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e Every point indicates position of walker at intervals of five seconds

_4_



LEEE CHITTAEN IR S, OB PEIATH
B ABOBEIC L 3 EEOBAF0.76m s, #FT —
12k BRBEOBEH0.6Tn, sTh-72, BEEGNHE
BRELH U4 CHTEBRET -2l bbb
¥, EEEEYOR L HEL TP UBTHREHIHEC X
o2 ht, ZHUREES O S 2 EHEAVNES (, BEE

fihkE o 2B EBbILS,

Z OO BITHRONREEIE AEOEID & FEENE
L, W3/ 49, BET— 72 L 2 BENEE, B9
S Tho T, TEREEYOHLFEL LIV LY
RABEOENE»RLEDH L LI EbILL,

£ £ £
o .| ) o
o o o
L ; .
v
e——15m ——= 15m 15m
(a) (b) ()

Fig. 7 a—c Walking courses in the case when persons, blindfolded, were guided by tape-recorded voice.

There were scattered obstacles in the gymnasium. (noiseless)
o Start point
aLoudspeaker
e Every point indicates position of walker at intervals of five seconds

4. # W

ABOFIZF T 2 HHBETE* F L 72 i ik o LRETH- 72,
EENBEHEZRNDL 726, BEDEH 2 IRIETH (3) BEEMHIELHEIZEIFILLIRETEEDD
TTEBREITY, SITER, SITEE, RWEL 2420 Bk %ML, RE2HHLHILBTTE. MR
EL, ROEREE2, DEDLGERCIIFROM, FICLOMEIIEE
(1) BMAPFELLZLLTL, FOHNEEZ AT S rEEERT,
ZERLESTHERF CEBALET LI TES, BOICAFRIC OV THIEEC 2 R EE—F
FEEISHELENIY, EOHNESGZ50TH S3HERESLCERICHHIL CTE - 2 EREAHEK
HFHIIBEMTH B, HIIRPOELERL T, UHITERL S CICHIERE
2 AHOFIZLBFBRBTT 710 L5585  ZHFLLSROBMEME 2w ZBHHEEARSS
CONTHIFIZ R L— R E Do 1o ds, Foger RSO0 oBRLE L BIF 2T,
3D 7%dr o7z, MBEBOBEIC L 2 BT ME IR

_5_



5 B x #®

1) EFBEFSHE BEEEEF p131~138 on 2) BARRK D EEBEARRV EEOEEYE 819
4t (1969) ~828 EHER: (1967)



Peport of Fire Research Institute of Japan $6.41(1976)

A Study on Voice Guidance for Evacuation

{Abstract)

Yuichi Watanabe
(Received September 17,1975)

In a fire where visibility is obstructed by smoke, it is often said that it may be possible to
evacuate safely from the scene with distinguishing ability of the directional sense of human ears’
for a source of sound. Therefore, this study was intended by the author to investigate about the
actual validity of a few methods of voice guidance for evacuation.

Experiments were carried out in a gymnasium of 15m x 30m., and persons, blindfolded,
were guided by voice to walk for about 30m from the starting point to the source of sound.
Two kinds of voices as follows: a human voice given through a loudspeaker and tape-recorded
voice reiterating “Exit here” mechanically, in the experiments were used.

The following results were obtained from the experiments.

(1) It is possible to guide a person according to the directional sense of his ears even when his
visibility is obstructed. Voice gives a person not only instructions but a definite direction
of the sound, and is, therefore, effective to guidance for his evacuation.

(2) Guidance with human voice resulted in less smoothness of walking than with the
reproduced tape-record indication, but was more effective owing to assuring confidence in
human mind. The walking speed was not so much different in both cases.

(3) When a blind person encounters an obstruction on walking, he grasps the shape of the
obstruction through the sense of touch or by hands to insure his safety and proceeds.
Where the visibility is obstructed, the sense of touch of hand as well as voice play an
important role.
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Burning Rate of Wood Crib

(Abstract)

S. Yamashika, H. Kurimoto

(Received November 22, 1975)

Burning rate of wood crib was measured in connection with a crib weight, width of stick,
lapse of time, and crib porosity. The rate was directly proportional to the weight or the surface
area of the crib in the same width of stick as expected. The influence of width of stick on the
rate was the same as that of Gross’s experiments. As the stick became thinner with the lapse of
time, the rate was directly proportional to the square root of remaining crib weight. The rate
varied with crib porosity which has influence on inflow rate of air into the crib fires. Then the
empirical equation modified for the air inflow was suggested by the authors.
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Fig. 2 Particle streak pictures showing convection in the liquid (a—d, interrupted time 0.01 second)
and cellular convection pictures (e—h). 1 minute after ignition (a & e). 2 minutes (b & ). 3
minutes (¢ & g). 4 minutes (d & h).
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The Effect of the Convective Motion in the
Liquid on the Liquid Burning Rate

(Abstracts)

by
Taro Yumoto

(Received November 25, 1975)

An experimental study was made to explore the effect of the convective motion in the
liquid on the burning rate of hexane. Hexane was burned in the cylindrical glass vessel of 26mm
in diameter, and the convective motion in the liquid and the cellular convection near the liquid
surface were observed by means of particle tracer technique and shadow photography,
respectively.

Measurements were further made on burning rate of liquid, the radiation flux from the
flame to the liquid surface, and on temperatures in both the liquid and the vessel wall.

From these data the explanation of the mechanism of combustion accompanying the
convective motion of the liquid in the vessel was made and following equations for predicting
the burning rate of liquid fuel were obtained.

1) The first half of combustion (Up to 4 minutes after ignition)

RedCy %@)i
5 = 0.755Pe*( 1o )

£ £
Pe* =Re*Pr. Re* = M
3
v

2) The second half of combustion (Over 4 minutes after ignition)

—Rbdcl = *(M)'l
N~ 0956Pe*( o )3 @)

Equation (2) was rewritten to the same form, Eq. (3), as Spalding’s equation predicting the
burning rate of liquid fuel, and the Transfer number B; was defined by the physical properties
of the liquid and the scale of the convective motion of the liquid.

Ryd F I
<25 < 0458f Grf 3)

4 L 4
B1=2.731Pe** Ma 3 Pr



Where Ry, is the burning rate (g/cm*min), d the diameter of the vessel (cm), N the thermal
conductivity of the liquid (cal/cm+min+°C), v the kinematic viscosity of the liquid (cm? *min),
Cr the specific heat of the liquid (cal/g*°C), Pe* the characteristic Peclet number, Re* the
characteristic Reynolds number, Pr the Prandtl number, Ma the Marangoni number, Ra the
Rayleigh number, Grry the Grashof number, u 4 the characteristic maximum horizontal fluid
velocity at the liquid surface and Smin the minimum heat transfer thickness for vaporization
obtained from heat balance. In this case, Umax is 139cm/s, and §min is 0.0012cm.
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Fig.1 Flow and Breathing tests apparatus for KO, -canister

1: H,O trap 7: KO, canister

2: Steam generator 8: Three way valve

3: Thermometer 9: H; O manometer

4: Heat exchanger and trap 10: Dewcel Dew point meter
5: Gas reservoir bag 11: Thermocouple

6: Artificial lung 12: Recorder
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Fig.2 Schematic of KO, tests canister

Table I Composition of test, exhaled gas and dry air
Component 0, CO, H,0 N,
Concentration mmHg % mmHg % mmHg % mmHg %
Test gas 143.6 18.9 304 4.0 42.5 5.59 543.5 71.5
Exhaled gas 116 15.3 32 4.2 47 6.18 565 74.3
Dry air 159.1 20.9 0.04 0.3 0 0 600.6 79.0
Remark: Test gas means composed exhaled gas.
3. ERER
BRKONDEEIZ, TERRVKELIFHIVREE #Table2 (2, B2 DOEKZRTEE%*Photo’s No.l
HERANRETE S, L LEBICREZREENEZES>T ~No.3ItRT,
i snl, BREMLVECRIY, T2TiE, # Table 2
CKE e 2 g NN VE ) S, i
HE P DR OKO 2R By A %L, F2—8NY Grain type Specific gravity| Gravity when
LOHEELFBIEL 72, Porous KO,
KO ki-f-l2 AR E N & EDHRD F F D LILEKO: (2 ~ 3 mesh) 0.41 0.26 ~0.3
(LI P-KO: TR ¥), ErCTHEEL 72 L N(T-KO2) Tablet KO
5 & U'P-KO2 #HIE 7L 2 T120~150kg/ om? TEA L, | 9mme x 3mm thick) 1.51 1.0
Brzv s FHRR LR TRV 2L 0 (G-KO2) 122
. ] Granular KO, 1.48
WTREL 7, 2 ~ 3 mesh . 0.6
P-KO:, T-KOz, G-KO:ND &2 NENLE & FHEE




Photo’s Examined grain of different shape

No. 1: Porous-KO, (P-KO,) No. 2: Granular-KO, (G-KO,)

No. 3: Tableted-KQ, (T-KO,)
Right, before used
Middle, after used (not deformed)
Left, catalyst (MnO,) is added.
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Fig. 3 Flow tests of porous KO,
Flow gas composition is described in Table 1

O, CO,

O L4 P-KO, 75g (2~3 mesh)

A A P-KO, 75g+ MnO, 1g (Sprayed)
a u Tablet-KO, 75¢g

Flow rate 10//min at 35°C.
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Fig.4 Flow tests of porous KO,

Reactive characteristics of each H,O
vapour and CO, alone, a comparison with
composed exhaled gas (Fig. 3).

~0—  CO,-Air (4%)
—o— H,0-Air (5.59%)
—e— (CO, breakthrough concentration

Flow rate 10//min at 35°C
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Fig. 5 Flow tests of Granular-KO,
Test gas composition is described in Table |
Comments on Fig. S
t: Time (minutes) after passing test gas into
the canister.
T: Temperature (°C) of regenerated gas and KO,-
bed.
PH.0: H:O vapour pressure (mmHg) in the regenerated
gas.



Run No. Flow rate (/min)

Test condition of canister

1 10 30°C

2 30 30°C

3 30 0°C

4 30 0°C, 0.2%-MnO, Catalyst contained

5 50 30°C

6 30 30°C, comparison of non-Catalysed and catalysed granules.

Symbols in Graphs are unified as follows for [O,],
[CO. 1, PH20 and regenerated gas temperature.

ForNo.1,2,3and §

—X— 150g (Weight KO, used, 2~ 3 mesh, 78% purity)

—o— 200g o
—&— 250g o
—-o— 350g "
—o— 450g "
—e— 450g -

For No. 4 marked as follows.
—o— 200g (0.2% MnO, contained)
—a— 250g (0.2% MnO, contained)

Breathing at 20 rev/min.

—o0—  350g (0.2% MnO, contained) + 100g (non-catalysed)

ForNo. 6
—o— 450g non-catalysed
—e— 450g catalysed (0.1% MnO,)

in No. 6-3 the temperature is marked as follows.

—o— regenerated gas (non-catalysed)
—o— regenerated gas (catalysed)
—-o— KO, bed (non-catalysed)

—o— KO, bed (catalysed)

G-KO. bed temperature are marked as follows.

—a— 250g
—ao—  350g
—o— 450g

—o— 450g Breathing at 20 rev/min. (No. 5-3)

4. BETCEZR

4. 1 KO BT ORIE

KO:3M-Ric kg &, ZOH08 L CO: 2 1R%E
L7:1%, Table 3'* |oiR¥T X J 12 S HDITHRENT
RIG L0 2 T 2,

M KO3, BB L72CO LW TRIGL 2o\
ZEHHLENTVS, CO: E3HMBOHONLEL 72
BIZoAR(), QOEIZRIEL, #REELTRBDE
BOICET LA EICERTT 5,

Lo LAREOKOIZIZ#20% DKOHA EH LT v
528, Fig 4N L HJICEBREH2CO 2 L ERE
LERICRIET 5,

RIG1ITIZH20 1= L O LSEADHEBEN S
Y, ERRIZIE—KRIICZ0.5T A B ENBIZEEE D,
i, ETREIEHITaebdr5TH b,

L7zdto T, WERERICERT % L 23, BR+FD

H0NATIRLEO % 645 L Xk iThEE R L C

#9(Fig. 4), MELBEMT 540, 2723C0 08 H
TEIEIE > THAERANLRIGEELGETE S
EEZH5NB,

ThbbH 0, CO23HF L TRIGL, BREREH
DACFEHINERE CRQ A DIFIRFERQ & RO BHER %
I PARY U G/ R F A A

CRQ=RQ (1)



Table 3  Potassium Superoxide Reactions

at below 10°C

11 2K0, +nH,0
at up 10°C

12 K, O, -nH,0
and else

1D32K0, (s) + H, O(g) 2KOH(s) + 3/20,(g) + 10.4kcal

2 2KOH(s)+ CO, () K;COs(s) + H, O(g) +33.71

3 2KO, (s) + CO2(g) K:COs(s) + 3/20,(g)+ 44.55

4  KOH(s) + CO; (g) KHCO; (s) +33.23

5  KOH(s) + 3/4H, O(g) KOH-3/4H, O(s) +16.53

6 KOH(s) + H.O(g) KOH -H; O(s) +19.93

7  KOH() + 2H, O(g) KOH +2H, O(s) +33.8

8  K,COs;(s) + 1/2H,0(g) K;CO;+1/2H,0(s) +7.59

9  K,CO;(s) + 3/2H, O(g) K,CO;-3/2H,0(s) +22.77
10 K;CO;(s) + H,0(g) + CO, (g) — 2KHCO;(s) +32.75

Furthermore, the following reaction 11 ~ 15 are known as intermediate

process.2)

K202 ’nHzo + 02

2KOH + (n-1)H, O + 1/20,

13 2KO; +CO,
14  K;0; +2CO,
15 K;C, 04

Kz C2 06 + 02
Kz Cz 06

163 2KO, +3H,0

K. CO; + CO, +1/20,
2KOH-H, 0 + 3/20, +16.5 Kcal

7:72LRQ, CRQIRAD L HIZEFREN S,
ADBAIEEH Y ) O BEEFE & Voo, W HIKEA R &
#Vecor, ILEBERAB OB KEE A A % vcos, K
HEEREF Vo & B &,
RQ=Vco: Vo, (=0.8~1.0)
CRQ=vco02/ Vo,

4. 2 BEHRPOEEREOFESE

KRB 2B LENLHE NEBRATELLE
» (CO2), KEFRIEPno b DEHENTIZEL L T(0:2)
IZDOWTHHET 5,

(0:) BE—FBWICHETHY), BERTOFENE
E20.5% % F-> T 2 EZ L1155, ADEE
BRI KRBV AFHE» —HRICF LI e
b, BBRIBEN20.5%ULE R T TLRIXED
WA—IHREB -2 &322 E0H0 9 %,

BRARBD» L, TORET TOFH TR
RDEIKCHERET D ZEHTE B,

KB ZZELERD L I ICHEPENLT 5,

B #ALA =
BwE V, \
02 Vool Ve
CO:z: Vog? Ve
HoO: Voo Vs

Nz: Vo(1—-X¢?) V(1—-XZ¢:)
ZIT; Ve, VIZEMEEMICEA, KHET 252D
By, SIRAMET B A A0 KK
NDBETH 5,
IEIRFERQIZ—HZIC0.8X 1.00EICH D, BAATIE
FEO ML E BT 5, —FH, B350 0 E
BERELETCH T2 s vwaT

Vg1 —VogiZVod3/ RQ (2)
Tiabb ¢12(83+ 65/ RQVe/V (2)
DALY B,

ERTTREISHOMRA - L ¢, (002 (CO2) B
$U (H:0) L CLRFRRE R £ 2, wThr—
FOBENPTLORBTAPOENICF L L bHEEE
o THL,

(CO:2) Dk E (H:0) oK ERMLE TIHE
WMELTRILTHY, —HX¥TOTABECHELL L
Bl aEAE L TBITEREEEZ LN S,

Thbb,
Vg:=Vo )
or V¢s=Vog} (3)

Lizdis T, L7 ADBEVIZRD L JickbY

%o .
V=Vo($9+¢2/RQ)+(0~Veg3)+(0~Vog3)
+Vo(1—XZ¢7?) 4)



NI EHRZ 3 &,
Vo(1+ ¢35/ RQ—¢3—¢)=V=Ve(1+¢5/RQ)
(5)
LB,
R 5, RQ=0.87E
0.9541Ve=V=1.05V, (6)
RQ=1.00H%
0.9441V,<V=1.04V, (7N
Ri6), (NFEHER)CRATEE
RQ=0.8M0F
0.2276= ¢1=0.2505 (6
RQ=1.00

0.2202= ¢ 1=0.2426 (7)
2145,

L7225 (0:2) 12B8L Tid, L LV RQ=0.8,
Vgo:=Veés=0DEMTT25%, i KBICAZRQ=
1.0, Vg2:=Vog3, Ves=VogiDEMUT2%HIUTT
GErEtETEZ,

EBERERBRTIE, BRMBERICVE=Ves=0
DEMHIEL, BEDOEBIZONTCO, H:0: 1 %
BICHEBL TS, #1002, Puo=42.5{(mmHg)
7212 (CO2) =4.0 ()t usBHoR, HehHx &k
N, ZOBAT (0:) =23(%)nHE &, EHtvoch
1T225% e REESERET]E, BRRBEMRMR L
WMTHINBEHIIIET 2 EEMFEBBRERC &
LZEBEOFHTREHE BN 5. BRMHEERD
RAEBFFART AHENTIZ, WBRERAEES
HREED 2%, MBMFEOMIEH LOFHET
FEREE & A B,

4. 3 P-KO:E&T-KO:DRIBHFHIZOWT

IERML 2L OEEML 2 win L VBROREE
WRETREIWMELR(TZ L 2Fig. 3i3RL Tv %,

KOz {2 H: 0 & R BB (1)~ (3) 21T % 5 #5, TBRK
IGBULES BENTH B L b, BIERINIZ L » TH
BICE~NETL, LT ERIDEE LM
RICREEZNEEEZ LD,

2K02+nH20—K:02(n—1)H:0+H:0:+ 240>

(n>2) (1)
K202+2H.0===2KOH+ H: 02 2]
H20:——H:0+ X% 0> (3]

T-KO:3EEH R A H), IREE & AN P-KO:12%
b, RIEERBOMRTIE, RIEFE@TO K HVE

KIkE > T2 2 &0 s, THMEREEEFE X
5728, H20, CO:DRNEA~DIRED W IT o5 L
DEHBINTZ, P-KO2 & ABERIC KR L 2w
CELRELZERTH B,

L L, O:0BEFEIILZVREFZILVEVILD
Thul, LETGLFELZELZRELDTH S,
T-KO: 4 HENC ko T FEAZHEEBINEZEE S,

272, COMBRTIEO:NDRENZEHTH DB, L
TBEBEFTRIBRLORENERIRD LN, =
#UZK:COs, KHCOsH 3 $H L S TRESHEL
AL, TNZTOWRERIEHIFNDOEEORIGICELE
BEEEZTRTLOTE LD EEL T 5,

Fig. 4 0 PH,0 T 4 b HLIEEIIBRER/ NS 1—
ZIREFTTHIE L2 LD 2D, CO: BRATIE SR/ NHH0
PRET BOILTL, H:OBARTIZ Z A CIRE L
NAMENLNTHB L E#RL T3, LaL, 02
NBEEIICO: NBAHRB L L VDO HEHRTH 2.
4. 4 G-KODFEBHEIZO>VT

G-KO3HEHE, W&, BHOEHUES 5L TFRE
AEERERN: L IRLEAEOBVWHRETH D EE
7 b, Fig, 575 &l s VDB REETSEZ
HERD L L7z,

BRI

BREB L ~590HIZ FABRICH IBERRERE
A e T 238, Fig. 3 nCO M5 s H
RCZZTL R0, 2, ZOEHICELZT
ORFRILIZITERBICKESIL T 3,

ZIITL, BRUOESEORIGEE: LT, MYD
ZoH L VKO EHAH 0B L UCO 2RE LB R
(BNEFTOMBEBETHY, TNLUBRBZERYE
%L TH:0, CO: #HHiEE L T ¥ EH
i EHEERE LTV D,

EEL»ECREBEREIR L2 PEFIBRTL L,
Fig. 5 532 BB HRRTH B, #2AHDOH0,
CO: A RIGHBEMICIZLERERMIKIETLEELD
i 2o (0:) i3

18.9+1.5(5.59+4.0)=33.3(%)
RN T, BEBICIIZIZERNICREL T
VREEMELIDOTIELH, ST b

| E AR (Fig.5 ONo 3 ENod ) (213035
RS, RS  2 8% ISR
BUERRERMEIrR(CBET L S5 82

4. 4.1



BWUHIBTORL L HFHICHEET 5,

Fig. 5 oNo 4, No6iZ/m$ L% mnz 5 L&
FREIRCLDH, N3443 ERILEHTHRHAT
%2,

EHEBR EMEBER S & (Fig. 5 ONo5), #)
HOBERREEIZBITEAEEIRDH LN LWL OD,
MEBRATIIE— 7 2R 4 5 RiH, BMENRE

BEHL TR T 2 2 Lo b,

4. 4. 2 REAZXMEHR

HEACO T BAREICRR S, BLREDERY
FHEICIRC, Z0#BIICET S v ) BFREL
Wi, Binll EOBEEFH L EHBED (CO) @
BT HENAE ©, REDREFRDFETIIRR
£ 50k ) BEHIRIL T % F0.

CO:DFFBEIZOVTL, (02) L E»H - T
ﬂ‘ﬁff IFRETE LAY, HEFH (300LIA) HE#EE

CRA%EB®EELTCBITIEE BB WEEZTE
w:’

Table 3 NRICL0L TSI TH 5 7265, HRIHLE
DRI T—ERIE 172 CO T BB AT D Peo,
EDFHBFEOTICHEERKE SRS, (CO2) 2 TiF3
ZEREEEMOTI LI LS CHEE L B, ERA
FREGTL LB,

Fig. 6 (ZKHCO3 G EIE X iR NEM%Y % NaHCOs

HIRLTE L,

)

o 7001
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Fig. 6 Decom position pressure of NaHCO; and KHCO,

4. 4. 3 KRETEHR

KKANHBRLERI SR, T oWHEAIME

AEGCEL L B BDIELRTH B,

Fa—t B0 BT L TIHRE
E Y, BEKSAKEVDT, Fig. 5 DREHRIC
BT, BREBEESENIPR/dt< 0 & 5 HE
HPEEZINVDEFIZEBML T2 EIPELL VY,

ZOMNIETIE, BAFHR Y 7 ARDOKBIEE »
Lig{b A AIRE F THEEMICETL TR DIEHRT
» 0, Fig.4 nCO@RAE, Fig.5MNNo2 — 2, No
4—2, No5—2nL 322 DHEENIEFICIAZ D
DLb 5,

WA EER SRR AL T I, %
COWEFNIZRSTLNBBRTH DY, 77 7ICR
LA L S ICHNMICIEENS V- RES S, %ﬁm@
Piuod FNE FEHB Z LT TEL v, WHAZBRITIE
CO: fi# & 12IIIFF L EMmIc 5 5H 6, L DEV~L
Do E o> TPo< 02%E2 2%, COHIBEEL &
JICEErabLiEE > TPho> 032 F2 2525480
BUTHDELEZLND,

CO23KOHE RIEL T < B# L (Table 3), H20
AR EFREC2L D 2 NWHIHREENDE EF 2
5L 3h% Fig. 6 D4BEMBIIZNEICOWTLX
BLTw2THA9.

— TR CEEBAIN TV WD, FFELRTE

CREEIREOBMETKELBENDLINT, §

&E%&%E %bEEZTD
4. 4. 4 B

MRS IRA A ZIRERERGEA L, FETES
EEEE S FARROBER TR LS, ZBLTE

THIR L BEZ CHFEI NS,

BEHEN L S IcERERn L 0 TIRIIS-M—-76111
80°CHr TEHTWB L, T 21 5 DBureau of Mines
DI TIXEH LU T % 557C 2 THETE (BES0~
100%), 2 LICHHNAEZEIE T 5% 562°CF TEF
ANbELTva,
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IFERICHES A, %W FRIR BRI HIA A 77BFIC 1T,
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B 23RERIC0T 5,

4.5 MRBEOBM 100E
Fig. 3 ~Fig. 5 OB E R A g b R IR I 50F
BTEBh, ERIL—I{LTEAUZERBE LD S -
EEZ LMD, a
310 50t/ min

4. 5. 1 BRRSCHEEME

U AL |

BERLEMGFig. 5 2 E81LT 5728, Puzo, (CO2)
DFWIEXIZ 72 LT, BEtminE TI2REL 2008
B2 ok TR, W77 7179y L

PR BT | 2 a2l iaaal

K@) » &AM BT ARAD (02) =2
WTHETETE 3,
EWEBRFIC BT 2EEENTEE % Co ./ min, tmin

724 D Fig. T TH 5. i 5 Vimm 2 10
No. 3
Fig. 7 Liberated O, volume versus time
UE oymn BT 5 RIS B2 > L7 (Bl OFig. T ~OR
s B-25ot BASKT, BRREFESACETLEAMNES T
i i3, IEEIC BV EBBE AL 7,
_F ZOBMRIRREO)TRT I £ AT B,
23 0= V=at" (8)
55 11T, a nldBREFICETIEHNTH B,

’ Cemirg 0 BOMIRERNORE 7 2B E V], WM HEL 28
NO. | FEEVLIEBE
V=V, +at"—Cot 9
AL D,

HUC B R BN ELEEIV /i
dV/dt=nat""'—C,

Ihd s, BEERREVRSIIL 28 Mininld
tmin=(Co /na)!/»! 10

K% 2,

C:DHHITRBAVIZRRW» 53K % 5,

AV=V,—=V=—3a(Co /na)" = '+ Co(Co na)”""
)
K0, () THRSD72tmin, AVOiida, n& #izTable

412317,
. T REPOHERIF B RE, BERICHTLRILT 375
1 o0 56 100 a, nDWF#IFFEIZKDH B121L, B LI SHNEEH
No. 2 LEEEZ LN, LaL, Table 4 75 2 pAAE
HOFHT 2L 0 THB LIFE2 L9,
aocf {12

4. 2102 FH T, RO A TEEEEEIL 757



Table 4

Experimentally obtained factor a, n for equation (8), and
calculated maximum volume O, deficiency (!) and its time

(min.). .
Under different flow rate (//min.), condition and amount of
KO, used.
O, used
Flow rate « ?
condition facton 450g 350g 250g 200g
a 1,62 245 2.15
50 7/min n 1.425 1.117 1.114
(30°C) tmin 1.40 0.07 0.21
AV() 0.183 0.01° 0.04?2
a 1.24 1.08 1.09
30 1/min n 1.32¢ 1.26 1.243
(30°C) tmin 0.38 0.62 0.61
AV(1) 0.11 0.15 0.14
a 0.31 0.33!
10 7/min n 1.30 1.26°
30°C) tmin 0.98 0.84
AV(1) 1.03 0.07!
a 0.64* 0.757 0.647
30 7/min n 1.552 1.36*% 1.354
(0°0) tmin 1.40 1.51 2.40
AV{(l) 0.59 0.67 1.80
a 0.79°
30 7 /min n 1.547
(0°C, catalysed) tmin 0.96
AV(I) 0.41

B HRE LY, MYBRATEBROMBREETHY,
FERBEEEMHCIG L2 AV 25K, T o TR5H
RIFL 6%,
SR —EMEMOREE >, #EoxT
BELTREP TH LD THOBERITRT 5,

4. 6 (ERTRERRECER

DELHEEL2BL 201, EOMHEESLES 2R
CRELCT LI b RESES B0 5, HAICELH
BNLIVAFRCHERIET LTV,

Fig. 5 » L BRI TR IBE H23%, KU
FOREN25% ¥ 21% & % I ERF L T4 5.

Fig. 5 % 5 EBAICKS L 28, 20 5 R &8
S&MET TOR/MERERM.IC BT 2 A TR
b, RN L S ICERA TR EEMICLET 2
EARE L CEHE L 2B A Tt Table 512
NI

t :to(m/m) (f=const) 13

Table 5 MDitEfEIZ, EIIIFFERHEICE V&
EMTEANTED, HFICHERZESDBEIEKCS
AT ECRERFNTH B, Z UL, KIBRFCERIE
D BRHT, He0, COHENFEMHEH KO KT W
MBI T 2720 A LD,

—75, Table 5 »:BRES & FHAREEHLE LT
A2E, A—EBTHTITHERFAL T2 ELH
L ko,

t:%nc}f>0n=cmwﬂ 19

RIJ W2 &, BEMMEBOFLEM., fo, tolxd
L, JHUSEGIFREIC BT am, §, tikX 3L
TERTE S,

t:¢o<“250)(%/f) (19

Table 5 (2RO B ERBIGE F T EER 2%, FENR
WiEE, EEICBIT 2 —EOBRREERLL, U
N ILEHIC 73, mO T T RATRERH 2R T
ZHERELTEICERTESLZ 2L T 5,

Loy zoFERIE, BEoBS, BREEE:H



Table § Time (minutes) required to attain each breathable oxygen concentration

KO, used 200g 250g 350g 450¢g

Vol 0,% 23 27 25 23 27 25 23 27 25 23
10 1 Tmin, E 37.5 | 475 56 54 62.5 72 62.5 70 85
(30°0), C 52.5 66.5 784 67.5 85.5 |100.8
30 1 /min, E 11.5 20.8 12* 19.2 {1 245 |16.8% | 20.0 | 249
(30°0), C 26.9%)| 16.1 29.1 |154* | 20.7 | 349
50 I /min, E i1.0 8.5% 16.0 13.2* | 16.5
(30°C), C (24.9%)| 154 10.9 19.8
30 ¢ /min, E 194 20.2 27 26.3 | 34.8
(0°C), C 27.2 26.0 | 349
30 {/min, E | 18.8 |12.0* | 175 22.8 23.8% | 26.8 | 32.2
(0°C, Catalysed), C (26.5%) 235 21.6% | 21.6 | 423

Note 1) * mark shows the oxygen concentration in parenthesis, a little deviating from the
belongings.

2) E means experimentally obtained duration time (min) and C means calculated one

according to equation (13).

o<, BRI, CHATNREMNEZRETELZE
FRTLNTH), BERERORICFHES &4
REL T3,

LA LRI, BEOERICHLEOHZELHE Y
EHT B & O IR T T, U RRO%
MEOEREZ EDHNIBEIEL L 0T, 20k
BREBEHTELZWIES S,
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(&S, SFRNDEIICELEING,
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nrl=nor} (19)
SLICBERTOREOLEIER 2k, BEL B
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Mo=1,0.kI}
A9 & 182 5
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Tubb

Mre=Mmor (20
A% RETE FLEBE L TELT2HICE, mo
H (I ZTIRKEr,) #KEL DL FRHL 280
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2F ) R@AH 5

mr,=m.r

K 5
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% Br L, HiIRNEAbYE
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5,
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5.
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DEFEOIITHIT D 2 EAEBICERE N, &
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—1I. The Reactive Characteristics of Potassium
Superoxide Mainly with Exhaled Breath —

(Abstract)

Satoshi Takahashi
(Received December 11, 1975)

Prior to the development of a new oxygen mask, some experiments were performed to
determine the reactive characteristics of porous-KO, (P-KO,), tableted-KO, (T-KO,) and
granular-KO, (G-KO,, produced by pressing P-KO, under pressure of 120 — 150kg/cm? and
crushing). The experiments were conducted by passing H, O-free CO,-Air, CO,-free H, O-Air
and composed exhaled breath over each of the three forms of KO,.

P-KO, absorbs H, O remarkably well but didn’t liberate O, smoothly without a catalyst.

In the case of CO,-Air, the absorbance of CO, was not so remarkable but a large
concentration of O, could be generated without a catalyst (Fig. 4). This was the unique
properties of this KO, which contain about 20% of KOH.

The reactivity of T-KO, was weak, and G-KO, was thought to have the most practical
properties. The tests were, therefore, focussed mainly on granular KO, and the following new
informations were obtained:

1. A few minutes after passing test gas, a stagnation phenomenon of O, liberation was
observed.

2. A principal cause of this stagnation was recognized to originate from the existence of CO,.

3. The first period until the oxygen liberation velocity reached a maximum the reaction
mechanism was thought to depend mainly on an adsorption reaction.

4. The reaction mechanism of the latter half period was thought to be a diffusion reaction.

The volume of O, liberated in the first period was found to be expressed by the following
equation:

v =at?

where v is the volume O, generated until testing time t, a and n are the condition constants which
depend on the physical properties of granules, atmosphere temperature, flow rate, etc.

From this equation, the O, concentration in the mask and the volume of deficient O, with
respect to time was calculated. This was very important for designing, especially for designing a
supplementary O, supply device.

The equivalent weight m of KO, -granules of diameter r, which showed the same duration
time with the one representing condition of mg and ry, was theoretically derived as,



Mot =mry

From the flow test experiment, the duration time t was found to have the following
relation with the one fundamental flow test as:

t=ty (mfmoy( fo/f )

where f is the flow rate.
By combining the two equations,

t=to (ro/ry(m/mo)( folf)
was obtained.

These equations can be applied especially when the canister temperature is below
normal.
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Fig.4 Supplementary O, Supply Cylinder Photo 3. Supplementary O, Supply Cylinder

Table 1 Specifications of the trial developed mask

Specifications A B

Total Weight (g) 1850 1865
Chemicals used (g) 180 200
Starter O, Volume (/) 3 3

. {Weight ® 1050 1075
Canister{ _, . .

Size,Length x Width x Height (mm) 60x125x120 [ 60x125x120

Dead Space (ml) 400 250
Breathing Bag Volume (/) 10 15

Remarks: Old type A
New type B
Starter is a Supplementary O, Supply device, a O, cylinder of a
capacity 20 m/ (150 atm).
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Fig. 5 Scheme of the Staircase Room

This training tower has 12 floors and 4 floors
were used for measurement tests, all floors were used for
free climbing tests.
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Table 2 Results of walking tests

The tests under ambient temperature 32°C were carried out in the outdoor yard by returning
40m oneway distance foward and back, and the supposed winter tests were carried out in a big
refrigerator (12.7m x 4.5m) kept at the temperature —2 ~ 0°C and all apparatuses were layed into

it beforehand overnight.

Examiner No. 1 l 4 l 5 —[ 7 1 l 3 4
Test condition under 32°C under —2~0°C
Weight (kg) 63 74 58 62 63 60 74
Physique Height (cm) 169 168 163 170 169 176 168
Vital Capacity (/) 5.1 44 3.2 3.8 5.1 3.8 4.4
Age (years) 30 30 40 25 30 26 30
Duration time (mimutes) 21 15.3 19.5 19 261 26 25.8
Walked time (minutes) - - - - 19.7| 19 19.3
Corrected walked time (minutes)''? - - - - 229 | 225 225
Walked distance (m) 1680 | 1280 | 1600 | 1600 | 1448 | 1499 | 1575
Corrected walked distance (m)?’ - — — — 1685 | 1775 | 1841
Average walking velocity (m/min) 80.0 83.9 82.1 84.2 73.6 78.9 81.8
CO, absorbed (/, at 0°C) 21.3 17.1 17.5 19 21.0| 20.0| 253
0, remained (J, at 20°C) 1.5 5.0 5.5 1.0 | 12.5| 10.0 8.0
Average O, -Intake (//min at 0°C) ¥ i.1 1.2 1.0 1.1 1.0 1.0 1.2
Flow resistance after (mm Aq at 40//min) 17 17 15.5 20 6.0 4.5 6.5
[O2 I min 52 55 55 58 45 39 43
( t min 3.6 4 4 4.0 4 3.5 3.5
Gas concentration (%) [O2 ] max 80 71 73 76 52 64 63
and its time (min) t max 14 10 13 14 17 25 19
{CO;z ] max 6 4.5 4.6 3.5 8.6 2.3 3.6
t max 19 2.5 4 16 25 24 2(
Inhalation gas 39 39 41 46 26 24 27
(t max 15 15.3 16 11 25 25 26
Maximum temperature (°C) In Breathing bag 39 42 - 42 - - -
and its time (min) (t max 15 15.3 — 19 — - —
Canister surface - - 86 - 52 64 76
(t max - - 19.5 — 25 25 24
Respiratory Rate (min-') mfix.imum 20 35 29 22 20 23 34
minimum 21 153 8 19 7 15 25
Pulse beat (min-') m?ximum 126 153 159 — - — -
minimum 16 15 15 — - — -

Remarks: 1) Corrected walked time = (Duration time + Walked time) / 2
2) Walked distance and walked time should be lengthened a little because the examiner paused

a few minutes to have the CO, concentration checked, especially in the case of the winter tests,

sampling process took longer time to the extent not disregarded, so the corrected walked distance

and Average O,-Intake were calculated from corrected time.

3) Average O,-Intake = CO, absorbed / (corrected) walked time X Respiratory Quotient (0.9 was

employed)




Table 3  Results of climbing tests
4 Floors was used of the staircase room of the structure shown in Fig, §

Examiner No. 1 2 3 4 5 6 7 8 9
Weight (kg) 63 60 60 74 58 60 62 50 57
Physique Height (cm) 169 170 176 168 163 162 170 164 165
Vital Capacity ()| 5.1 4.1 3.8 4.4 3.2 4.0 3.8 3.2 3.7
Age (years) 30 27 26 30 40 36 25 36 22
Walked time (minutes) 12 13 12 9.7 7 9.5 12 10.3 10.3
Walked distance (m) 600 600 515 429 429 515 429 515 343
Average walking velocity (m/min) 0.83 0.77 0.72 0.73 1.02 0.90 0.60| 0.84 0.56
CO, absorbed (/, at 0°C) 17.2 | 19.2 | 16.1 17.2 | 13.6 | 16.5 17.7 | 14.1 11.5
O, remained (J, at 20°C) 1.0 1.5 5.0 4.0 9.2 5.5 2.0 8.5 15.5
Average O;-Intake (//min at 0°C) 1.6 1.6 1.5 2.0 2.2 1.9 1.6 1.5 1.2
Flow resistance after (mm Aq at 40//min) 8 19 18 20 17 15 17 14 10
[O2 ] min 31 38 53 56 48 54 44 50 52
( t min 2.1 4 2 2 1.5 3.5 3 35 4
Gas concentration (%) | /[0, ] max 68 65 69 61 50 58 68 70 56
and its time (min) t max 7.5 8 9 5 4 9 8.5 1.5 7
[CO2 ] max 2.8 1.8 3 2.6 3.7 2.5 2.8 2.7 2.1
t max 12 11 9 4 4 6 10 9.5 8
Inhalation gas 52 47 47 44 - 46 49 - 41
(t max 11 10 8 4.5 - 9 12 - 10
Maximum temperature ) /In Breathing bag | 32 - - - - - - - 38
(°C) and its time (min) (t max 12 - - - - - - - 10
Canister surface - 86 100 114 84 94 97 75 -
<t max - 10 8 10 7 9 12 10 -
Respiratory Rate maximum 25 36 33 38 - 31 33 34 32
(min™) minimum 16 33 29 33 - 26 26 32 25
Pulse Beat maximum 180 175 165 180 160 180 180 165 105
(min™') minimum 145 165 160 150 130 145 145 131 100

Remarks: 1) Under ambient temperature 32°C.
2) Average O,-Intake ~ CO, absorbed / walked time X Respiratory Quotient (0.9 was employed)

3) Walked distance should be lengthened and walked time should be shortened a little because the

examiner paused a few minutes to have the CO, concentration checked.
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Development of an Oxygen-Generating Breathing Apparatus
— II. Design and Performance—

(Abstract)

Satoshi Takahashi

(Received December 11, 1975)

This paper describes the design and performance of an O2z-generating emergency
self-rescuer.

The desirable properties for the self-rescuer were derived by analysing a large number of
fire cases and by some considerations of the fire brigade’s abilities and objectives.

It was concluded that the duration time of the apparatus was of primary importance.

This standard duration time is 20 minutes under an assumed breathing rate of 40//min or
0, intake of 1.7//min.

The O, deficiency phenomenon at the first few minutes before chemical reactions become
active enough was obvious in the former report.

Therefore the supplementary O, supplying device was inevitable.

A small O, cylinder, with a capacity of 20m/ (150 atm O,) was used, which not only
prevents a deficient O, supply but also prevents suffocation through the decrease of breathing
gas in the bag.

This necessary volume of O, was determined experimentally and theoretically calculated
(in the paper I) under the assumed condition of use.

This newly developed apparatus has been called a “return type apparatus” in comparison
with the conventional “circuit type apparatus” because it inhales the regenerated and stored
gas again through the O, canister.

This type is compact and may be more economical than the circuit type.

The main problems of this apparatus are that the inhaled gas is warmed again even though
it is cooled in the breathing bag and become humid at the latter period of use, which spoils the
comfortability of breathing. But under a cooler atmosphere (below 10°C), these faults would
not be encounted (Table 2) and if necessary, the design can be changed into a circuit type
apparatus. '

This new O, mask enables a man to enter the 25 storey of a building return under
galloping condition.
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Evolution of Irritant Materials from Smoldering Combustion

Tokio Morikawa

(Received December 13, 1975)

The evolution of irritants, acrolein, formaldehyde and volatile fatty acids were determined
when various materials were heated in a current of air or nitrogen. Polyethylene, polypro-
pylene, vinylon and cellulosic materials produced relatively large quantities of irritants. The
evolution of acrolein and formaldehyde was much more dangerous than that of volatile fatty
acids in terms of toxicity. The maximum evolution of acrolein and formaldehyde in practical
smoldering combustion experiments was 1/2 — 1/3 of that in the temperature-controlled
experiments. Estimated concentrations of both acrolein and formaldehyde indicate that a
considerably hazardous condition could be reached even by smoldering fires.

Introduction

Recently, problemsof smoke from fires have been of growing concern. The irritant effect of
smoke is one of the major problems. Some smoke irritates the nose, throat and upper
respiratory system. It also has a lachrymatory effect that hinders visibility!). These irritant
effects of smoke could lead to failure in escaping from fires. Acrolein, formaldehyde, volatile
fatty acids and hydrogen chloride are considered to be mainly responsible for such irritant
effects. Except for hydrogen chloride, these irritants could be produced from any burning or
smoldering organic compounds. It is known that these irritants are produced when wood or
cellulosic mateirals are burned or pyrolized2-3). The irritants from burning of even such
conventional materials can hardly be considered negligible, since the construction of houses has
improved in terms of air tightness.

Few reports are available on quantitative data of these irritants evolved by combustion or
pyrolysis of organic materials, both natural and synthetic polymers. This paper provides
fundamental data of these irritants from various materials subjected to combustion or pyrolysis
under different conditions and also the estimated toxic level increase in an actual room.

Experimental
1. Temperature-controlled experiments

The combustion and pyrolysis were conducted in a quartz tube inserted into a cylindrical
electric furnace. The gaseous products were collected with a series of five water-containing
impingers cooled by ice water, as shown in Fig. 1.

The temperature in the quartz tube was controlled automatically using a chromel-alumel
thermocouple inserted in the quartz tube. The thermocouple was situated a little upstream
from the specimen soas not to be affected by the decomposed gases. The specimen was placed in
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Fig.1 Apparatus for temperature-controlled experiments.

an aluminum foil boat and inserted by a spoon into the quartz tube 25c¢m from the outlet of
the furnace. Air, nitrogen gas or a mixture of air and nitrogen gas was supplied at the rate of
1.83 &/min. The duration of heating the specimen was limited to a maximum of 1 hour.

Regarding the volatile fatty acids determination, the water from the impingers was flushed
with CO,-free air to remove dissolved CO,. The water containing the dissolved volatile fatty
acids was titrated with 0.0IN sodium hydroxide solution to pH of 7. The composition of the
volatile fatty acids was determined by gas chromatography at a column over temperature of
130°C, using helium carrier gas, a thermal conductivity detector and a column (3m x 3mm)
packed with REG 6000F. It was necessary to inject many samples in order to obtain an
equilibrium between the fatty acids and the polyethylene glycol in the column packing. In the
case of polyvinylchloride, nylon-6 and phenolic resin, the decomposition or combustion
products were condensed in the cold trap without water and were directly subjected to gas
chromatographic analysis to determine volatile fatty acids quantity. The products from
diammonium phosphate-treated cellulose were absorbed in the impingers containing sodium
hydroxide solution. The combined solution was acidified with sulfuric acid, and steam-distilled
to separate the volatile fatty acids. The fatty acids solution was then titrated with 0.0IN
sodium hydroxide solution.

Formaldehyde in the water from the impingers was determined colorimetrically using
chromotropic acid after suspended materials in the water were removed by filtration.

Acrolein, also collected in the water impingers, was determined by means of gas
chromatography using a column oven temperature of 120°C, a frame ionization detector and a
column (3m x 3mm) packed with Porapac Q.

2. Experiments under smoldering conditions

More practical smoldering experiments were conducted in a 3 £ dessicator where 10g of
speciman was kept in contact with an electrically heated nickrome coil for 30 minutes,
maintaining 2 ¢/min supply of air. Products in the smoldering combustion were collected in the
above-mentioned impingers. In these experiments, only acrolein and formaldehyde were
determined by gas chromatography and chromotropic acid method respectively.

Only materials capable of smoldering under the normal conditions were selected for these




experiments.

Since a condensate containing formaldehyde also collected on the inside of the dessicator
and in the impinger tubes, it was removed by a water wash and combined with the water from
the impingers before analysis. But gas chromatographic analysis of this condensate indicated
that acrolein was not present. The weight loss of the specimen varied considerably for each
experiment. Therefore, the experiments were repeated 5 times under the same conditions, and
the results were averaged.

Results and Discussion
1.  Temperature-controlled experiments

The evolution of volatile fatty acids, formaldehyde and acrolein from various materials
heated in air is shown in Figs. 2-4 respectively. Generally, the maximum evolution of these
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Sample weight for each insertion: 250—500mg
*The numbers corresponding to these materials
were used in the other figures as well.

irritants occurred at 300 — 450°C, a little lower than the flaming temperature. At the flaming
temperature (mostly 450 — 500°C) or above it, the irritants, once formed, are presumed to be
oxidized or decomposed. The evolution of the irritants from polyethylene, polypropylene and
cellulosic materials was large, while that from polystyrene, phenolic resin, polyvinylchloride
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and nylon-6 was small. only the trace of volatile fatty acids was detected when the collected
decomposition products of phenolic resin, polyvinyl chloride’ and nylon-6 were subjected
to gas chromatographic analysis.

The effect of sample weight on the evolution of formaldehyde was determined. The results
are shown in Fig. 5. As expected, the evolution of formaldehyde per unit weight of sample was
not much influenced by sample weight in smoldering combustion, while it was in flaming
combustion. It is believed from this result that the evolution of volatile fatty acids and acrolein
will behave in a similar manner, because there is always an abundant supply of air in smoldering

combustion.
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Figs. 6-8 show the evolution of volatile fatty acids, formaldehyde and acrolein
respectively from oxygen-containing materials in a nitrogen atmosphere. The maximum
evolution of these materials occurred around 600°C, much higher than in air. The maximum
evolution of each irritant was generally larger in nitrogen gas than in air. At a lower heating
temperature, the evolution of the irritants was less than in the air, probably because there was
no oxidation in the nitrogen atmosphere and therefore no temperature-rise on the surface of
the specimen. But even in the nitrogen atmosphere when the heating temperature was raised
over 600°C, the evolution decreased probably because of a secondary decomposition or
polymerization.

The composition of the volatile fatty acids determined by gas chromatography is shown in

Table I Composition of volatile fatty acids evolved (mole ratio)

Acetic Formic Propionic
acid acid acid

Atmosphere (air)

Wood (cedar) 300°¢ 1.0 0.33 0.12

Cellulose 350 1.0 1.3 0.17

Glucose 350 1.0 0.80 0.15

Polyethylene 350 1.0 1.2 0.20

Polypropylene 300 1.0 0.49 0.067
Atmosphere (N) i

Wood (cedar) 600 1.0 0.31 0.085

Cellulose 600 1.0 1.9 0.25

Table 1. Formic and acetic acids, the most toxic, accounted for most of the fatty acids.
Evolution of volatile fatty acids, formaldehyde and acrolein in the atmosphere of different
oxygen concentrations are shown in Figs. 9—12 respectively.
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The results in Figs. 9—10 indicate that a higher oxygen concentration produces a greater
amount of the irritants in smoldering combustion. In the case of acrolein evolution
experiments, two materials, polyethylene and cellulose were selected, because they evolved the
greatest amount of acrolein among non-oxygen-containing materials and oxygen-containing
materials respectively. Since it is expected from Fig. 9—10 that a greater amount of acrolein is
produced at a higher oxygen concentration in smoldering combustion at a low temperature,
only temperatures at which flaming occurs in the normal atmosphere were used. At these higher
temperatures, it was generally found that the oxygen concentration down to 5.25% produced
the greatest amount of acrolein because of non-flaming combustion. But in these experiments,
the evolution of any irritant in any oxygen-reduced atmosphere was lower than the maximum
evolution in the normal atmosphere.

Diammonium phosphate-treated cellulose evolved less volatile fatty acids when heated at
350°C in the air current, as shown in Fig. 13. It is believed that carbonization, accelerated by
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Fig. 13 Evolution of volatile fatty acid from diammonium-treated cellulose heated in air.
Sample weight in each insertion: 500mg

diammonium phosphate, decreased the evolution of the fatty acids along with that of other
gaseous decomposition products. Based on this result, it follows that formaldehyde and acrolein
will also be reduced.

The effect of halogens from Halon 2402 on the evolution of formaldehyde was
determined, as shown in Fig. 14. The chain reaction-inhibiting effect by halogens in the gaseous
phase decreased the production of formaldehyde at and over flaming temperature. This should
apply to the formation of acrolein and volatile fatty acids. These results indicate that the
formation of these three irritants are suppressed by fire retardant treatment.

Figs. 2—4 show that the ratio of the maximum evolution of volatile fatty acids,
formaldehyde and acrolein is roughly 1:5:1. the threshold limit values set by American
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Conference of Governmental Hygienist (ACGIH) in 1974 for formic acid, acetic acid,
formaldehyde and acrolein are 5,10,2,and[0.1 ppm respectively. If the acute toxicity for these
irritants js correlated with the threshold limit values, the toxic effect created by the evolution
of volatile fatty acids can be said to be at least 10 times smaller than the other two.

2. Mechanism for the formation of the irritants

There are three kinds of possible reactions on the surface of the specimen: thermal
degradation, oxidative degradation and complete oxidation?). The latter two are considered to
be almost negligibly small compared with the thermal degradation because of the small surface
area of the specimen.

Therefore, the first step in the formation of volatile fatty acids, formaldehyde and acrolein
seems to be the thermal degradation. It is known that the pyrolysis of polyethylene produces
ethane, propane, butane, butene, etc. and that the pyrolysis of polystyrene produces aromatic
hydrocarbons such as styrene monomer, toluene, benzene, etc5-6). It is also believed that the
decomposition products of other aliphatic polymers are similar to those of polyethylene and
the products of other aromatic polymers similar to those of polystyrene. It is reported that the
oxidation of aliphatic hydrocarbons, such as propane, produces volatile fatty acids and
formaldehyde”).

The second step is probably oxidative degradation of the decomposition products in the
gas phase, in which the irritants are formed.

However, in the case of oxygen-containing polymers, especially cellulose, the present



experiments indicated that most of the oxygen atoms contained in the irritants come from the
original materials themselves. The structure of most oxygen-containing polymers such as
cellulose and polymethylenemethacrylate suggests that scission of polymers, not the oxidation,
dominate the formation of irritants.

If it is assumed that the irritants are derived from intermediate products of decomposition,
the formation of the irritants is dependent on the structure of the polymer. Oxidation of
n-hexane (taken as a representative of decomposition products of aliphatic polymers) resulted
in much more formaldehyde and volatile fatty acids than that of benzene (a representative of
decomposition products from aromatic polymers), as shown in Figs. 15—-16. These results
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Fig. 16 Evolution of formaldehyde from n-hexane and benzene in air.
indicate why the evolution of the irritants from aliphatic polymers is much larger than from
aromatic polymers.

3. Experiments under smoldering conditions

The results in the furnace experiments showed that the evolutions of volatile fatty acids
were negligibly small in terms of toxicity. Therefore, only formaldehyde and acrolein were
determined in the more practical smoldering experiments conducted in a dessicator. Results are
shown in Table 2. The materials selected in these experiments were limited to cellulosic



Table 2 Formaldehyde and acrolein obtained
from various smoldering materials

Formaldehyde Acrolein
(mol/g of sample) (mol/g of sample)
100 % cotton batting 0.63x 107 0.21 x10*
50/50 cotton/polypropylene batting 1.22x 107 0.18 x 10
60/40 cotton/polyester batting . 0.78 x 107 0.12 x107*
Absorbent cotton 3.05x 107 0.31 x10¢
Cauze 334 x 107° 0.28 x107%
Newspaper 3.01x 107 0.13 x10™*
Cedar (bar) 2.10x 107* 0.24 x 107
Cedar (saw dust) 2.65x 107 0.14 x10*
Tatami mat (straw) 0.58x 10 0.097 x10™*
Tatami mat cover (rush) 0.22 x 107* 0.083 x107*

materials which are likely to be found in houses and to continue to smolder under practical
conditions. Although plastics, such as polyethylene, may produce the irritants if exposed to
fires under some conditions, they were not included in these experiments, because they do not
exhibit prolonged smoldering characteristics.

The evolution of acrolein from most of the materials used was about one tenth of that of
formaldehyde as was the case with the temperature-controlled experiments. The evolutions
of both acrolein and formaldehyde were 1/2 — 1/3 of those in the temperaturecontrolled
experiments. These rather small evolutions must have resulted from the wide temperature
range encountered in smoldering combustion.

The maximum rate of weight loss was 5g/min for 200g smoldering cotton batting and
2g/min for 1500g of smoldering straw mat, although the rate of weight loss will vary depending
on conditions. The rate of ventilation of a modern house, completely closed, is considered to be
0.5 — 1.0 air changes/hr®. Based on these data, the concentrations of acrolein and
formaldehyde in a room volume of 25m?® were estimated and found to increase with time as
shown in Table 3.

Table 3 Calculated concentrations of acrolein and formaldehyde,
with respect to time, evolved from smoldering cotton
batting in a room of 25m?

20 min 40 60 80
Acrolein 1.7 ppm 2.9 3.8 4.5
Formaldehyde 5.2 8.9 11.5 13.5

Rate of smoldering : 5g/min
Rate of ventilation : | airchang/hr
The toxic effect of acrolein for a short time exposure at 1 ppm causes irritation to noses
and eyes within 4 minutes, and is almost intolerable after 5 minutes. A 5.5 ppm level causes
some irritation to noses and eyes in 20 seconds and is intolerable after 1 minute. A 10 ppm
level even causes death in a few minutes®-11). The toxic effect of formaldehyde is much lower.

However, the level of 10 — 20 ppm still makes it difficult to breath normally and causes
coughing12-13), 73—



The estimated concentrations, especially acrolein, are on an almost intolerable level. In
actual smoldering fires, the rate of smoldering could possibly be larger than 5g/min due to a
larger amount of combustibles, and the rate of ventilation could possibly be smaller than 1 time
air change/hr which would create a higher toxic level. When it is considered that people in deep
sleep, infants, old people, invalids and hospital patients are the ones most likely to be overcome
by the irritants from a fire, the evolution of acrolein and formaldehyde, from even small
smoldering fires far from actual flames, can not be neglected.

Conclusion and Summary

The maximum evolution of volatile fatty acids, formaldehyde, acrolein was obtained when
materials were subjected to smoldering combustion at 300 — 450°C. The materials which
produced relatively large quantities of irritants were polyethylene, polypropylene, vinylon and
cellulose.

The evolution of volatile fatty acids was almost negligible in terms of toxicity compared
with those of acrolein and formaldehyde. The maximum evolution of acrolein was
approximately one tenth of that of formaldehyde. But, since acrolein is at least twenty times
more toxic than formaldehyde, the evolution of acrolein can be considered more dangerous
than that of formaldehyde.

Oxygen in the air attributed to the formation of irritants from non-oxygen-containing
materials. In the case of oxygen-containing materials, especially cellulose, it is suggested that
most of the oxygen atoms contained in the irritants come from the specimen itself.

The maximum evolution of both acrolein and formaldehyde in the smoldering experiments
was 1/2 — 1/3 of that in the temperature-controlled experiments probably because smoldering
occurred at a wide range of temperatures.

Estimated concentrations of both acrolein and formaldehyde versus time in a typical
smoldering fire indicate that a considerably hazardous condition could be reached even when

flaming does not occur.
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