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Fig. 1 Water vapour concentration vs. burning time.
—— air dried wood crib (moisture content: 13%)
- water free wood crib
The number below the curve shows the number
of the stick layers.
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Fig. 2 Welling up gas temperature close to the upper
surface of the crib.
The symbols in the graph are explained in Fig. 1.
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ethyl alcohol vs. UV-wave length.
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Symbols Situation n-N

o x air dried 5-5

® O moisture free 5-5
A moisture free 10-5
O air dried 14-5

left; at the bottom of the flame
right; at the top of the flame
n; layers number

N; sticks per layer
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The kindled part occupy relatively bigger volu-
me in the left crib A, so the mountaineous water
generation curve becomes smaller relative to the
decreasing curve from the initially kindled part.

By the synthesis of the two curve, we obtain the
similar graph in Fig. 1.
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Report of Fire Rescarch Institute of Japan No.45(1978)

The Steam Generated by Fire and Extin-
guishing

—II. The Steam Generated from The Combustion
of Wood and The Relating Phenomena—

(Abstract)

Satoshi Takahashi
(Received November 29, 1977)

The water vapour concentration at the bottom of the flame of the wood crib was measured
and correlated with other experimentally obtained data like welling up gas temperature, char
yield and UV-absorption of the condensible substance, and the mechanism of the water
generation curve was considered.

A summary of the results is shown below.

As the experimental facts;

1.  The water vapour concentration is ruled not by the absorbed water, but is dependent
upon the water generated by the thermal decomposition of wood components and maybe
upon the low degree oxidation of the volatile substance.

2. The water vapour concentration is intimately correlated with the combustion gas
temperature, the concentration becomes higher when the gas temperature rise more.

3.  The char yield should be counted so as to obtain a more reasonable water vapour
concentration.

4. The absorbance at 237.3 mu of the yellowish brown condensible substance in ethyl
alcohol has deep correlation with the water vapour concentration in the evolved gas.

And the following water generation mechanism was assumed successfully.

5.  The generation concentration of the water from a wood when kindled with a small
fire source will show mountaineous shape to combustion time.

6. The generation concentration of the water from a wood when involved in the flame
will show decreasing shape to combustion time.

7.  The generation concentration of the water from a partially flaming wood can be obtain
ed by the synthesis of the two foresaid curves No. 5 and No. 6.

The mechanism of water vapour generation will be studied successively.
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The Method to Estimate The Remaining
Char Yield from The Combustion Curve of
The Wood Crib Fire and Some Application of It

(Abstract)

Satoshi Takahashi
(Received November 29, 1977)

It is becoming increasingly important to know about the chemical composition that is
concerned in flaming combustion of the real wood fire so as to analyse and appreciate
properly about the fire phenomena, but at present it seems that many papers describe only
about laboratory results depending not on the real fire, and also limited to moisture free bases,
maybe because there lies difficulties and no measures are cultivated yet to obtain from it.

In this paper, the model fire of the Japanese cidar wood crib of the geometry five layers x
tive sticks per layer (the size of sticks 2.5 cm x 2.5 cm x 22.5 cm) was used, and weight curve
was recorded until the glowing combustion terminate almost completely or collapse, then it was
observed that the glowing combustion curve, when the flaming combustion terminated,
showed straight line for almost ail cases.

On this fact, the author divided the combustion curve into four region, that is, the
propagation zone Region I, the flaming constant combustion zone Region II, the mixed state
of flaming and glowing combustion Region III and then the glowing combustion zone Region
Iv.

The mass of the intersection of the tangent of Region II and Region IV must give the
remaining weight of carbon when the wooden part assumed to decompose constantly and
change to carbon in an instant. So, by reducing the amount of carbon from the original wood
composition, we obtain the average volatile composition.

In this way, the correlation between char yield Y and moisture content ¢ was obtained as
follows.
Y=0.237—-0.143¢ (¢ =0~ 0.3)

From the above equation, by discriminating the real fire, viz. the flaming combustion and
experimentally observed mass loss, the necessary quantity of air, evolved gas volume and the
calorific value were calculated.

The other interesting application is on the combustion rate in a room. The flaming
combustion rate Ry based on real loss of wooden part and the mass combustion rate R,,, were
calculated separately, that must have more essential meaning than conventional one.



B RERTEE 55455

19784 3 H

MBI & 2L SBEFRREKRORE
= .

S

=24

(MEFN524E12H 6 H-ZHE)

BIEDEYKKTIE, FBOE, HIcBEORE S
HHIZ e S, ZOEER, FELT, TIAF
IR EBRETTFHEOBEI L L > TRETHHIC &
2LDERbNDE, £ T, AHEICE VT, Ho
RERE, TORIIEIND SR EFRRIKE, 15
2NV (a)EVv rnmE N, REARESTFY
Hogns, $ERYEGULOOMREE L TEY 2 F
Ly, BELWLOOREKEL TR =51 > 2EY,
FRENSICODWTNERYITE » 72, HORE,
—REIC, BEFBLLLBIIY, B k-7, BROH
i3, HEBEREVIIY, BixF L TliEng
MK 2P, B 2FLCTEESLE, Eodho
N XL RNEWE, RE, BRERIE (k&)
THITEMALI, NV (a)ELr ), BEIE

138, BEBEMAL LY, ZROUHKBI, 2nem
KEGBEHNE EIZEBRICHIT @B A5 1
72, 900C & VI FBICEB WL, R ZFLohbo
BEARERE, R RFLELDLNZLNT, 4
~UThHoteh, o/ (a)eL > nRERI, i
RIJZF VL ohsnHEHRLL oo, #YiEbE =
N, RyTzya=tinrbiEnitgilsr
SI2H, NV (a)EV DRI o7, LED
ZEL, NeV(a)Err rENERABICHEE
RiZe vz d, 8512, =V {(a)vLr o
SREEFHRKRNMARORERNMICIE, HE2EI A
LNBEDTNUV(a)EL iz & s, o sE
FERRICKZEL, ST L LEOPMERY TIEE v
EVZEITH B,



Report of Fire Research Institute of Japan No.45(1978)

Evolution of Soot and Polycyclic Aromatic
Hydrocarbons in Combustion

Tokio Morikawa
(Received December 6, 1977)

The evolutions of soot and polycyclic aromatic hydrocarbons, especially, benzo(a)pyrene,
were determined, when various polymers were burned or pyrolyzed in a furnace under different
conditions. The evolutions of both soot and benzo(a)pyrene generally increased with increasing
temperature. The increase of air supply rate did not always contribute to the decrease of their
evolutions unless the air supply rate was too high. At high temperatures with relatively low air
supply rate, more benzo(a)pyrene was evolved from polyethylene than from polystyrene, while
3 to 4 times greater amount of soot was evolved from the latter. Benzo(a)pyrene evolution was
very small from polyvinylchloride, polyacryl nitrile, and also from polyethylene in halogenated
hydrocarbon-containing air, though a considerably great amount of soot was evolved from
them. It can be said that there is no direct relationship between soot and benzo(a)pyrene
productions, and that polycyclic aromatic hydrocarbons will not necessarily be intermediate
products of soot.

INTRODUCTION

Great evolution of black smoke is one of the features about recent fires. It is considered
that synthetic polymers or plastics are the main source of the black smoke, and that soot is
responsible for the black color.

Very few works have been done on production of soot in fire situations. Smoke density, or
amount of smoke is usually measured optically, not by weight. But, in a way, soot-containing
black smoke is more dangerous than white smoke. That is, (1) Black smoke could induce fear
and panic because soot particles not only shorten the visibility but also darken the place by
absorbing light. (2) Soot particles could affect the respiration by plugging the lungs especially
when synegistic effects due to other combustion products are added.

It has been believed that soots contain polycyclic aromatic hydrocarbons, some of which
are carcinogenic. A number of workers have been studying on polycyclic aromatic
hydrocarbons in airborne dusts, cigarret smoke, auto-exhausts, soots from the combustion of
gaseous fuels, etc. But, few works have been done on the evolution of polycyclic aromatic
hydrocarbons from the combustion of polymeric materials. Benzo(a)pyrene and other
polycyclic hydrocarbons are not considered to have acute toxicity. But, people who are often
exposed to fires, fire fighters, fire engineers, fire researchers, etc. should have knowledge about
chronic toxicity of fire products.

In the present study, the evolutions of soots and solid products, and polycyclic aromatic
hydrocarbons, especially benzo(a)pyrene, from burning various polymers under different

conditions were determined.



EXPERIMENTAL

Combustion or pyrolysis was carried out in a quartz tube inserted into a cylindrical electric
furnace. Soot and other products, which are solids at normal temperature, were collected with
fine glass wool in a intake port, a cold trap, and a glass fiber thimble, as shown in Fig. 1. This
collecting system was used for the purpose of polycyclic aromatic hydrocarbons determination.
For the collection of soot only, the cold trap was omitted:, and for the determination of
carbonaceous residue after extracting soot with a solvent, soot was collected directly into a
glass fiber thimble packed with fine glass wool.

The temperature in the quartz tube was controlled automatically using a chromel-alumel
thermocouple inserted into the quartz tube. But, to minimize the fluctuation of the furnace
temperature, the regulation of the output voltage of the transformer connected to the furnace
was necessary. The thermocouple was situated a little upstream from the specimen so as not to
be affected by decomposed products and flames. The specimen was placed in an aluminum foil
boat and inserted by a spoon into the quartz tube 25 cm from the outlet of the furnace. When
the specimen finished burning, another one was inserted, and this process was repeated until
usually 1 gram of the sample was consumed. During the experiment, air was supplied into the
quartz tube usually at the rate of 1.83 2/min. Twenty centimeters of the quartz tube were
outside the furnace outlet, and the solid products and soot deposited on this part of the tube
were scraped into the soot intake port.

Thermocouple

(o0 008) | iass wool
Ar_(7) i [T |

To vaouum pump

a Cold water

Fig. 1 Schematic diagram of apparatus,

For the determination of soot evolution, the soot intake port was dried in a vacuum oven
with silicagel in it at the room temperature before and after collecting soots, and weighed. It
was also weighed immediately after collecting soots to determine the weight of undried soots.

The determination of the ratio of benzene extract to carbonaceous residue in soots was
made by extracting the soots collected in a glass fiber thimble in a Soxhlet apparatus with
benzene for over 8 hours. All the drying processes were made in a vacuum oven mentioned
above, except that the glass fiber thimble after benzene extraction was dried at 105°C.

For the determination of polycyclic aromatic hydrocarbon, samples for gas chromato-
graphy were prepared in the following process: 1. All the soot and glass wool in the intake port

was transfered into the thimble in the soot collecting line. 2. All the parts before the thimble in



the soot-collecting line were washed a few times with cyclohexane, and the washings were
poured into a Soxhlet apparatus through the thimble. 3. After adding an adequate amount of
cyclohexane, the Soxhlet apparatus was heated to near 100°C, and the extraction was made for
over 8hours 4. The extract was evaporated to a volume of about 10 mgQ. 5. The concentrated
extract was shaken 5 times with 10 m® of nitromethane each to recover the aromatic
hydrocarbons.!) 6. The combined nitromethane fractions were evaporated to 5 — 10 mQ of
volume, which was used as the sample for gas chjomatography.

The determination of polycyclic aromatic hydrocarbons was carried out by means of gas
chromatography using a glass capillary column (30 m long, 0.3 mm I.D.) and a flame ionization
detector. The working conditions were: column temperature, 258°C constant, or 200 — 258°C
with the temperature rise rate of 4°C/min; injector temperature, 310°C; detector oven
temperature, 280°C; carrier gas, nitrogen; column flow rate, 1 m&/min; splitter, 1:50 ratio;
sample size, about 3 uf. As an internal standard 1,3,5-Triphenylbenzene was used.

RESULTS AND DISCUSSION
Evolution of Soot and Solid Products

Polyethylene and polystyrene were taken to be the representatives of aliphatic and
aromatic polymers respectively. The evolutions of soot from them were determined with regard
to the heating temperature and the sample weight in each insertion. The results are presented in
Table 1. The evolution of soot from both of them was generally greater at higher temperatures
with the exception of the combustion of polyethylene at 600°C. The soot from polystyrene
decreased in quantity with increasing relative air supply rate (the air supply rate / the sample
weight in each insertion) at such high temperatures as 900°C. It is believed that oxygen served
to rupture the aromatic rings from polystyrene in the atmosphere, thus leading to less soot
formation. On the other hand, the evolution of soot from polyethylene at 900°C increased with
increasing relative air supply rate until the rate exceeded a certain level. It is probably because
the presence of oxygen raised the reaction temperature thus leadirg to greater amount of soot
formation. It can be said from the above that the increase of air supply is not always
unfavorable for soot formation.

The evolution of soot from polystyrene was approximately 3 to 4 times greater than that
from polyethylene at high temperatures when the relative air supply was not too high.

The percentage of the carbonaceous residue in soot and solid products (materials insoluble
in benzene) increases with increasing relative air supply rate and increasing temperature, as
presented in Table 2. The carbonaceous residue is believed to be mostly polybenzoid
hydrocarbons. Under the conditions of higher heating temperatures and considerably higher air
supply rates, the percentage of carbonaceous residue was higher, presumably because the higher
temperature and more oxygen in the atmosphere helped decomposition, polymerization,
oxidation, and dehydrogenation reactions to become more active leading to the formation. of
polybenzoid hydrocarbons.

Polystyrene soot contained more carbonaceous residue than polyethylene soot, when these
soots are produced under the same condition. It suggests that polybenzoid hydrocarbons are

produced more easily from aromatic polymers than from aliphatic polymers.



Table 1 Soot evolution

Heating Weight of sample Undsied Soot e:volult)ic?nd
. i i i i i ried(m
No. Materials temgsg;ture in eacl(x r:lx;s)ertlon ;1 m1'}1)&:3(('Inngg)) x 100(%) e p(e gn)1g x 100(%)
1 Polyethylene 600 1000 26.8 24.8
2 " " 500 19.8 18.4
3 " " 250 13.3 12.1
4 " " 167 8.2 7.6
5 " " 125 6.7 6.2
6 " 700 1000 5.1 4.7
7 " " 500 4.3 3.9
8 " " 250 4.8 4.6
9 " " 167 4.9 4.6
10 " " 125 5.2 5.0
11 " 800 1000 6.3 55
12 " " 500 7.1 6.5
13 " " 250 7.2 6.6
14 " " 167 8.2 7.6
15 " " 125 9.1 8.6
16 " 900 1000 10.8 9.3
17 " " 500 12.8 11.5
18 " " 250 15.2 14.3
19 " " 167 16.4 15.5
20 " " 125 17.9 17.3
21 " " 63 19.1 18.6
22 " " 63* 222 22.0
23 " " 32% 21.5 21.4
24 " " 16* 16.6 16.4
25 Polystyrene 600 1000 19.5 17.9
26 " 4 500 20.5 19.0
27 " " 250 22.6 21.0
28 4 " 167 22.5 21.6
29 ” " 125 21.4 20.5
30 " 700 1000 25.8 23.4
31 " " 500 26.9 24.9
32 " " 250 25.7 24.1
33 " " 167 27.0 26.0
34 " " 125 27.2 26.2
35 " 800 1000 38.6 36.0
36 " " 500 39.5 37.7
37 " " 250 38.8 37.9
38 " " 167 39.5 39.0
39 " " 125 38.6 38.0
40 " 900 1000 50.9 49.3
41 " " 500 49.3 48.4
42 " " 250 49.2 48.5
43 " " 167 47.8 47.5
44 " " 125 45.7 45.2
45 Polyvinylchloride 700 250 14.8 13.7
46 " 900 " 20.0 18.4
47  Polymethylene methacrylate 700 " 35 33
48 " 900 " 7.5 7.3
49 Polypropylene 700 " 6.8 6.5
.0 " 900 " 21.0 20.0
S1 Polyacrylonitrile 700 " 15.2 14.6
52 " 900 " 20.8 20.1
53 Cellulose 700 " 0.5 0.5
54 " 900 " 1.0 1.0

Air supply rate: 1.83 &/min
*Air supply rate: 3.66 £/min



Table 2 Benzene extract in soot

. e
No. Mater e, N oample T Benene it
1 Polyethylene 600 1000 90
2 " " 250 78
3 " " 125 69
4 " 900 1000 77
5 " " 250 61
6 " " 125 53
7 Polystyrene 600 1000 68
8 " " 250 52
9 " " 125 46
10 " 900 1000 45
11 " " 250 33
12 " " 125 22

Air supply rate: 1.83 ¢min

The evolutions of soot from other polymers are also presented in Table 1. It is found that
at high temperatures all the synthetic polymers used in the Prpresent study produced 1-2
orders of magnitude greater amounts of soot than celluloze did. This is the reason why
genereally smoke from synthetic polymers looks darker than that from wood.

Among the synthetic polymers used here, other than polystyrene, polyvinylchloride and
polyacrylonitrile produced a noticiably great amount of soot. These two readily release HC1 or
HCN when heated, and possibly turn into conjugated polyenes which are considered to be
intermediates to polybenzoid hydrocarbons.

Evolution of Polycyclic Aromatic Hydrocarbons

Gas chromatographic analysis was used for the determination of polycyclic aromatic
hydrocarbons.

First, an attempt was made to select a column suitable for this determination by testing
Silicone rubber SE 30 (1%)-packed column, OV-101 and OV-17 glass capillary columns. As
expected, SE-packed column was poor in separating some of polycyclic aromatic hydrocarbons.
Both OV-101 and OV-17 glass capillary columns were satisfactory in separating them, provided
that their boiling points were relatively low. Finally the latter was employed because of its
higher maximum working temperature.

The standard materials available were limited to those shown in Fig. 2. All the standards
were well separated except 8 and 9 when the temperature rise of the column oven was
progrémmed at 4°C/min from 200 to 258°C. At the constant temperature of 258°C, the peaks
of 6, 7, 8, and 9 were satisfactorily separated, as shown in Fig. 3. It is noted that
1 3,5-triphenylbenzene eluted earlier than pelylene from OV-17 column, while the latter did
earlier from OV-101 column.

For the qualitative and quantitative analyses, the programmed temperature and the
constant temperature were respectively used. The identification of polycyclic aromatic
hydrocarbons were made by the retention time.



1. Anthracene

2 Fluoranthene

3 Pyrene

4 Benzo(a)anthrathene
5 Chrysene

6 Benzo{e)pyrene

~

Benzo(alpyrene

8 1,3,5-triphenyl benzene

o

Perylene

NV

Fig. 2 Gas chromatogram of standard polycyclic aromatic hydrocarbons. The peak numbers correspond to
the materials given above.

Column temperature: 200 — 258°C  4°C/ min (programmed)

|

i
20,3 als
8|7
i)
L k Fig. 3 Gas chromatogram of standard polycyclic
aromatic hydrocarbons.

Column temperature: 258°C



As shown in Fig. 4, all the standard materials were found in the soot from polyethylene.
The evolution of polycyclic aromatic hydrocarbons from other materials was roughly similar
in pattern to that from polyethylene. ‘Benzo(a)pyrene was adopted as an indicator of
polycyclic aromatic hydrocarbons, as was done by others,?) and the quantitative determina-
tions were only made for benzo(a)pyrene. 1,3,5-triphenylbenzene was selected as an internal
standard, because not more than trace amount of it was detected in all cases, and because its
retention time was quite close to benzo(a)pyrene’s.

The evolution of benzo(a)pyrene from polyethylene and polystyrene was determined with
regard to the heating temperature and the sample weight in each insertion which is inversely
proportional to the relative air supply rate. The results are presented in Table 3.

For both polyethylene and polystyrene, the evolution of benzo(a)pyrene increased with
increasing heating temperature, but it decreased at a high temperature of 900°C, when a high
relative air supply rate was given.

The evolution of benzo(a)pyrene from polyethylene was a little greater than that from
polystyrene, when burned at 900°C, with a rather low relative air supply rate. This means that
the content of benzo(a)pyrene in polyethylene soot is more than 3 to 4 times higher than that
in polystyrene soot, because the evolution of soot from polystyrene is 3 to 4 times greater.

In addition to the evolutions of benzo(a)pyrene from these two polymers in different
conditions, those from other polymers are presented in Table 3.

L

‘L x4 J x2 J— X

fon-

L x32

Fig. 4 Gas chromatogram of polycyclic aromatic hydrocarbons from polyethylene soot (nitromethane

fraction).

Conditions of burning polyethylene: Heating temperature 900°C Sample amount in each insertion 500 mg

Column temperature: 200 — 258°C  4°C/min (programmed)



Table 3 Evolution of benzo(a)pyrene

Heating Weight of sample Benzo(a)pyrene(mg)

No. Materials tem}()gg;ture in eacl(l nilrgertion Sample weight(mg) x 100%
1 Polyethylene 600 1000 0.01
2 " ” 500 0.01
3 " " 250 0.01
4 i [ 125 0.01
5 n 700 250 0.01
6 n 800 1000 0.05
7 i ” 500 0.05
8 n " 250 0.06
9 n " 125 0.06

10 " 900 1000 0.15
11 // i 500 0.15
12 " " 250 0.15
13 " " 125 0.11
14 " " 63 0.10
15 Polystyrene 600 1000 0.01
16 Vi " 500 0.01
17 Ui " 250 0.02
18 n n 125 0.02
19 i 700 250 0.03
20 " 800 1000 0.07
21 ” " 500 0.07
22 ” " 250 0.08
23 " " 125 0.06
24 " 900 1000 0.12
25 " " 500 0.11
26 " I 250 0.09
27 " " 125 0.06
28 n " 63 0.04
29 Polypropylene n 500 0.18
30 Polymethylene methacrylate [ i 0.04
31 Nylon-6 n n 0.02
32 Polyacrylonitrile I " trace
33 Polyester " " 0.02
34 AS resin n n 0.07
35 Vinylon " " 0.03
36 Polyvinylchloride 600 " 0.01
37 " 700 " 0.01
38 u 800 n 0.02
39 ” 900 " 0.02
40 Cellulose 600 " 0.00
41 " 700 " 0.00
42 " 800 " trace
43 n 900 " 0.01
44 Polyethylene* 800 n 0.00
45 " " 125 0.00
46 ] 900 500 0.00

Air supply rate: 1.83 ¥/min
* Atmosphere: Halon 2402-containing air



It is noted that benzo(a)pyrene evolution from polyvinylchloride and polyacrylonitrile was
surprisingly small, even though soot evolution from them was considerably great. When
polyethylene was burned in Halon 2402-containing air, the evolution of soot was prominent,
but benzo(a)pyrene and other polycyclic aromatic hydrocarbons were -not appreciably
detected. In the case of polyethylene, when the relative air supply rate was increased, the soot
production increased, while the benzo(a)pyrene production decreased. So, it can be said that
there is no direct relationship between soot and benzo(a)pyrene productions.

From the results obtained in the present study, benzo(a)pyrene and other polycyclic
aromatic hydrocarbons do not seem to be involved in the process of soot formation from
polyvinylchloride and polyacrylonitrile, but as for polyethylene and polystyrene, it seems to be
still too early to draw a conclusion as to whether polycyclic aromatic hydrocarbons are
intermediates to soot or side products.

It is also noted that the evolution of both soot and benzo(a)pyrene from cellulose was very
small. It is probably because carbon atoms connected with oxygen in the structure turned to
the carbon in CO, CO, or other oxygen-containing decomposition products.

Many peaks are seen in a gas chromatogram of the cyclohexane extract of soot and solid
products of polyethylene burned at 600°C, as shown in Fig. 5. But when a nitormethane
extract of the cyclohexane solution was subjected to gas chromatography, most of the peaks in
Fig. 5 were eliminated, as shown in Fig. 6. The peaks eliminated must be alipahtic compounds.
At 700°C, or over, little aliphatic compounds appeared when cyclohexane extracts were
injected into the gas chromatograph.

The solid products of polyethylene burned at 600°C with a low relative air supply rate

|

Peak for Standard 1, 3, 5-TPB added

8

k

— x16——— x4 + x2 + x1

Fig. 5 Gas chromatogram from polyethylene soot (cylohexane extract).

Conditions of burning polyethylene: Heating temperature 600°C Sample amount in each insertion 1000 mg
Column temperature: 200 — 258°C 4°C/min (programmed)
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Fig. 6 Gas chromatogram from polyethylene soot in Fig. § (nitromethane fraction).
Column temperature: 200 — 258°C  4°C/min (programmed)

were considerably great in quantity and mostly soluble in a solvent, as mentioned above. It is
believed that at low temperatures, solid products from burning polyethylene are mostly
aliphatic compounds.

The content of benzo(a)pyrene in urban airborne particulates has been reported to
be 0.0336—0.041% in maximum.®*) In the present study, the average content of
benzo(a)pyrene in the soot from polyethylene burned at 900°C was 1.06%, based on Tables 1
and 3. The low content of benzo(a)pyrene in airborne particulates probably is attributed to the
fact that soots are from different materials burned under different conditions, and the fact that
soots and dusts comprise airborne particulates.

CONCLUSION AND SUMMARY

Soot evolution generally increased with increasing temperature. The increase of air supply
rate did not always contribute to the decrease of soot evolution, unless the air supply rate was
too high. Carbonaceous residue after benzene extraction of soot was higher in percentage for
the soot produced at higher temperatures and air supply rates. Polystyrene, polyvinyl-
chloride, and polyacrylonitrile were polymers which produced a noticeably great amount
of soot when burned. All the synthetic polymers used in the present study produced at high
temperatures 1 to 2 orders of magnitude greater amount of soot than cellulose did.

For gas chromatographic analysis, OV-17 glass capillary column was found satisfactory in
separating henzo(a)pyrene and many other polycyclic aromatic hydrocarbons of relatively low
boiling temperaturés. The evolution of benzo(a)pyrene generally increased with increasing
temperature. However, at high temperatures, it decreased drastically when a high air supply rate
was given. Polyethylene soot contained 3 to 4 times more benzo(a)pyrene than polystyrene
soot, when both were produced at high temperatures with considerably low relative air supply

rate. The average content of benzo(a)pyrene in soot was 1.06% when polyethylene was burned



at 900°C with each insertion of sample ranging between 125 mg and 1000 mg under the air
supply rate of 1.83 £/min. A surprisingly small amount of benzo(a)pyrene was produced from
polyvinylchloride and polyacrylonitrile, and also from polyethylene in a halogenated
hydrocarbon-containing atmosphere, even though soot production from them was considerably
great.

It can be said that there is no direct relationship between soot and benzo(a)pyrene
productions and that polycyclic aromatic hydrocarbons will not necessarily be intermediates
to soot.
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Experimental Study on The Fire Spread Rate
of Wooden Cribs on The Terraced Ground

(Abstract)

Kunihiro Yamashita and Tadahiko Yamamoto
(Received December 24, 1977)

To clarify the effect of the terraced ground on fire spread, we performed the experiment of
fire spread of wooden cribs on the terraced and flat ground. Ninety-one and thirty-six cribs
were arranged respectively on the terraced and flat ground. One of cribs was ignited by the
burning of ethanol that was put in the pan under the crib simultaneously on both ground. The
experiment was conducted when wind blew up the terraced ground. The photograph was taken
at the interval of thirty seconds and it was analyzed later to decide the position of flame front,
flame depth and burnt-out front.

From the experimental result, it was found that fire spread rate increased with time on the
terraced ground and mean value of it was larger than that on the flat ground approximately by
three times. We discussed the fire spread rate of cribs assuming that the slope of terraced
ground is reduced to the increase of wind speed.
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Fig. 3 (a) Flow pattern in front of a house (Ref. 17).
(O: stagnation point)
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o Fig. 3 (b) Flow pattern in the rear of a house (Ref.

17).
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Fig. 4 The arrangement of houses when wind velocity
profiles were measured. The distance between
houses is fifty centimeter. Large numerical values
are house story and small ones are house number.
Measurement points are expressed as(D).
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Table 1 Relation between the fire spread phenomena and time.
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Fig. 7 (a) Behaviour of flame and ignition spot.
(Experiment No. 3) @ : igntion spot
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Fig. 7 (b) Behaviour of flame and ignition spot.
(Experiment No. 4) ® : ignition spot
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Fig. 8 Weight loss rate of a one-storied wooden and
mortar -plastered houses.
(o: wooden house; &: mortar-plastered house)
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Fig. 9 (a) Situations of the diffusion of smoke
among the houses. Central house was ignited.
(Experiment No. 5)

Fig. 9 (b) Situations of the diffusion of smoke
among the houses. (Experiment No. 6)
a > smoke ; b : flame

Fig. 9 (c) Situations of the diffusion of smoke
among the houses. (Experiment No. 7)
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Fig. 10 Relation between the irradiance and time.
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L Wooden house j L Mortar-plastered houseT

ignition to the outer wall of the neighbour-
ing house following the fire spread

ti,1
14
fire spread to the interior of the neighbour- fire spread to the interior of the neighbour-
ing house through the broken windowpane (or ing house through the broken windowpane (or
outbreak of fire) outbreak of fire)
4,2 4,2
A~ .
fire spread all over the house fire spread all over the house
1,3 4,3
outburst of the flame through the broken outburst of the flame through the broken
windowpane windowpane
ti,q ti 4
ignition to the next neighbouring house ignition to the next neighbouring house
following the fire spread following the fire spread
Fig. 13 The process of fire spread.
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Table 2 The data for t° i and V. (t°;: ignition time, Table 3 Ignition spot (Y/X) and tilt of leeward side
V; flame spread velocity (m /'s) of flame. (U: wind velocity, L: flame length,
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Fig. 14 Control and promotion of the attachment of
flame to the neighbouring houses by the air flow
around houses. (x: ignited house, a: flame, b:
flame-checking air layer)
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Experimental Study on House-to-House Fire
Spread

(Abstract)

Kunihiro Yamashita
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The behaviour of house-to-house fire spread was experimentally investigated using house
models comparable in size to ordinary dog-house. The work consists of a preparatory
examination of wind velocity profiles around the house models and the succeeding twelve runs
of fire spread experiments, where five to seven house models of both wooden and
mortar-plastered type were employed in each run. Every fire experiment was started by igniting
one of the house models at one corner under its floor, and the progress of fire spread, diffusion
of smoke and turbulence of flame were observed by the aid of 8 mm cine record. Measurements
were also made with the irradiance and air temperature around the burning house models.

On the basis of experimental results, the effect of air-flow pattern on fire spread was
clarified and discussion was made on the rate of fire spread according to both theoretical and
empirical methods.
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