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Abstract

In this study, we used a 1/5-scale model tunnel to investigate the temperature
characteristics of backlayering thermal fumes in addition to the heat release rate
and the longitudinal ventilation velocity in a tunnel fire. The ventilation flow
through the model tunnel provided a sufficient turbulent flow as the Reynolds
number based on ventilation velocity and tunnel height was 40,000 or more. The
governing scaling parameter in this experiment was the dimensionless parameter
O*/Fr. In addition to Froude’s and Reynolds’ similarity laws, the similarity of the
thermal characteristics in the tunnel wall was considered in making the model
tunnel. We clarify the conditions under which the backlayering thermal fumes
maintain a stratified layer. Empirical equations of the thermal fume height in the
longitudinal ventilation are derived from the experimental data. The evacuation
safety based on the height of thermal fumes is examined in detail.

Key words: Tunnel Fire, Backlayering Thermal Fumes, Temperature Distribution,
Turbulent Flow, Stratified Flow, Model Experiment, Flow Measurements

1. Introduction

In a normal enclosed tunnel, the length is larger than the cross section. In the event of a
tunnel fire, thermal fumes generated by the fire quickly fill the tunnel due to its limited
width. Moreover, securing the evacuation environment and performing fire fighting and
rescue operations are hampered by reduced visibility from smoke. As a result, serious fire
damage and injuries frequently occur”®. In order to effectively reduce the risk of damage
and injuries in a tunnel fire, it is necessary to clarify the fire properties, such as the behavior
of thermal fumes generated by a fire.

Japan’s expressway tunnels, which are generally unidirectional, adopt a longitudinal
ventilation system that blows parallel to the direction of passing vehicles. In the event of a
fire, emergency longitudinal ventilation measures in a one-way tunnel are as follows.
Thermal fumes are swept away in the downstream direction from the fire source by the
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ventilation wind. Upstream, where the traffic jam is, backlayering of thermal fumes is
prevented by the ventilation wind, allowing safe evacuation from the vehicles. The velocity
of ventilation wind required to prevent the spread of backlayering thermal fumes is called

the critical velocity, and it is extensively studied using analytical theories®®, fire

(5)-(11) (12)

experiments and numerical simulation®”. On the other hand, the backlayering

distance and temperature distribution of thermal fumes are also important characteristics of

(11)(13)(14) and

a tunnel fire. Studies have been conducted based on model experiments
numerical simulation">"'?, but sufficient engineering knowledge has not yet been obtained.
Consequently, we developed a large-scale model tunnel and carried out numerous fire
experiments.

The purpose of the present study was to grasp the flow characteristics of backlayering
thermal fumes in a tunnel fire when longitudinal ventilation wind is blowing through the
tunnel. The large-scale model tunnel used for the fire experiments was compared to the
models used in previous studies in consideration of Reynolds’ scaling law®® %) The
temperature distribution, velocity of longitudinal ventilation, and heat release rate of the fire
source were measured under the conditions of four different sized fires. Particularly,
temperature distribution was simultaneously measured at a number of points at the ceiling
and longitudinal section of the model tunnel. The results of detailed temperature distribution
more than those obtained in previous studies were obtained in this research. Based on those
results, the temperature distribution of the thermal fumes generated by the tunnel fire was
examined. We report on new engineering knowledge concerning the evacuation
environment under thermal fumes and the temperature distribution of the backlayering
thermal fumes.

2. Nomenclature

A: Cross-section of tunnel [m?]

Ay Burning area [m’]

Bi: Biot number [-] Bi = hH/A

Fo: Fourier number [-] Fo= a+H/g Vid

Fr: Froude number Fr= U,/ \/g7 [-]

g: Gravitational acceleration [m/s’]

H: Height of tunnel (characteristic length) [m]

Hyr: Height of boundary between thermal fumes and fresh air [m]

H*dT : Dimensionless height of boundary of thermal fumes H*dT = Hyt/H [-]
h: Heat-transfer coefficient [W/m’K]

Ly: Backlayering distance of thermal fumes [m]

0: Heat release rate [W]

On: Average quasi-steady heat release rate [W]

Omax Quasi-steady heat release rate [W]

0 : Dimensionless quasi-steady heat release rate 0" = Omal( PCpToA4 \/g_H ) [-]

On Average dimensionless quasi-steady heat release rate [-]
Re: Reynolds number Re = Uy, H/ v [-]

Ty Ambient temperature [K]

Un Velocity of longitudinal ventilation [m/s]

Ups : Average velocity of longitudinal ventilation (characteristic velocity) [m/s]
x Dimensionless coordinate in tunnel length x =x/H [-]
y* Dimensionless coordinate in tunnel width y* =y/H [-]
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Dimensionless coordinate in tunnel height z =zIH[-]
Thermal diffusivity [m?/s]

Temperature rise [K]

Dimensionless temperature rise 6T "= STIT, [-]
Thermal conductivity [W/mK]

Scale ratio [-]

Kinematic viscosity [m?/s]

Air density at ambient temperature [kg/m3 ]
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3. Experimental facility and instruments

3.1 Model tunnel
The model tunnel in this study was scaled to 1/5 the size of a full-scale tunnel. Various
parameters were decided based on the respective scaling laws"'”. Table 1 shows the
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parameters of our model tunnel.

11
| E: ‘ E £i: tunnels of other researchers. The longitudinal ventilation velocity U, and heat release rate Q
; E ; E : : ; of a full-scale tunnel were calculated by using the Froude scaling law based on the

111 In this study, the governing scaling parameter in a tunnel fire with longitudinal
i ventilation is the dimensionless parameter Q*/Fr. The Froude number Fr is defined as the
ratio of the buoyancy of a plume generated by a fire source and the inertia force of the
longitudinal ventilation wind. The dimensionless heat release rate O* is defined as the ratio
of the heat release rate and the enthalpy flow rate. The enthalpy flow rate when air at the

temperature 7, flows in a tunnel with cross-section 4 at velocity +/gH is used as the

characteristic parameter of the heat release rate. The ratio of the characteristic length L; of a
full-scale tunnel and the characteristic length L,, of the model tunnel is defined as the scale
ratio y = L¢/L,,. It was found that the longitudinal ventilation velocity U, is proportional to
»%% and the heat release rate O is proportional to y*° by using Froude scaling.

It was important to achieve a completely turbulent flow in the model tunnel as well as a
full-scale tunnel for the model experiment. The model tunnel in this study is at least three
times as large as the model tunnels of other researchers, as shown in Table 1. Therefore, the
Reynolds number Re of the ventilation flow in the model tunnel is 40,000 or more, and a
completely turbulent flow is achieved in the tunnel. On the other hand, the Reynolds
number Re in the other studies ranges from a few thousand to 30,000; part of the flow
through a tunnel in such a small Reynolds number may not be a turbulent flow.

The heat transfer phenomenon from the thermal fumes to the wall of the tunnel is an
important governing phenomenon in a tunnel fire. The amount of heat transfer is governed
by the conduction heat transfer characteristics of the materials inside the wall and the
convection heat transfer characteristics on the surface of the wall. Table 1 indicates the Biot
number Bi and the Fourier number Fo concerning thermal characteristics of the wall of each
tunnel. Contrary to the other studies, these values for the model tunnel in the present study
are close to the values of a full-scale tunnel made of concrete. Autoclaved lightweight
aerated concrete (ALC) panel was used as a suitable wall material for the model tunnel in
the present study. In the other studies, the value of the Fourier number in the model tunnel is
especially large compared with that of a full-scale tunnel. In these cases, the wall of the
model tunnel has a large thermal conductivity in contrast to the wall of a full-scale tunnel
made of concrete. Therefore, it is considered that there is too much absorption of heat flux
from the thermal fumes.

Figure 1 shows a schematic diagram of the experimental apparatus, which comprises the
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model tunnel part and the chamber part. The thermal fumes that flow out from the model
tunnel part are discharged outside by blowers in the chamber part. A stainless-steel
combustion vessel was installed as the fire source in the center, 32.1 m from the tunnel
opening. n-Heptane (lower heating value: 44.56 MJ/kg), which is a main constituent of
gasoline, was used as the fuel for the fire source. The origin of the coordinates is the

position of the fire source. The size of the model tunnel part is as follows: 41.4 m in total

length (x-coordinate), 1.93 m in width (y-coordinate), and 1 m in height (z-coordinate). The

cross section of the model tunnel is rectangular.

Table 1 Properties of the model tunnel, a full-scale tunnel and the tunnels of other studies

Present - Lee® Roh"” Oka® Yamada""
Type Model tunnel Full-scale tunnel Model tunnel Model tunnel Model tunnel Model tunnel
Section Rectangular Rectangular Rectangular Horseshoe Horseshoe Square
Height A [m] 1 5 0.3-0.6 0.4 0.244 0.3
Width B [m] 1.93 10 0.6-0.3 0.4 0.274 0.3
Ups [m/s] 0.61-1.67 1.36-3.73 0.40-0.57 0.44-1.68 0.12-0.52 0.20-0.67
Re 41000-110000 | 450000-1200000 8100-26000 1800027000 1900-8200 3900-13000
Fr 0.19-0.53 0.19-0.53 0.19-0.34 0.22-0.85 0.078-0.34 0.12-0.40
0 [MW] 0.066-0.377 3.63-21.8 0.0025-0.012 0.0044-0.017 0.00035-0.03 0.002-0.008
o) 0.032-0.182 0.032-0.182 0.019-0.11 0.054-0.14 0.0034-0.3 0.037-0.146
Material Acrylic resin Acrylic resin Ceramic
(Near fire) ALC Conerete (Gypsum board) (Steel) Petspex (steel) fiberboard
Bi 41.2-117.6 21.9-65.5 19-55 19-55 8.54-22.4 7.9-64
Fo 6.41x10°® 2.37x10°® 1.2x107 1.2x107 3.1x107 2.5%x10°-8.7x10”

/—> Model tunnel

Fig. 1 Schematic diagram of the experimental apparatus

3.2 Measurement items
3.2.1 Heat release rate
There are two main methods for measuring the heat release rate . One is a direct

method that calculates the heat release rate from the burning rate of fuel measured by an

electric balance'”. The other is an indirect method that calculates the heat release rate from

the amount of radiant heat flux of fire measured by a radiometer"®. The direct method was

mainly used to measure the heat release rate in the present study. An electric balance C
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(Mettler Toledo SB16000) was installed outside the tunnel, as shown in Fig. 2(a). A
combustion vessel A was placed on the support stand of the electric balance. The burning
rate of fuel in the vessel was measured by using the electric balance at 1-s intervals. The
heat release rate was calculated by multiplying the burning rate by the lower heating value
of the fuel.

Radiometer B (Tokyo Seiko Co., Ltd. Type RE-4) was installed upstream from the fire;
the installation coordinates were x = 1.5 m, y = 0 m, and z = 0.2 m, respectively. Radiant
heat flux from the fire was acquired at 0.2-s intervals. The radiant heat from a fire is
generally proportional to the burning rate of the fire in a tunnel with longitudinal wind"®. It
is assumed that the time curves of the radiant heat from the fire and the heat release rate of
the fire are similar. The proportionality coefficient between the time integration value of the
radiant heat measured with the radiometer and the total calorific value of fuel was
calculated. The time curve of the heat release rate was computed by multiplying the
measurement value of the radiant heat by this coefficient.

3.2.2 Longitudinal wind velocity

The velocity of longitudinal ventilation Uy, through the model tunnel was measured by
anemometers (Kanomax Climomaster Model 6543) installed in four locations upstream
from the fire: x = 24.5 m, (y, z) = (0.5, 0.25 m), (0.5, 0.85 m), (—0.5, 0.25 m), (—0.5, 0.85 m).
The wind velocity was acquired at 1.0-s intervals.

B
A : Combustion vessel

A é é B : Radiometer

W C : Electric balance
T =, B

(a) Installation conditions of electric balance and radiometer

[0 : Thermocouple .9

= m n n 0.8
z - z z 0-7
H H H H 0.6
LR F—F—F—F 04

6-4-20 24 6 81012141618202224 0.2

(b) Placement of thermocouples in central longitudinal section (v = 0.0)

[J : Thermocouple

RER: e
“Jooomo-ooo
T TR

*® -

I o 0 - o

Sooooooos
O\ = LI
IO NI
[9,19,19 .10 ¥ 19 10 (9]

b3
8-6-4-2 2 4 6 81012141618202224

(¢) Placement of thermocouples under the ceiling (z* = 0.98)

Fig. 2 Schematic diagram of measurement systems for heat release rate and temperature
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1 3.2.3 Temperature
kE F The temperature inside the model tunnel was measured by thermocouples placed at a
| 11T total of 297 points on the ceiling and central longitudinal section of the model tunnel. The
K-type thermocouple of 0.1 mm in diameter with a small time constant was used for
temperature measurement. Thermocouples at 8 locations in the direction of the tunnel
g height were installed at 2-m intervals in the central longitudinal section, as shown in
ﬂf Fig. 2(b). Thermocouples at 128 locations were installed in the central longitudinal section.
i ':_ The thermocouples at 9 locations in the direction of the tunnel width were installed at 2-m
intervals under the ceiling, as shown in Fig. 2(c). These thermocouples were installed
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20 mm directly below the ceiling. In addition, thermocouples under the ceiling were
. installed in the central line (y = 0 m) at 1-m intervals. Thermocouples at 169 locations were

ratio y=5). Fire scales were 65, 170, 240, and 390 kW (burning area of combustion vessel:
0.079, 0.15, 0.18, 0.22 mz), respectively. These heat release rates are equivalent to a fire
scale of 3.63, 9.50, 13.4, and 21.8 MW in a full-scale tunnel (scale ratio y=5). In the case
of 3.63 and 21.8 MW, this is equivalent to one passenger vehicle and one bus on fire,

respectively, as suggested by the PIARC Committee®.

[:‘_ | ,";— installed under the ceiling. The temperature was acquired by a data logger (Keyence
| SEREUERS NR250) at 1.0-s intervals.
T
{’t#%iif
B 1 E E [ § | 3.3 Experimental conditions
F:Et}r / il f;' The velocity of the longitudinal wind was examined in the range of 0.61 to 1.67 m/s,
¥ E £ F Bl Fr . which corresponds to 1.36 to 3.73 m/s of the ventilation velocity of a full-scale tunnel (scale
FRES P
1 .

4. Quasi-steady condition

Figures 3 and 4 show the measurement results in the cases of a burning area of 4¢=0.15
and 0.079 m’ respectively. The time curves of the rise in temperature at several
measurement positions are shown in the upper parts of the figures. The time curves of the
heat release rate and velocity of longitudinal ventilation are shown in the lower parts of the
figures. Each of the time curves of the heat release rate measured by using the electric
balance (direct method) and the radiometer (indirect method) is shown in the lower parts of
these figures. The average value for 15 s of the heat release rate is also shown. The results
with the electric balance and the radiometer are indicated by inverse triangles and diamonds,
respectively. The heat release rate increases rapidly with ignition (# = 0 s), and then
gradually approaches a steady condition. The time curves of the heat release rate measured
by the direct and the indirect methods are in agreement. Since the time constant of the
radiometer used in this experiment is a large value, the method using the radiometer has a
time lag compared with the method with the electric balance, but the differences are
insignificant. The heat release rate maintains a constant value for a short time in both time
curves. In this study, the time range in which the fluctuation of the average value for 15 s of
the heat release rate is less than 5% and the time range including the maximum heat release
rate were defined as a quasi-steady condition. We focused on the quasi-steady condition as
follows. Within the range of the experimental conditions of this study, the quasi-steady
condition was maintained for one moment in all of the experimental cases. In addition, the
range of the quasi-steady condition of the heat release rate measured with the electric
balance and the radiometer was in agreement for 30 s or more in all of the experimental
cases. In this study, the quasi-steady heat release rate O,,.x was defined as the average value
for 30 s of the quasi-steady condition including the maximum heat release rate.

The time curves of the longitudinal ventilation velocity and the temperature rise in the
central section under the ceiling are shown in Figs. 3 and 4. The time curve of the average
value measured by the anemometers at four positions is shown as the velocity of the
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longitudinal ventilation Uy, The average velocity of the longitudinal ventilation Uy, in the
same time range as the quasi-steady heat release rate QO.,.x was defined as the characteristic
velocity. The difference between instantaneous velocity and the average velocity was
defined as the fluctuation of wind velocity. The range of the fluctuation was 5% or less of
the average velocity. The average value of the temperature rise in the same time range as the
quasi-steady heat release rate was defined as the temperature rise in the quasi-steady
condition. The difference between instantaneous temperature rise and the average value of
temperature rise was defined as the fluctuation of temperature rise as in the case of the wind
velocity. The range of the fluctuation of the temperature rise was 5% or less of the average
temperature.

Figure 5 shows the relationship of the quasi-steady heat release rate O, measured by
the electric balance and the average velocity of the longitudinal ventilation Ups. The
quasi-steady heat release rate O, tends to decrease slightly with the increase of the
average longitudinal velocity U,,;. However, this slight change is disregarded in this study.
The average quasi-steady heat release rate Q,, is calculated for each burning area of the
combustion vessel using the data of Oy, in Fig. 5. Table 2 shows the average quasi-steady
heat release rate Oy, for each burning area (4= 0.079, 0.15, 0.18, 0.22 mz). The heat release
rate of this experiment is larger than that of the other experiments, as shown in Table 1. O,
of this experiment ranges from 66.2 to 377.4 kW, as shown in Table 2. As shown in Table 1,
the value of Q,, in the study by Lee et al.®) was in the range of 2.5 to 12 kW. In the study by
Roh et al."? the range was 4.4 to 17 kW, for Oka et al.®) it was 0.35 to 3 kW, and for
Yamada at el."" 2 to 8 kW. The value of On corresponding to the size of a full-scale tunnel
(scale ratio y=5) is also shown in Table 2.

(y=0m,z=0.98 m)

0 +—L : —— 7

o i steady state i

i Quasi steady s UWL‘V’.‘;
T R A e s ey S S A )
B ) U i é
LY o 0 . o~
Lo : : 1 .5
S100r . . 1053

—— Mass consumt.ation method : E

=< = Radiation method ' >

0 L | L :I L | : L | O
0 100 200 300 400
Time [s]

Fig. 3 Time curves of the heat release rate measured by an electric balance and a radiometer, ventilation
velocity measured by anemometers installed in four positions, and temperature rise at thermocouples in
three different positions: x =2, 4, 6 m, y = 0 m, z = 0.98 m, in the case of the burning area 4y=0.15 m?
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Fig. 4 Time curves of the heat release rate, ventilation velocity, and temperature rise at thermocouples in
four different positions: x =4, 8, 10, 12 m, y = 0 m, z = 0.98 m, in the case of the burning area 4¢= 0.079 m?
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Fig. 5 Relationship between the quasi-steady heat release rate Omax and the average velocity of the
longitudinal ventilation Uy, in the four different burning areas 4¢= 0.079, 0.15, 0.18, and 0.22 m?




VT LRI - T

TR I PR DN N,
R RN
TSR ————
RS T T T
U T
B e
T A T
BT . -

T LT

TR T
TPEE ORI

TR, ST
h o R

e e By & T T
TR Y BN T T
T I

4T e
——
T

RS
TR I
NIy T
T T

R T
TR TR .

e

LT
T T T T T

LT
e tall et T

ety A =

AT
TSR
T

Vol. 7, No. 3, 2012

Table 2 Average heat release rate Oy, of each burning area 4 of the combustion vessel

. Electric . Full-scale
Burning area Radiometer X .
) balance On (Electric balance)
Ag[nr] O [kW]
O [kW] MW]
0.079 66.2 70.2 0.0316 3.70
0.15 165.3 173.5 0.0775 9.24
0.18 229.4 242.2 0.111 12.82
0.22 377.4 393.0 0.182 20.9

5. Temperature distribution of thermal fumes

The velocity of longitudinal ventilation during a fire in a one-way tunnel is 2 m/s in the
Japanese standards, which corresponds to Froude number Fr = 0.29 in a full-scale tunnel
having a height of 5 m.

Figure 6 shows the contour map of the temperature rise in the central longitudinal
section and under the ceiling of the model tunnel under the conditions of the Froude number
Fr in the range of 0.25 to 0.27 close to 0.29, and the average dimensionless quasi-steady
heat release rate O ,, as a variable parameter. The temperature at the ceiling was measured
by thermocouples installed 20 mm below the ceiling. The temperature distribution at the
ceiling is shown by the contour line dividing the range of temperature from 7" = 0.034 (6T
=10K) to 7" = 1.01 (6T = 300K) into 30 levels. The temperature distribution in the central
longitudinal section is shown by the contour line dividing the same range of temperature
into 10 levels. A part of the contour line in the figure is not drawn on the map. The position
of the fire source is x* = 0. Thermocouples are not installed at this position. Under the
conditions of each average dimensionless quasi-steady heat release rate Q" the thermal
fumes maintain stratified layers in the upstream section from the fire source. The thermal
fumes do not diffuse in the direction of the road. On the other hand, in the case of Q*m >
0.182, the thermal fumes spread over the road of the tunnel in the section downstream from
the fire source. When the average dimensionless quasi-steady heat release rate Q" is in the
range of less than 0.182, the thermal fumes maintain a stratified layer. The thermal fumes do
not disperse in the dimensionless tunnel height range from z* = 0 to 0.5. The evacuation
environment under this condition is maintained in a tunnel fire.

Figure 7 shows the contour map of the temperature rise in the tunnel under the condition
of the average dimensionless quasi-steady heat release rate Oy, = 0.0775. Froude number
Fr is in the range of 0.245 to 0.345 as a variable parameter. The thermal fumes disperse
widely in the case of a small Froude number. The thermal fumes maintain stratified layers in
the sections downstream and upstream from the fire source in the range of Fr = 0.245 to
0.321. On the other hand, the thermal fumes cannot maintain a stratified layer in the
downstream section when the Froude number Fr is 0.345. The thermal fumes diffuse on the
road surface of the tunnel in the downstream section.

Figure 8 shows the temperature rise distribution in the height direction in the sections
downstream and upstream from the fire source under the condition of the average
dimensionless quasi-steady heat release rate Q",, = 0.111. Froude number Fr is in the range
of 0.299 to 0.375 as a variable parameter. The rapid rise in temperature is from z* = 0.5 or
0.6 on the upstream side and the thermal fumes form a stratified layer. Downstream, the rise
in temperature gradually increases from z = 0.3 or 0.4. The maximum temperature rise
occurs close to the ceiling. The state of stratification is ambiguous.
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Fig. 6 Contour maps of the temperature rise at the ceiling and longitudinal section of the tunnel for three

different heat release rates in the case of Froude number Fr nearly constant at 0.26. The temperature at the

ceiling and longitudinal section is divided into 30 and 10 levels, respectively
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Fig. 7 Contour maps for four different Froude numbers in the case of the average dimensionless
quasi-steady heat release rate Q' at 0.0775. The temperature at the ceiling and longitudinal section is
divided into 30 and 10 levels, respectively. When the ambient temperature 7 is 298 K, the dimensionless
temperature 7° = 0.034 and 1.01 corresponds to the temperature rise 67 = 10 and 300 K, respectively.
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(a) Temperature distribution upstream from the fire source (positions: x” =2, 4, 6, and 8)
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(b) Temperature distribution downstream from the fire source (positions: x = -2, —4, =6, and —8)

Fig. 8 Rise in temperature distribution in the direction of the height in four different positions in the case of
Q'm=0.111

6. Thermal fume height

It is important to have a clear understanding of the height of the boundary between the
thermal fumes maintaining a stratified layer and the fresh air flowing under the thermal
fumes, in order to secure safe evacuation in a tunnel fire. An in-depth discussion of this
topic is presented in this section. The height of the thermal fume layer was defined based on
the temperature distribution in the direction of the height. The height of the thermal fume
layer is the position at which the rise in temperature is 10 K (7" = 0.034) higher than the
ambient temperature. For example, in the case of the thermal fumes distributed in a tunnel
as shown in Fig. 9, a group of three points (A, B, and C) upstream and a group of three
points (a, b, and c) downstream from the fire source were used for temperature distribution.
The average height at the three points of each group (A, B, and C or a, b, and c¢) was defined
as the thermal fume height. The thermal fume height at the thermal fume tip of position D
was excluded from the arithmetic average.

Figure 10 shows the relationship between the dimensionless average thermal fume
height H' 4 and the ratio of the dimensionless heat release rate Q* to the Froude number Fr.
Figures 10(a) and 10(b) show the thermal fume height at the upstream and downstream side,
respectively. Over this experimental data range, the thermal fume height upstream from the
fire source decreased linearly with the increase of the parameter Q'/Fr. A relational
expression was determined by using the least squares method as follows:

5

9 L0651 (1)

H,, =—0.183E
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Fig. 10 Modeling of the thermal fume height as a function of Q"/Fr (6T =10 K)

The dimensionless thermal fume height is H gt = 0.5 determined by Expression (1) in
the case of Q'/Fr = 0.9. There were no thermal fumes in the lower half of the tunnel in this
situation. Furthermore, Expression (1) gave 15 MW as the heat release rate of the fire in the
case of a full-scale tunnel (5-m height, 10-m width, 2-m/s emergency ventilation velocity).
Expression (1) indicated that the evacuation environment under thermal fumes was
sufficiently secured when the heat release rate of a full-scale fire was not greater than
15 MW. In the case of the thermal fume height downstream from the fire source in
Fig. 10(b), the thermal fume height decreased exponentially with the increase of the
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parameter O /Fr. When the value of parameter Q'/Fr was 0.4 or greater, thermal fumes
were diffused to the road surface. A relational expression was determined by using the least
squares method as follows:

H,, = exp(— 1 1.3Q— + 0.756] 2)
Fr

The critical height of thermal fumes was assumed to be 1.5 m, the height of a human’s
eyes, as the safety criterion for the evacuation environment in a tunnel fire of a full-scale
tunnel. In this case, dimensionless thermal fume height H*dT and parameter Q*/Fr were 0.3
and 0.173, respectively. Therefore, Expression (2) indicated that the evacuation
environment downstream from the full-scale fire was safe, under the conditions where the
heat release rate of the fire in the full-scale tunnel (5-m height, 10-m width, 2-m/s
ventilation velocity) was 6 MW or less.

7. Conclusions

Tunnel fire experiments were conducted using a large-scale model tunnel with
completely turbulent flow and considering the heat transfer characteristics of the tunnel wall.
The temperature at many positions, velocity of longitudinal ventilation, and the heat release
rate of the fire source were measured, and used to investigate the temperature distribution of
the backlayering thermal fumes. The following results were obtained in the range of Q"/Fr
= 0.1 to 0.8 as the governing scaling parameter, and in the range of Q*m =0.0316 to 0.182 as
the heat release rate :

1. The rapid rise in temperature is from z* = 0.5 or 0.6 on the upstream side and the
thermal fumes form a stratified layer.

2. The rise in temperature gradually increases from z" =0.3 or 0.4 downstream from the
fire source. The maximum value of the rise in temperature is at a point close to the
ceiling. The state of stratification is ambiguous.

3. The thermal fume height upstream from the fire source decreases linearly with the
increase of the parameter Q' /Fr by Expression (1).

4. The thermal fume height downstream from the fire source decreases exponentially
with the increase of the parameter Q'/Fr by Expression (2). When the value of
parameter Q'/Fr was 0.4 or greater, thermal fumes were diffused to the road surface.
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