises the temperature of the ointment, and since thie is

in intimate contact with the skin, the heat absorbed in the ointment can be

i readily transferred to the skiu unless: (a) It is dissipated in an endotheraic
i reaction, or in vaporizing an cintment constituent; (b) or the ointment is =8
poor heat conductor; or (¢) the ointment has a high spscific heat so thev &
relatively large quantity of hest ls required to raise the temperature.

It appeared for e time that substances which would sffervesce by volatil-
izing water of orystaellization on heafing, such as borax, would be advantageous
ingredients of heat proteotive oincuents, siace ths sffervescent action is botn

. aturesz,

endothermic and generates a laysr of gas which is
It was found, however, that such olntments tsnded
underlying skin which were more severe than woald
akin Were dry bub othsrwise unprotected. Whils

= 45 PO e e 3 *} ' 1 3
able to protsct against very high temperatures 6f

a poor condustor of hoat.
to produce steem burns of the
have been the caso if the
ointszents end thin c¢loth are
very snort duration, they

¢cannot afford much protection ugainst longer exposures, even at lower temper-

vige types which can withsband flame toemper:
The familiar asbestos suits of oll well [ir:
These are not ccubustible and conduct hsa
10 sezonds of exposure to {lame they muy 2a2ons
their thickness, and, of coursge, buvra the :
saits, like firebrick, do not b 8
por during the wer to find that cotton ¢l
gults was cherred evern though Che oulter p
nest damage. In one sxi~eme axperinent sondutls
-
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For this type of exposure, s thicvksr laysr of inaulation is reguired.
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abls design and was exposed to the direct blast of & flame thrower. The suit

was unharmed but the dummy itself was beily charred. This is not intended to
minimize the vaiue of proteotive clothing. With gtandard available olothing -

it is possible to sustain exposure to flame for & matter of seconds without in- -
Jury., With the best protective clothing develaped during the war, the periocd

-of exposure could be extended to more then & minute. . This time, whils short,

may be. all that is ueoded to escape from dangsr or perform some important act

of dafenge. - Sinoce spscial fire protective clothing is not readily availabdble,
howsver, it was ol im%horest to etudy the Aegrae of protectlion provided by '
ordinary woolea o heavy cotten oleth.

o During the experiments on the effect of exposure of goasts to fire bomba
- dropped fram an rirplane, the amount of protsction afforded by an ordinary
 woolen G.I. blanket or w shelter half was studied. Goats wers prepared and
" exposed as in the experiments previously described, but were covered with &
blunket or shelier half. It was found that dry covers tendad to ignite and,,
if they did, 'offered less than no protection since severe burns rasulted from
contact ‘with the burning cover. Wet covers did not ignite and gave congider-
ably more protsction than no cover at all, The best protection, however. was
given when the protective covers, vat or dry, wers removed from the aninmals by
remote control immediately after the fireball resulting from detonation of the
boxb had passed. Tha results of this protection can bs seen in the summary of
" pegble I, in which goats wers classified ;i one category as either dead or pros-
trate or in snother catsgory as injursd or not injured. Thus, while the pro-

).

iid

tection sfforded by a wooclen blanket. or a shelter half during an exposur of
gaveral soconds to flame itself was not ansolute, it was significant snd life-
saving in man;: casss. ’ ‘ T e e AT T .
TABLE I L e
- Surmary of Effects ol Firs Bombs. on Protected and.Unprotqqtéd
Goats on the Surfece of the Ground and in 8lit Trenches
L e e N el
Dead or Injured or B ;
Animals Prostrate ~ Uninjured -

Unprotected on Surface 80k 206 . - !
Protected on Surface . 31% . 69% : SRR
Unprotscted in Trench : z5€ 177 4
Protacted in Tranch 9% 91%

T+ must be roaiized that prctective coverings eoplisd to 4he body are
veluabls for only a limited period of time, the limitation being the time
necesuery for thorma. pquilidbrium to eccur batween ihe outer to Lhe inzer
. web coverings oifsr netier protoction egainst
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heut than dry s0vurings, tscauss they wili not ignite so lonz ¢ tThey are
¢ tne mbhsorusd hest ia uzsd up in ths eindothermioc pro-
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produced, they may cause very severe burns to the underlylsg skin. Dry
woolen or cotton covers ignits fairly readily, and if ignited can cauze very
gevere burns. The bast practicel use of protective coverings involves re-
moval sa Soon mg possible after exposure to severe heat ls over. o
The importance cf protsction against heat varies with the degree of
ventilation attending the conflagration. Where the ventilation is good, as
in oonflagrations im the open or in well vontilated buildings, protectiom
egeingt hast slone 18 required since toxic gases are either mat produced or
do not accumulate. Undsr conditions of .poorer ventilaticn protection
against heat as well as. against & toxic atmosphere may bs necessary.

; . — or— — G ey

I RESPIRATORY PROTHCTION . _

In discussing respiratory protection in conflagrations, = distinction : 4
must be made betwesn the toxic atmosphere produced by the ordinsry products |
of pertial combustion - i.e., carbon monoxide, cerbon dioxide &and a de-
ficiency of oxygen - and those produced by the thermal decomposition of cer-
tain organic chemicals. Examples of the latter would be nitrous oxidea from
the decomposition of nitrocellulese, or vhosgene from the decomposition of
sarbon tetrachloride, or sulfur dicxide from the combustion of sulfur com-
pounds. Gases of this type may or may not be present in any given conflagra-
tion depending on what is burning or is subjscted to high temperatures. They
were not present iri~the petroleum conflagrations descrided in the present - _
series of papers. Neverthsless, the inhalation of » *oxic a‘mosphere was 8 . .. ..
very important lethal factor for goats exposed t¢ conflagrations under scon- oo

) ditions of poor vertilstion. Death, under these circumstances, was usually

' the result of anoxia, ariaing from primary oxygen deficiency and from the

{nhalation of carbon monoxide, and aggravated by heat. = And regardless of

ahether special toxic gases like mitrous oxides or phosgens might be ‘present

| in a given conflagration, these ordinary lethal faotore leading to anoxia

: are still present and must e reckoned with. Fortunately, protection

| ageins’: special toxic gases as well as -the ordinary toxic atmospherss of
conflagrations requires essentially the same measures.

The 2irst measure of respiratory protection to be ronsidered isg venti- ;
' lation. If air ocan be admitted freely %o a [ire, partial combustion lead-
i ing to oxygen deficiency and the production of parbon‘mcnoxide cannot cccur,
| end- any speciul toxic zeses thet might be produced can ve neld tc low con=
- centraticns by the process of dilution. The free flow of {resh air into a.
t building incidentally reduces ths time x temperaturs product \Tt) produced L4

Aadloa

of fuel within the builiding, thus mini-
posure Yo cenflagroatlons. Vencilation is
i viginity of
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fense deys, oonsisting of u pair of blankets hung across -8 mine tunnal oam- - |
pletely protected a goat on the far side of the baurrier while ancther. gogt —— "%
on the near side died. Hoodan ar mstal doora would mnke an. even petder ... o

barrier than blankets. , LR ek f;;',‘;:fjﬁ

Fortunately, smoke, which is relatively hairmless in itself, acunmpnnitl f -

the other fire gases. Smoke is visible and has w characteristic odor where- o
ag carbon monoxide and lack of oxyger give zo cgrly sejsQry warning of their oy

presence.. 1t would appesr sound to say that (f one oam xeop out gt_:-gtlum, e ]
or can exolude smoke from ons's vicinity by any berrisr of any material, aay = 7}
toxis fire gases that might be present would alsc be exoluded. Too ofven 435£g§$
toc little sttention is pald to exposure tu saoke, "drgetg)ng that dal‘!ggu. I

_etzospheres way accompany the smoke. B N amlEy, Eﬁ‘"';ij
Scmstimos a ocerrisr ¢o tho paszags of firc gazcr gud sacke muy B9 in- .

tangible. It will be reonlied that in a previous puper it wads stowm

(Part IV) that crerices oxtending urmard in a mine Lumnel to tby ocubside air

caueod the smoke and fire zasos to sweep upwerd ant preventsd thsir further

travel {pto the mine tunnel.

General reapirazory protection by fun‘ilatan or barr4efl ‘s ot tlIlJ'

possible, 80 that situations zay arise whare nersonnel z.it anter an atmoe-
armma lbo~en £n ha at laact nn‘?aﬁ"‘ln“u AR A m 34t nereannal must

PLoi iy maawere - e wme mow e o= r- e wwe s -

rely on gas masks or respirators.

There ares two basisc ' mes of respirators, Tho:e nret (a) Resplitret-
ors which depend con szme ndscrient such 88 active carbor §n a2 seanister to
re~cva toxic pases from The a moqphere: exan;lel are ‘nr 5.1.,ury £E3 A7
or “he MSA "All-3erv.ce” znsn. (U respirators wnii  supriy an atzosphare

independent of tho i1w@melis’: envhTzmont 5l the _cigon men) &g T 9 LYY &
axamplee are tre "air-l.-e” rask 1. =aioh {rea el: 1i pawpr” throur®

roR® iB%G *he facerieces f i mAaId ar fLa o nelles it cirel SX ST Ka

wilch pure oxygem i dalivore. _nte bre Tacegje.a rromoa o gail oy, o
CXysen ST oJrom B CTeTC n. nX, eh ZerTorTatir. Tre 108 Yyr of —as
obwimsieiw 27 1l *le Lie woorc “rera 5s a icliz,ency 30 oxyge. LT the
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atmosphere. ~ While wearing it may delay death by removing carbon monoxide or
other toxic geses, il canuot supply oxygen which is necessary for life. Axn’
&ven more severe limitstlon exists on the use of a wet towal or handkerchief.
T* © . wither suprly c.ygen or remove carbon monoxide. At best it might
-w<” che'lnspired air end remove aome smoke. . Canister masks should only be
worn where the presence of geufficient oxygen cén be demomstratud. Specific-
elly they should not ve worn in apy atmosphere which will not support the
flame of = candle or m.as safety lamp, or carbide lamp. If such flames bura
steadily it may e presumed that at least 128 oxygen is present and this is
sufficient to at least support life. It should be pointed out that in cer-
tain locations where there is little natural ventilation such as mina tun-
nels, local pockets of air may exist which are toxic ard deficient in oxygen,
Persons’dependent on canister masks nust, therefore, proceed under such cirs
cumstances with the greatest of caution and only when eccompanied by a =mine

8afety lamp or other reliable indicating device which will indicate £ danger.

ous oxygen deficiency.

The air-line or self-contained oxyzsn masks. on the other hand, supply
their own atmosphere to the lungs of the wearer, and thus are gafe even in

oxygen deficjent atmospheres or atmaspheres containing dangerously toxic
gaseas. S ‘

For the sake of completeness, a few words should be said about the in-
halatior of heated air. Morite, Henriques, and McLean (2) havs shown that
the inhalation of very hot dry air produces severe burns of the upper respi.
ratory tract and laryngeal edema because all of the available heat ie lost
in the upper part of the respiratory tract. The inhalation of ste L
the other hard, produces thermal injury to the entire respiratery tract in-
cluding the lungs, because steam has more heat to give up to its surround-
ings than does dry air. Hence some heat still remains to be delivered when
the inspired air reaches the lungs.

It was our impression, however, from the prcsent series of experiments
on petroleum conflagrations that heet damage to the respiratory tract was ol
minor importance except in animals in the imnediate vicinity of the flame,
aud even these apparently died of & systemic hyperthermis rather than from
laryngeal sdema or pulmonary injury.
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