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Fig. 1(a) Power hose layer for snow road.



R 685

19894F 9 A

1028.5

Fig. 1(b) Structure of the hose layer.
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loading space.

FEERE L Fig. 310w 7,
2.5 ReERE

PRI B THEEI BRI NLIBETLIT T
LZxw, —HBHICE A —AEEENFERPIIBVT
MEINLFEMNY L UIBREEIEREFEIZULPNS =
ETHAHH, B, ZOFLER—2ERHISFEREN
SRR IUIBIEE DBATIRE L L CREL VW42 %
WEEZ LD, TOERBEZRICERIET S 208
EETFRIOIPNDZ E v, 72770, BEER I EE
L TIEREZTHSEATENT LTS H 2, 2
EFHIET 5720 RE2L vF (FTv P2 v F)
PRI THD, TOELAAL v FiIr U nELAN
BICHAINTEN, 24 v FICR) T snizio
BREGIC ERA v FAYND LI ICh - T b, iz
BEEBNEFEICEL T, BERII VIR
RENEVCHOIT TlEhy, T—0%H42E3 T8
IEHNETEAMBICEREERS Y (LRI R)
FFTThs, ThIz> 2 2ELEREEIICE
Y5,
2.6 ¢€Dft
BEICHERT2BOBHEEENFITLEA TS, T
P7II2Wo B #EE ((ft) T, Sy T Y 2EIEC
LTE), HEEBONEESICRIMITHE, =
A4y FIEBEYE L V24 v FT, FOMNBELL Y
YLD LB TH B,

BEICET 2EHEHL2 Table 122 20 TE <,

3. % g
3.1 KR—ZBEHE

_3¥



HET RS 685

19894 9 H

Table 1 Specification of structure

1. Dimension (mm)
overall length 1055
overall width 1000
overall height 1065
tread 630
ground clearance 100
2. Weight (kgf)
Snow power carrier 230
carring capacity 100
hose (65 mmg)x 7
playpipe x2
delivery head x 1
total 330
3. Moter
type gasoline engine (225 cc)
power (HP) 6.0
oil tank (2) 4
4. Body
material of frame steel
driving wheel rubber crawler
ground pressure 78 g/em?
(with max. load)
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ZBVWTRFig AIcBRT 5 & 5 2 UFEN R — 2
HWEHERRLIZLICLIVBEIN TS,

UFBIch—22BET LI LI 2 2 L—L4D
IS AR — 2 2 EHBE T TOHT L v ey R
IZAT) 2 e HTE D, RA—RIZF—RADEENITH
NELICT2200EEAREESE R—2HO
KRB IHVCEET LI ETH D,

R— ZERARITDO—PF % Fig. 51277,

3.2 FEH
1 &%

FHMIC BT B RENGHEE R Y Table 2 IR/ T,
EBRIIEHM1IEOT A7 70 BELERE 20cm D
EERE (72770 ME ERER & F--5R) ER
BEiT-70, RICRTHEIIVTAL Ry L4
WKLTHAILZLNTHD, m—RAOHEEI L WTF

engine
room

2nd layer |

1st layer

SHUIHY
AN

Fig. 4 U-type load of hoses.

Fig. 5 Operation of the hose layer.
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Table 2 Road test speed (km/h)
no load with load**)
gear slope*)
shift on paved road on snow on paved road on snow
ascent 3.88 3.66 3.85 3.62
ist
descent 3.86 3.77 3.87 3.71
ascent 7.28 6.20 7.04 6.33
2nd
descent 7.35 6.35 7.30 6.76
ascent 10.19 # 9.66 6.71
3rd
descent 10.54 5.03 10.39 8.28
# . Engine stop
*)  : aroad with slope of 1 degree

Fig. 6 The hose layer running on a wasteland.
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: 100 kgf (hose x 7, playpipe x 2, delivery head x 1)

¥

Fig. 7 The hose layer runing on a steep snow slope.

2ETD,
EITHRE® Table 3icF & TH <,
Teble 3 Traveling performance (with max. load)

maximum speed 10 km/h
gradeability 25 degree
step climbing ability 150 mm
upset angle > 4S5 degree
radius of gyration 1400 mm
drawbar pull 200 kgf
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Fig. 8 Loading the hose layer on a fire engine.
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The Development of Power Hose Layer for Snow-covered Road

(Abstract)

Asamichi Kamei, Minoru Yamada, Hisanori Amano,
Masayuki Yoshioka*®’, Kohji Mori*’ and Akira Shimada*

(Received May 31, 1989)

Where much snowfall affects fire fighting activity, firemen have to lay hoses by hand
because every kind of current hose layer is not available on the snow-covered road even if there
is a little snow. As hose laying work by hand is very hard, firemen want to use a power hose
layer to reduce their burden where there is snow.

Authors have developed recently a power hose layer for snow-covered road. The hoselayer
equipped with a gasoline engine has two gum-crawlers and is characterized as follows;

(1) The body is so compact that it is possible for a fire engine to carry it.

(2) The crawlers are wide (300 mm) and ground pressure is low (78 g/cm?).

(3) Power of the engine is strong. (6.0 HP)

(4) Due to (2) and (3), the hose layer can travel on the snow-covered road as well as on the
paved road. It is also available for the steep trail.

(5) The fireman operates it safely in the rear.

As a result of traveling test, we concluded that the hose layer will be quite helpfull for the
fire fighting on the snow and in the wildland.

*) MORITA FIRE PUMP mfg. Co., Ltd.
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7% TRHEAMRA R b BB IS 3T L KRS 5,

F72, MHOBBSE, BRER, BIIBOES L UREREO B RNRRIRERSE 2R
FToz Lok, AMOBENEE FAZLEHEL AR, ERELIJTHLLE
DIRL N DT, EBAEROBRERE Y HET 2 HEORMBEHEHELL THHNTH
BT Elmh oz,

1. GL®iC

5 KK DB IC 1T 2 B SRR 2 B 72 901C,
A% TIC L BIRETINERIC L AOBEIRE ERESE 2.1
EEANTETWEY Lal, BRERE L MHERD
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SEHZ, FIMR ST IC & ) BRI RNT B 1ESERR,
BRER kK, B8RO TSRS FH B RRA O R IIRE F
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WTHN, 72, ESHETHRIETE L 2 #8EAIIC
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Table 1 Test fabrics

SFEOESEICOVWTREFL 2O TERET 5,
2. EERFH*

PR DL &
VBRI ISR, EBBAK, ZBBAK,
THERE»H 5, SHEREBK L LAMOBEIL, KED
MRS A EER, BEBAK, WHRkO3IHE
MAFHEL., RBICHLZBEROAHROEER S
Table 12 7R, AHOFEMI IEEKICE U FERF
J7IFTH5,

YRR, FHEBCMII—T 47 Li

S;r:gle Type tléhtl}?es ggztistie;ﬁa Materials Thickness Weight Ad%%asrltt:; ‘
surface mm kg/m? kg/m
A | Working | yncoating Aramid 100% 0.60 0.292 490
B | Fire coats * Aramid 100% 0.51 0.575 1100
c | Approach s Aramid 100% 0.63 0.391 620

* .
*k.

: shows that the outside surface of fabrics is coated with rubber which contains aluminum powder.
shows that aluminum is deposited on the outside surface of fabrics by vacuum evaporation.
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Fig. 1
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(2) Front view

Experimental device to expose fire coats’

fabrics to thermal radiation.
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OB AT LB A T A 520cm EIC, B
OFLERG ThH b,

T S —F rEL T A HROERRIAER, HBE
B TE b ol, BOBRENE e T —7 Tk
DAHT B HETIE, BRENPEEERFA ST TEY,
BEL L R TORMNESEL 20T, FEHEICH
ETELR»-2LnERbNS,

%7, HMOREOREZHFBETTREL &9
L7, Lo L, BIET RS S DRMRIZT TL
SRR S—F D b DRIRO BFTHE % RTI2ZT T
L2 Zoicd ) BEHRER T, fOREEEE
BELCBETE D72,

3. BIERR

3.1 BEBARONEEEDBERR

3.1.1 REZRER-/1HH
BRHOEEOERE L U CEER, EEIARK, TR
DEREICBEHFT. TN BKRER L&), EEIZMD
I—=T 4 LT E BREMRLZ, 20

FHHOEMIRENRIEHER % Table 212§, EFEMR,

HRELAK, WRBOMHNES, BREEHNIITIE

LTho- O TCERBEIITITRE LEERLL, 6.4,
4.4, 2.4kW/m2o B BB T WETEIRER, ¥
#7183, 148, 105C Th -7z, EER, BB ALK,
Tt ElpSEls, BETIREG. AkW/m? LT Cldikib, &
RE DL wBIEhD - 22, BIRETHREI. 4kW/m® T
1, BEERES240C 1L EAL, A8, aK
BB ERILTL F -2 TEREFREI. AW
/mEOEmMBEMEI T bar 72,
3.1.2 BEEHErZESLVEH

BB ALK, BB, YEEROA OSBRSS
LAMERRENORIER R L Table 2 1R §, BKG
BRSO Ak W/m? OB BB Thng L 72354, Wb 3
—F 4 LT A WIEEROEEIREII209C, T
RRFBALCERTLEI—T 4 > 7 L BER
AKNBEEEEII1306T, TLI=T L BEEEEZLC
RO EEIEE 48T ThH - 72, VEEMR, BEHX
Fc, BrEARItic, ZBETERES 4kW/m? LUT Tld ik,
ERTD LB LT,

3.2 HGHOMEEELRTLOUERER

VRRR, BB ALK, WRBOFRERNRE LA
DRITERE R% B B EI AR W/ mPi A DT Fig.2

Table 2 Experimental values of the inside surface temperature of fabrics exposed to thermal
radiation and calculated values of the outside surface emissivity of fabrics

The fabrics coated with The fabrics uncoated with
black paint to the outside black paint to the outside
Kinds surface surface
Sample coated . Irradiance — —
X to the Materiales Temperature Emissivity of | Temperature | Emissivity of
mar outside kW/m? | of theinside | the outside | of the inside | the outside
surface surface surface surface surface
(experiment) | (calculation) | (experiment) | (calculation)
°C °C
2.4 105 1.00 93 0.73
4.4 146 0.93 134 0.74
A U ting | Aramid 100
neoating | A % 64 182 0.97 171 0.80
9.4 209 0.79
2.4 106 1.00 54 0.23
44 150 0.98 76 0.22
B Aramid 10
* amid 100% | ¢, 184 0.97 101 0.25
9.4 136 0.28
2.4 105 1.00
4.4 148 0.98 36 0.051
C Aramid 100
o ramid 100% | ¢ 4 182 0.98 41 0.046
9.4 48 0.043

* . shows that the outside surface of fabrics is coated with rubber which contains aluminum powder.
** - shows that aluminum is deposited on the outside surface of fabrics by vacuum evaporation.
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Fig. 2 The inside surface temperature-time history of
fbrics exposed to thermal radiation.
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Thermal Insulation of the Protective Clothes for Fire Fighters
Exposed to Thermal Radiation
— Temperature Rise of the Cloths —

(abstract)

Yuichi Watanabe
(Received May 31, 1989)

By using an infrared burner of the size of 165 cm height and 82.5 cm width, the tempera-
ture on the inside surface of the protective clothes for fire fighters (working clothes, single layer
fire coats, and approach suits) was measured in the irradiance ranges of 2.4 ~ 9.4 kW/m?.

The maximum temperature on the inside surface largely depennded on the kinds of coat-
ings on the outside surfaces of the protective clothes. Approach suits, whose outside surface
was deposited with aluminum, showed the lowest maximum temperature of those protective
clothes. Therefore approach suits were found to have better thermal insulation against thermal
radiation.

By assuming the emissivity, thermal conductivity and diffusivity of the cloths, and heat
transfer coefficients of cloth surfaces, the temperature on the inside surface of the protective
clothes calculated by the finite difference method was in good coincidence with experimental
results. Consequently, in estimating the thermal insulation performance of the protectve clothes
exposed to thermal radiation, the method of numerical calculations explained in this report is
available.
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A Numerical Study of Large Fires in Tunnels

Kohyu Satoh and Sanae Miyazaki
(Received May 31, 1989)

About five road tunnel fires per year have occurred in Japan, in addition to
such large accidents as “Nihonzaka” and ‘‘Sakai” tunnel fires. Hence tunnel fire
studies are increasingly of great significance. However, burning aspects of large
fires in tunnels (like the “Caldecott Tunnel Fire (1982)” in USA) are not fully
clarified yet due to the difficulty in experiments. Large scale fires in relatively
short tunnels without ventilations were examined here, using a 1/4 scale model
tunnel and a rteal scale hypothetical tunnel. The objective of this study is (1) to
analyse fires (concerning heat release rate and temperature rise) in tunnels using
reports of accidents and previous experiments, (2) to examine the'burning rate of
fuel both in the open and in tunnels, (3) to verify the computer code for predic-
tions and (4) to numerically estimate large tunnel fires. It was found the largest
fires in road tunnels occurred in the world ranged from 50 to 100 MW or more.
Numerical calculations corresponding to 1/4 scale model experiments showed
almost reasonable results. Thus numerical simulations for relatively large fires in

real scale tunnels were carried out using the verified code.

1. Introduction

Recently both numbers of road tunnels and vehicles passing through tunnels are increasing
year by year. Fire statistics in Japan (Table 1) indicate 53 road tunnel fire accidents occurred
during the past 10 years, or about 5 per year. The frequencies of fires both on all roads and in
tunnels in both the UK and Japan are the same order of magnitude1’3), namely 1 x 107 vehicle
km per fire. More precisely the ratio of fire accidents per length in tunnels to those on high-
ways is about 1.4 in Japan, although Heselden® has mentioned the most frequent sources of
ignition for vehicle fires may not necessarily be different for the tunnel situation.

Table 1 Yearly tunnel fire accidents

year 76 77 78 79 80 81 ’82 83 84 85| total

fire accidents 1 2 7 5 4 8 7 8 3 8 53

“Nihonzaka Tunnel Fire in1979™7), the largest tunnel fire ever in Japan, aroused great
interest in tunnel security, in a similar way to the “Holland Tunnel Fire in 1949”4 and
“Caldecott Tunnel Fire in 1982”5 in the United States. The “Caldecott Tunnel Fire” near
San Francisco (Oakland) in which 33 kR of petrol burned, was one of the largest® in the world.
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In 1988 in Japan another fire occurred in the relatively short “Chugoku Highway Sakai
Tunnel”®. It was reported”® in the “Nihonzaka” and “Sakai” tunnel fires that the walls
avove the fire was glowing as if in a blast furnace and so fire brigades could not approach easily,

Large fires in real tunnels due to transportation accidents are not fully clarified yet. Experi-
ments of large fires in real scale tunnels are usually difficult. Hence numerical investigations
were attempted in this study. Numerical simulations require initial conditions and boundary
conditions, e.g. heat release rates of fires and heat losses. For the preparation of numerical
calculations, general aspects of tunnel fires were examined, using the reports of fire accidents,
reduced scale model fire experiments and real scale fire experiments.

As opposed to small fires in tunnels, large fires in real scale tunnels might have been con-
trolled by the air supply rate to the fire, as pointed out by Heselden?. In tunnels the burning
rate of fuel could be affected by the radiation, but the oxygen into the flame may be limited.
Then there arises a question whether the combustion in tunnels is totally accelerated or de-
celerated compared with that in the open. Thus, it is important to investigate air flow rates into
tunnels relevant to combustions in addition to heat release rates of fires.

The number of long tunnels is few and ventilation and fire safety systems are usually
installed there (nevertheless the “Nihonzaka Tunnel Fire” happened). However, the “Sakai
Tunnel” was only 450 m. Naturally most road tunnels are relatively short and have no or insuf-
ficient ventilation and fire safety systems. This study concerns relatively large fires in relatively
short tunnels without ventilation systems. The objective of this paper is (1) to analyse fires
(particularly, heat release rate and temperature rise) in tunnels using reports of accidents and
previous tunnel fire studies, (2) to examine the burning rate of fuel both in the open and in
relatively short tunnels, (3) to verify the computer code for predictions comparing with the
experimental results and (4) to numerically estimate thermal circumstances in large tunnel fires.

2. Estimation of General Aspects of Large Fires in Tunnels
2.1 The Past Tunnel Fire Accidents

Details of the four typical large tunnel fire accidents mentioned above, i.e. tunnel fires of
“Holland”, “*Caldecott”, “Nihonzaka” and *“Sakai”, in both Japan and the US are shown in

Table 2.

Table 2 Details of Typical Large Tunnel Fire Accidents

No. 68(1989)

“Nihonzaka™ “Sakai” “Holland” “*Caldecott™
city Shizuoka Hiroshima New York San Francisco
length 2050 m 450 m 2700 m 1150 m
year 1979 1988 1949 1982
victims 7 5 0 7
involved 189 10 10 7

vehicles
cause car clash car clash side-rolled clashed trailer
trailer tank truck tank truck
(80 carbon disulfide (33,000 2 gasoline)
drum cans)
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In 1949 a huge fire happened in the Holland Tunnel between New York and New Jersey in
U.S.A. It is believed? the heat released in the “Holland Tunnel Fire” was 50—100 MW since
vehicles ignited 100 m away from the original vehicle fire. The average temperature rise of gases
in layer above the fire was estimated 1000°C, assuming the area of 4 x 12 m for the spilt petrol
and heat release rates of cars, vans and lorries to be 3, 10 and 20 MW respectively, whereas the
real fire was due to 80 drum cans of carbon disurfide (totally 80 x 180 %) and 10 burned
vehicles.

It was reported3) that approximately 400 MW heat was released in the ““Caldecott Tunnel
Fire” where 33 kR (760 2 debouched out of the tunnel) of petrol spilt from a side-rolled trailer
tank truck and, after all, 32.24 k2 of petrol burned within 1 hour while 3 hours were needed
for fire fighters to control the fire. The maximum temperature near the tunnel ceiling was
estimated 1050°C. However, we believe the value of 400 MW is overestimated. Since the fire
continued for about 1 hour, the burning rate of fuel becomes nearly 9 £/sec and so the average
heat release rate becomes about 300 MW, assuming the perfect combustion. However, it is com-
mon in large tunnel fires that soot and CO are extremely created. Further, some of them may
recirculate into the flame. This indicates the combustion reaction in an enclosed area is
imperfect, differently from an open fire. Taking imperfectness into account, the heat release
rate may be reduced.

There were 189 vehicles burned in the “Nihonzaka Tunnel””). The fire brigades needed
about 8 days to control the fire, but at the early stage (1 hour after the ignition) there were
only 6 burning vehicles including trucks transporting plastic materials or drum cans of resin.
Assuming the average heat release rate of vehicles to be 10 MW (for middle class vehicles like
vans mentioned above), the total heat release rate at 1 hour after the ignition is estimated
60 MW. The maximum temperature near the ceiling in the tunnel is estimated about 1000°C,
based on the observations of the fire fighters watching walls glowing as if in a blast furnace and
feeling impossible to approach there. It is imagined that most of the 189 vehicles burned could
have been ignited by radiation from the ceiling and the smoke layer including combustible gas
and flame tip.

On the other hand, 10 vehicles were burned within 3 hours® in the “Sakai Tunnel Fire”.
Assuming the same average heat release rate of single van, the whole heat release rate becomes
100 MW. The maximum temperature near the tunnel ceiling is estimated about 1000°C, based
on the same reason mentioned above.

Thus the past four large tunnel fires indicated that (1) about 5—10 vehicles were simulta-
neously burning, (2) the heat release rate of 50—100 MW will cause large fires in tunnels and
(3) the maximum temperature near the ceiling may rise to about 1000°C.

2.2 Previous Experimental Studies of Tunnel Fires

There have already been made many studies of fires in tunnels. Here is attempted an analy-
sis of aspects of the tunnel fires examined experimentally.

Japan Highway Public Corporation has carried out many tunnel fire tests!®1?), using newly
built highway tunnels, but their main object was to test suppression and ventillation control
systems in tunnels. For example in the “East Kakei Tunnel (6.9 m high)” experiments, the
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maximum ceiling temperature above the fire was 511°C'? during 10 minute petrol combustion
with the burning area of 2 x 2 m (5—10 MW of heat release or class of single van fire), which is
a relatively small fire, i.e. 1/10 of large scale fires mentioned above.

Further the Civil Engineering Research Institute of Japan has experimentally investi-
gated'®!¥ tunnel fires in the 6.9 m high test tunnel where a single car or 2 m? area of petrol
was burned. The maximum temperature near the ceiling at 20 m far from the fire source was
nearly 150°C. Another experiment'®) in a small (1/5) scale model tunnel has been made to con-
struct the Meishin Highway in Japan. The burning area of petrol was 1.0 x 1.0 m. The maximum
temperature near the ceiling was 282°C at the impressed wind speed of 3.2 m/s. Kitahara
et al.'® conducted tunnel fire experiments using the 1.9 m high test tunnel and a 1.0 m square
methanol fuel tray. So the maximum temperature near the ceiling was relatively low.

Fire experiments in a disused railway tunnel named “Zwenberg Tunnel” in Austria'”) were
carried out. The tunnel with flat ceiling was relatively narrow because it had been used as the
railway tunnel. The height and width of the tunnel were 4 and 5 m, respectively. In the tunnel,
2.6 x 2.6 m of petrol was burned. The heat release rate was estimated to be 14.45 MW in the
case of natural ventilation'®). The maximum temperature near the ceiling above the fire source
was about 1000°C. However, this estimation of the heat release rate, i.e. 14.45 MW, may
not be true, since it was estimated assuming the perfect combustion of fuel and the same
burning rate of 4 mm/min as in the open, but fires in tunnels are affected by radiation and the
air supply rate.

Thus, as seen above, previous experiments of tunnel fires have been done in relatively small
scale, either less than 50—100 MW or 1000°C. This is natural since disused tunnels, newly
built tunnels and small scale mode!l tunnels may be damaged due to the blast of concrete wall
in fire tests.

3. Tunnel Fire Experiments using a Heat-Proof 1/4 Scale Model Tunnel
3.1 Experimental Apparatus and Fire Source

Experiments were conducted in a 1/4 scale model tunnel constructed in north to south
direction in the campus (outdoors) of Fire Research Institute. Figure 1 shows the photo of the
scale model tunnel with round ceiling. The height(H), width(W), length(L) and semicircular

Fig. 1 1/4 scale model tunnel. ‘ Fig. 2 Flame of n-heptane burning on a 0.5 m square
(H=1.6 m, W=1.5 m and L=21 m) tray located centrally in % scale model tunnel.



Report of Fire Research Institute of Japan No. 68(1989)

cross sectional area(S) were 1.6 m, 1.5 m, 21 m and 2.01 m?, respectively. Hence the large scale
tunnel corresponding to the 1 /4 scale model tunnel was assumed to be H=6.4 m, W=6 m and
=84 m. The wall with the thickness of 0.1 m was made of highly heat-proof (up to 1500°C)
material with the heat conductivity of 0.65 kcal/m/hr/°C at 400°C.

Weather conditions with no or weak wind and without precipitation were selected.
N-heptane (about 18 &) was burned in a 0.5 m square steel tray located centrally on the tunnel
floor. The combustion of fuel continued about 10—15 minutes. Temperatures of the hot gas
traveling towards the tunnel exit were measured in the vertical central plane in the north half
area (1.6 x 10.5m) of the tunnel, since the tunnel and flames at no wind were almost
symmetric. Chromel-Alumel thermocouples (0.6 mm in diameter) were installed at totally
6 x 11 grid points in the vertical central plane (in north half length). Each grid is 1 m long and
0.2 m high. No thermocouples were installed in the area lower than 0.5 m above the floor.

Further, burning tests of fuel in a 0.5 m square tray both in the tunnel and in the open
were conducted to examine the regression rate of fuel surface and the smoke density in the
flame. Details of the experiments, including the method to measure the fuel regression rate, has
already been reportedlg).

3.2 Experimental Results
3.2.1 The Regression Rate of Fuel Surface and Observation of Combustion

The regression rate of surface (0.5 x 0.5 m) of the n-heptane burning in the open was about
4 mm/min, close to the conventional value?9. However, the regression rate of fuel burning in
the 1/4 scale model tunnel was about 8 mm/min, namely twice the larger than in the open.

The top of the flame reaching the tunnel ceiling was pressed like a mushroom. After the
measurement, the ceiling surface above the fire was slightly damaged and turned white, whereas
the ceiling except directly above the flame was turned black due to the dense soot layer.

Figure 2 shows the flame of n-heptane burning centrally in the tunnel. The flame was
highly turbulent and large amount of soot was flowing out of the tunnel exit, but it was too
dense to measure the smoke concentration optically. Contrary, in the open the soot was
relatively little.

3.2.2 Temperatures and Air velocities

Figure 3 shows the isothermal patterns measured at 2, 4 and 6 minutes. The maximum
temperature near the ceiling was about 900°C. The temperature at the exit of the tunnel was
nearly 350°C. The velocities of outflowing hot air and inflowing cool air at 3 m inside the
tunnel exit were 3 m/s and 0.5 m/s respectively.

4. Numerical Calculations
4.1 Estimation of Convective Heat Release Rate in the 0.5 m Square Burning Flame

Since the regression rate of the fuel surface was about 8 mm/min, the mass flow rate of
the evaporated n-heptane was about 22.6 gfs and so the heat release rate () becomes nearly
1070 kW, if the combustion was perfect. However, in reality the combustion was imperfect
because the smoke, the concentration of which was difficult to measure, was very dense in the
tunnel. Hence here was attempted an estimation of the smoke concentration. The outflow rate
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Fig. 3  Isotherms measured experimentally in % scale model tunnel.

(Fuel tray size: 0.5 x 0.5 m, Fuel: n-heptane)

(Measurements were made only linfhalf area in the left side.)
(M) of heated gas at both ends of the tunnel was nearly equal to 2.5 m®/s, using the relation-
ship of M=2 x § x u where S is the semicircular cross sectional area of the hot gas layer and  is
the average hot gas speed. The optical density (OD) of smoke at the tunnel exit was assumed to
be 3.33/m, using the 0.5 m visibility (V) observed by sight through the fluctuating smoke and
the relationship of ¥ x OD=1-2 modified from ¥ x 0=2—421), (¢: extinction coefficient).
Using the relationship between the volume fraction of soot in the smoke and optical density
mentioned by Newman??), the volume fraction is about 2/10%. The relationship between the
optical density (OD) and the smoke mass concentration (Cs), i.e. OD=3330 Cs, produces
Cs=0.01 kg/m>. Thus the smoke production rate becomes 2.5 g/s, corresponding to 11% of the
total evaporated fuel.

Next the CO concentration is estimated. Although the CO concentration in tunnels may be
different with varying locations, the measurements in the 1/4 scale model tunnel were mainly
related to temperatures. In a tunnel fire experiment?, it was reported that the generation rate
of CO was 1.7 g/s for the burning petro fire with the area of 1 m?. Another report of tunnel
fire!® indicated the value of 1.9 g/s for the 4 m? of petro fire. Although it is not always
certain whether these values are applicable to small scale tunnels, here it is assumed the genera-
tion rate of CO is about 1.0 g/s for the present case. After all it is estimated about 15% of
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evaporated fuel never contributed to the heat release. In addition, if there exist other miscella-
neous gases, neglected here, related to imperfect combustion, the value of imperfectness could
increase more.

The tunnel flows are based on the buoyancy due to heat sources. The convective heat
released from flames contributes the buoyant flows, as mentioned by Schneider?®) who studied
a large open pool fire. Heselden assumed the 25% radiation loss for the flame with 3—20 MW.
May et al 2% estimated the radiation heat loss of 16.4%. Here the radiation loss is assumed to
be 20% of the evaporated fuel. Thus it is assumed that in total 65% of the fuel was relevant to
the convective heat, namely about 700 kW. Previously, it was reportedzs) that the portion of
convective heat is generally 40% of the total heat release rate, but it seems too low judging
from the report of Koseki et al.2® indicated the value of 70% for open pool fires. Above all,
the previous numerical studies!®27) have used the value of 100% of the total heat release.

The radiation thermally plays a great role in tunnel fires, but it is quite difficult to
calculate the radiative transfer among flame, smoke, ceiling, wall and floor. Heselden assumed
the temperature of 1000°C in the layer above the flame. However, since the heated floor and
walls of the tunnel must affect the flows in tunnels, the floor and walls heated by radiation was
taken into account. The complex radiation transfers between flame and ceiling, and between
ceiling and floor were not introduced in this calculation. It was left as the problem in next
studies since the dense black smoke absorbs the radiation considerably. Here only the radiation
transmitted from flame to floor and walls was examined.

It was assumed that the radiant energy due to a flame was focused at a fictitious point (P),
located on the central axis of the flame and at 0.8 m above the floor. Thus, calculations of the
complex configulation factor between flame and solid boundaries become much easier. Totally
100 or 200 kW (20% of total heat release) of radiant heat (I") is transmitted from the point
source to the solid boundaries such as walls and floor which were divided into grids. The
objective to employ this method is to evaluate the effect of the heated solid boundaries due
to radiation. Radiation per unit surface area of each grid () was defined by the function of
(1) the inverse of the square of the distance (r) connecting the point P and the center C of the
grid surface and (2) the angle (6) between the normal direction of each grid surface and the line
connecting points P and C. Thus the relationships become y=k cos 6 /r* and F=§ v;S; where
k is the constant, S; is the each grid surface area and i is the grid number.

The heat loss through the ceiling, wall and floor is thermally important in tunnel fires.
Kitahara et al.'®) used the heat transfer coefficient of 5.8 W/m?K, but Kumar et al.’® em-
ployed 5—40 W/m*K. Van de Leur et al.2® who studied the two-dimensional stratified smoke
flow in a corridor, used the value of 12 W/m?K. Here the value by Kitahara et al. was used.

Further Heselden mentioned that about 50% of the combustion can take place in the
vertical flame and the remainder must occur in the horizontal hot gas layers, but he carried out

the calculations as though the combustion was complete in the vertical flame above the liquid
spill. Also in our calculations, the flame region was volumetric and limited vertically above the
fuel tray, but the base size of the flame was taken to be twice the tray size since in experiments
the flame was burning far outside the fuel tray. The flame height was taken to reach the ceiling.
The burning flame extending horizontally was also left as the next problem.
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4.2 Governing Equations and Formulation of Finite-difference Equations

Governing equations used in this study are shown in Table 3. The formulation of the finite
difference equations is based on the micro-control volume scheme??) . The details are given by
Yang et al.39, but the three-dimensional extension from the original two-dimensional code and
some modifications to accelerate the computing speed were made by one of the present
authors31-32) | The limiting Courant number and the cell Peclet number were considered as
employed in the original two-dimensional code3®. Further the effective viscosity employed in

31)

the previous study>'? was used here.

4.3 Divided Cells for Numerical Calculations

The previous three-dimensional numerical studies of tunnel fires by Kumar et al.!?
(employed 6 x 9 x 27=1566 cells) and Kotoh et al.2”) (employed 15 x 18 x 23=6210 cells) have
dealt with full tunnel length, but only half cross sectional area of the tunnel. The outside of
tunnel was not calculated there since three-dimensional calculations require large computer
memory and much cpu time depending on the number of divided cells. The outside area
adjacent to the tunnel exit is important in more accurate predictions of the mass flow rate at
the enclosure opening®®. So the outside area was added to the tunnel in this study. Since there
was only weak ambient wind in the 1/4 scale model tunnel experiments, flows in both two
horizontal directions were assumed symmetric at the central point of the tunnel. Thus only 1/4
space of the tunnel and the area adjacent to the tunnel exit was divided into fine cells.

There have already been some two-dimensional numerical studies?®:34:3%), Differently
from two-dimensional tunnel flows, the negative buoyant flow3®) exists in the cross section of
the tunnel. After the impingement of heated gas from a fire to the ceiling, considerable im-
pinged gas descends down along the round ceiling and turn the flow direction upward. They are
entrained into the flame again. This is a pattern of three-dimensional flow near the flame in
tunnels.

Two ways dividing the flow domain into fine cells were employed, namely uniform 17 x 21
x 63=22491 cells and nonuniform 15 x 24 x 41=14760 cells. Figure 4 shows the side view and

cross sectional view of nonuniformly divided cells. 1/2
’ < ——

T T

fir 1

T

{side view] <_ 1/2 i {cross sectional view)

tunnel

Fig. 4  Three-dimensional grids divided the tunnel and area adjacent to the tunnel opening.
(15 x 24 x 41 cells)
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Table 3 Governing Differential Equations
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NOMENCLATURE
C, constant (=RyTo/up?) C, constant (=R,Ty/ (gH))
Cp specific heat g gravitational acceleration
Fr constant (=ugy?/ (gH)) k thermal conductivity
H height of ceiling Pr Prandtle number (= uesrCp/keff)
P pressure Re local Reynolds number
Q heat release rate (=poucH/uetf)
Ro gas constant t time
T temperature Y height above floor
u,v,w velocity components n viscosity
X,Y,Z Cartesian coordinates T viscous stress tensor
0 density
(Subscripts)
eff effective (laminar plus turbulent) 0 reference quantity
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4.4 Results of Calculations
4.4.1 Mass Flow Rate at Tunnel Opening

Figure § shows the mass flow rate calculated at the tunnel exit as a function of the heat
release rate with variation of the nondimensional heat density (cases 1, 2 and 3). In these cases
the floor and walls were not heated by radiation. (If they are heated by radiation, the mass flow
rate increases a little bit more.) This figure indicates that the mass flow rate depends upon the
1/3rd power of the heat release rate. Based on the experimental results of mass flow rate,
numerical results showed the heat density of case (2) was appropriate. Therefore, the dimen-
sionless heat density QF=14 was mainly used as the convective heat release rate. In addition,
radiant heat was taken into account in the calculations.
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Fig. 5 Mass flow rate vs. heat release rate (A volumetric
heat source is located in the center of the % scale
model tunnel. QF: nondimensional heat density).

4.4.2 Temperature and Air Velocities

Figures 6 shows the isothermal patterns of hot gas flow due to the 700 kW heat source
with and without radiant heat of totally 200 kW transmitted on the floor and wall. The radiant

heat on the floor and wall makes the flow pattern so complex.
Figure 7 shows the time-dependent flow pattern displayed by isotherms due to the heat
source with 700 kW heat release rate in addition to 100 kW radiant heat on the floor and wall.
Figure 8 shows the velocity vector distributions due to the 700 kW heat release rate
without any extra radiant heat. The outflow gas is spurted horizontally and turned the direc-
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Fig. 6 Isothermal patterns in % scale model tunnel
(Volumetric heat release rate = 700 kW,
total radiant heat on floor and walls = 200 kW).
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Fig. 7 Time-dependent isothermal patterns in % scale
model tunnel.
(Volumetric heat release rate = 700 kW,
total radiant heat on floor and walls = 100 kW)
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Fig. 8 Velocity vector distributions.
(Volumetric heat release rate = 700 kw)

tion upward at the tunnel exit. Plan view of the flow is given at the horizontal level 0.3 m above
the floor. This figure shows the cool air is flowing into the tunnel at the opening, shrinking its
path from the far wide open shape.

In the experiments the wind speeds of both the heated gas and lower cool air were about
3 m/s and 0.5 m/s respectively, whereas the numerical results gave 3.5 m/s and 0.7 m/s, respec-
mwh&MmomMMMmemmmmmMmumm%w%wmnﬁycmmeMMM&
whereas it was about 400°C. However the mass flow rate of air was both almost the same. The
height of the heated air layer was 0.9 m both in the experiments and calculations.

In Fig. 9, five relationships between the temperatures and the nondimensional distance
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Fig. 9 Relationship between temperatures near the top
of the ceiling along the tunnel and dimensionless
horizontal distance from the heat source to the
tunnel exit.
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from the fire center to the direction of tunnel exit are shown. One is the relationship for the
1/4 scale tunnel experiments, one for numerical results of 1/4 scale tunnel, one for numerical
results of 6.9 m high hypothetical real scale tunnel mentioned below, one for Zwenberg tunnel
experiments”), and the last for experimental results by Kitahara et al.'®

5. Calculations of Fires in a Hypothetical Tunnel

Fire simulations in a hypothetical tunnel were conducted. The height (H), width (W) and
length (L) of the tunnel are 6.9 m, 10 m and 200 m, respectively. The fire was located centrally
as in the case of calculations of 1/4 scale model tunnel fires. As mentioned above, large fires in
real scale tunnels are the magnitude of 50 MW or more. Therefore as a typical case 45 MW of
convective heat in the volumetric heat source (5 x 5 x 6.9 m(H)) located in the center and 6 MW
of radiant energy, heating the floor and side walls, were employed.

Calculations were conducted using the same code as mentioned above, with increased the
number of cells. Similarly to the above 1/4 scale model, 1/4 region of the tunnel was calculated.
Cells used for the calculations were 19 x 27 x 51(L/2 + L/7)=26163, where L/7 corresponds to
the outside area adjacent to the tunnel exit.

Temperatures near the top of the ceiling along the tunnel are also shown in Figure 9 as
mentioned above. The Zwenberg tunnel fire tests'?) were one of the past largest fire tests. As
seen in Fig. 9 the temperature decay along the tunnel length in this numerical simulation is very
similar and close to that in the Zwenberg tunnel fire tests although the tunnel size and heat
release rate are different. The calculated velocities of heated gas near the ceiling and lower cool
air were 7.5 m/s and 1.1 m/s, respectively. The height of smoke layer was about 3.6 m.

6. Discussions

Based on the reports of fire accidents, previous experiments of tunnel fires and experi-
mental results in the 1/4 scale model tunnel, general aspects of tunnel fires were obtained. The
flow patterns in the tunnel were similar both in experiments and in numerical calculations. If
large fires occur in relatively short tunnels, the hot gas layer is stably stratified and a lot of air is
supplied to fires, as seen above. Also the fuel surface is strongly heated by radiation from both
the flame and the glowing ceiling. Present experiments showed twice the larger regression rate

of fuel in tunnels than in the open. However, Sugawa et al.3" reported only 20% increase of
fuel regression rate in a large room. This discrepancy may be a scale effect, but it is reasonable

that the glowing walls can accelerate the evaporation of the fuel. The walls in the experiments
by Sugawa et al. may not be radiated fully and consequently not glowing.

Many numerical simulations of tunnel fires in two and three dimensions have already been
made, but no detailed considerations about convective heat within the total heat release rate
have ever been carried out. Present numerical calculations showed almost reasonable results as
seen in the case of 6.9 m high tunnel fire simulation (45 MW) shown in Fig. 9, other than
the area near the fire where some differences between the experiments and the calculations
were left.

The flow around the burning area is extremely complex due to the turbulence and radia-
tion. Around the fire source a sharp break upon the temperature vs. distance is seen in Fig. 9.
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The interaction between radiation and turbulence must be highly significant around there in the
accurate numerical calculations. In the experiments the flame was burning at considerable
distance far out of the fuel tray, in particular near the floor. And the flame burning horizon-
tally under the ceiling may be significant in the thermal aspects in tunnels. In addition, the
present numerical study has dealt insufficient radiation calculations for simplicity and the
nature of the temperatures between the experiments and calculations (based on the equations
in Table 3) may be different since temperatures measured in the experiments include the
radiant energy from the ambient to thermo-couple wires. (The thermo-couple wire looses the
radiant energy at the same time.) This must have affected the discrepancy of the temperature
around the flame region between the experiments and calculations. The calculations of the de-
tailed radiative transfer and combustion phenomena of fuel in tunnels are greatly recommended.

Finally, the number of tunnel fire accidents (five per year in Japan) may not always be so
serious, but the effect of accidents could be considerable. Real scale experiments are so difficult
due to the scale. Therefore numerical studies of fires in tunnels or underground will become
more significant hereafter.

7. Conclusions

(1) Through the analyses of tunnel fire accidents, previous experimental results and the present
1/4 scale model experiments, general aspects of tunnel fires are obtained.

(2) 1t was estimated that large fires in tunnels may release 50 to 100 MW or more heat, corre-
sponding to 5—10 burning vehicles.

(3) It was found in the 1/4 scale model tunnel fire experiments that the regression rate of fuel
surface of a 0.5 m square tray was about 8 mm/min, twice the larger than in the open. This
is reasonable when the tunnel walls become glowing (red-white) due to the heat transfer
from the flame reaching the ceiling.

(4) Numerical results showed that the mass flow rate at the both exits of tunnel is proportional
to the 1/3rd power of the heat release rate when the heat density is constant.

(5) Numerical simulations of relatively large fires in comparatively short tunnels were con-
ducted and it was found that this simulation tends to be similar and close to the results in
the past large fire experiments, except for the area in the vicinity of the fire flame.

(6) The flow patterns in the tunnel become complex when the floor and walls are heated by
radiation. The interaction between the radiation and turbulence is extremely significant for
the accurate prediction of the thermal flows especially around the flame in tunnels, where
a sharp break in the temperature decay line takes place.

8. Acknowledgments
This study was financially supported by the 1988 Funds for Nuclear Energy Research and

Development of the Japanese Science and Technology Agency.
References
1) “Report of Extraordinary Committee on Super Long Tunnel (in Japanese)”, Express

Highway Research Foundation of Japan, (1977)



Report of Fire Research Institute of Japan No. 68(1989)

2) Heselden, A.J.M., “Studies of Fire and Smoke Behavior Relevant to Tunnels”, 2nd Interna-
tional Sumposium on the Aerodynamics and Ventilation of Vehicle Tunnels”, Paper J1,
(1976)

3) North, M.A., “Some Statistics of Fires in Road Vehicles”, JFRO Fire Research Note 1011,
Fire Research Station, (1974)

4) “Chemical Fires in New York Holland Tunnel (in Japanese)”, Japan Highway Public Cor-
poration, (1959)

5) “Highway Accident Report — Multiple Vehicle Collisions and Fire, Caldecott Tunnel Near
Oakland, California, April 7, 19827, the US. National Transportation Safety Board,
(May—-1983)

6) “Inquiry Commission Report on Foreign Highways — Underwater Road Tunnel in US and
Canada (in Japanese)”, Express Highway Research Foundation of Japan, (1983)

7) “Kindai Sho-bo” (in Japanese), Zenkoku Kajo Horei Publishing Corporation, p.124 (Sep-
tember 1979)

8) ibid., p.96 (September 1988)

9) “Multidisciplinary Accident Investigation Team, Caldecott Tunnel Report”, Calfornia
Department of Transportation, (1983)

10) “Research Report on Emergency Smoke Extraction System for Fires in the Chuo Highway
Amigake Tunnel (in Japanese)”, Express Highway Research Foundation of Japan, (1975)

11) “Research Report of Ventilation System in the Kan-etu Tunnel of Kan-etu Highway (in
Japanese)”, Express Highway Research Foundation of Japan, (1982)

12) Yoshida, Y.: “Experimental Study of Vehicle Fires in Road Tunnels (in Japanese)”,
“Kasai”, Japan Fire Science and Engineering Association, Vol.33, No .4, 1 (1983)

13) Mizutani, T. and Horiuchi, K.: “Experiments of Vehicle Fires in Road Tunnels (in Japa-
nese);’ Tunnel and Underground, Vol.13, No.2, 47 (1982)

14) “Report of Automobile Fire Experiments in Tuunnels (in Japanese)”, Civil Engineering
Research Institute, (1969)

15) “Report of Experiments on Fire Safety System for the Meishin Highway Tunnel (in Japa-
nese)”’, Association of Scientific Fire Protection, (1955)

16) Kitahara, Y. and Umezu, M.: “Thermal Air Flow in Tunnels (in Japanese)”, Bulletine of
Japanese Association of Fire and Engineering, Vol.34, No.1, 7 (1984)

17) Fiezlmayer, A.H.: “Brandversuche in einem Tunnel”, Bundesministerium fur Bauten und
Technik, Heft 50, Vienna, (1976)

18) Kumar, S. and Cox, G.: “Mathematical Modeling of Fires in Road Tunnels”, Proceedings of
5th International Aerodynamics and Ventilation of Vehicle Tunnels”, p.61 (May—1985)

19) Kawasaki, M. and Miyazaki, S.: “A Study of Fire Resistivity of Transportation Containers
of Radioactive Materials (in Japanese)”, Report to Nuclear Energy Bureau of Japanese
Science and Technology Agency, No.19 (1988)

20) Blinov, V.I. and Khudiakov, G.N.: “On Certain Regulations on Diffusion Burning of Lig-
uids”, Dokl. Akad. Nauk SSSR (in translation), Vol.113, 241 (1957)

21) Jin, T.: “Visibility through Fire Smoke (Part 5 Allowable Smoke Density for Escape from
Fire)”’, Report of Fire Research Institute of Japan, No.42, 12 (1976)



Report of Fire Research Institute of Japan No. 68(1989)

22) Newman, J.S.: “Prediction of Fire Detector Response”, Fire Safety Journal, Vol.12, 205
(1987)

23) Schneider, M.E. and Kent, L.A.:*“Measurements of Gas Velocities and Temperatures in a
Large Open Pool Fire”, Heat and Mass Transfer in Fire — HTD-Vol.73 (Published by ASME),
p.37 (1988)

24) May, W.G. and McQueen, W.: “Radiation from Liquefied Natural Gas Fires”, Combustion
Science and Technology, Vol. 7, 51 (1973)

25) “Report of Fire Safety System in Tunnels (in Japanese)”, Express Highway Research
Foundation of Japan, (October—1980)

26) Koseki, H and Hayasaka, H.: “Estimate of Thermal Balance in Heptane Pool Flame (in
Japanese)”, Report of Fire Research Institute of Japan, No.67, 39 (1989)

27) Kotoh, S. and Yamanaka, G.: “Air Flow Analyses in a Longitudinally Ventilated Road
Tunnel on Fire (in Japanese)”, Journal of JSME, Vol.53, No.494, 2937 (1987)

28) Van De Leur, P.H.E., Kleijn, C.R. and Hogendoorn, C.J.: “Numerical Study of the Strati-
fied Smoke Flow in a Corridor™, Fire Safety Journal, Vol.14, 287 (1989)

29) Patankar, S.V. and Spalding, D.B.: “A Calculation Procedure for Heat, Mass and Momen-
tum Transfer in Three-dimensional Parabolic Flow”, International Jounal of Heat and
Mass Flow, Vol.15, 1787 (1972)

30) Yang, K.T., Lloyd, J.R., Kanury AM. and Satoh, K.: “Modeling of Turbulent Buoyant
Flows in Aircraft Cabins”, Combustion Science and Technology,Vol.39, 107 (1984)

31) Satoh, K.: “A Numerical Study of Dynamic Fire Behavior”, JSME International Journal
(Series B), Vol.31, No.3, 402 (1988)

32) Satoh, K.: ““A Numerical Study of Ceiling Jets Based on “T” Pattern Flames”, Proceedings
of the 2nd International Symposium on Fire Safety Science, p.159 (1988)

33) Satoh, K.: “Three-dimensional Numerical Study of Fire-induced Ventilations in Enclosures”,
Report of Fire Research Institute of Japan, No.59, 45 (1985)

34) Huan, C.J., (with Kanury, AM.): “A Numerical Study of Buoyant Flow in a Two-dimen-
sional Crosswind”, M.S. Thesis at the Department of Aerospace and Mechanical Engineer-
ing, University of Notre| Dame, (1980)

35) Handa, T., Morita, M., Hayashi, K. and Ishii, T.: “Computer Simulation of the Motion of
Heat Flow induced by the Fire in the Long-scale Tunnel”, Fire Science and Technology,
Vol.1, 91 (1981)

36) Jaluria, Y. and Kapool, K.: “Experimental Simulation of Penetrative Flows in a Compart-
ment Fire”, Proceedings of 20th Fall Meeting of Chemical and Physical Processes in Com-
bustion”, N0.89 (1987)

37) Sugawa, O, Kawagoe, K., Mizuno, T. and Takahashi, K.: “Real Scale Fire Experiments of
Gasoline Station in Buildings (in Japanese)”, Proceedings of Japanese Fire Science and
Engineering, p.115 (1989)



P RIVAICEB T B AHE KK O BEFE

(B =)
R - E R

(FIKTL4FE 5 R31A-2H)

@f@by%wk%m$%¢,ﬁ%ﬁé#étn&wb>$wkﬁm&%ﬁﬁgﬁt
b>$wmfmkﬁﬁk%mﬁ%uiTiT§§ttofwéoﬁf@kﬁﬁ&b>$w
@k%ﬁﬁ%%&t%%,k%m%ﬁﬁﬁua%JMMW$tu%nu¢T;kﬁm%#ﬁ
R EIREIZ1000°CISH - & ChRTw5, RIFECIE, E£HkEn 1/4 BRE ORI b o 2
w?@%%fﬁ%nt%%%éat,ﬁm%%@&%%MW(é%ﬁﬁgum%%%ﬁg
EMWZINZSIMW) & LT, ERHEE N > 2 LOMEL 221 —2 5 RT3
1V~737%%TH,kﬁﬁﬁ%%(%ﬁ%?@ﬁﬁ%ﬁﬁﬁf@kﬁﬁFV*wk%
%%tﬁﬂ?é@mﬁﬁehtﬁ,kﬁﬁﬁm%émﬁuiﬁm?ﬁﬁﬁﬂging,#
&O&m@%%ﬁ%%ntozmﬁ@ﬁ,kﬁﬁﬁmmﬁﬁ%uzwfm%u@mfiﬁ
&&%%ﬁt,%@mw%u,iﬂ%?ﬁ%ttﬁ%ﬁ%%?w;@%,@%#Oﬁw%
DTHBlzbEEZ Lb,



T Wifﬁ%ﬁf’ri&%\
B % 68 &
FHUILE 9 A30 A 547

5 X ama 10 e

FAE R g 3 THI4E ] &
B O (0422) 44-8331 (#%)

e —




	表紙
	目次
	【研究】
	雪上動力ホース延長車
	熱放射に対する防火衣等の防熱効果　-布地の温度上昇について-
	A Numerical Study of Large Fire in Tunnels




