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Abstract

In this study, the backlayering distance of thermal fumes in a tunnel fire was
examined by using a large-scale model tunnel. A 1/5-scale model was constructed
taking into consideration both the similarity of thermal characteristics in the wall
and Froude similarity. Experimental parameters were the heat release rate of the
fire source and the longitudinal ventilation velocity. The following conclusions
were obtained. A new expression was proposed to calculate the dimensionless
backlayering distance based on the dimensionless heat release rate and Froude
number. Constants included in this expression were obtained from experimental
data by using the least-squares method. The backlayering distance calculated by the
new expression was compared with that calculated by previous expressions
developed by other researchers. The new expression has the ability to calculate not
only the backlayering distance but also the critical velocity.

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

1. Introduction

In Japan, road tunnels are constructed not only in mountainous areas but also in urban
centers in line with the development of the expressway network. These expressway road
tunnels are generally unidirectional and adopt longitudinal ventilation, which blows parallel
to the direction of passing vehicles. In the event of a fire in a one-way tunnel, a traffic jam
is created on the upstream side of the fire, and drivers and passengers must be evacuated
from vehicles inside the tunnel. In such a situation, the most important consideration in
tunnel design is maintaining an environment which is safe for evacuees, fire fighters, and
rescue workers.
Emergency ventilation measures for a one-way tunnel using a longitudinal ventilation
system are as follows. Ventilation wind prevents the backlayering of thermal fumes, which
flow against the wind of longitudinal ventilation, in the upstream direction from a fire.
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Thermal fumes are swept away in the downstream direction from a fire. As a result, a secure
environment is maintained on the upstream side. It is essential to grasp the characteristics of
the backlayering thermal fumes in the case of a tunnel fire.
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In research on the backlayering flow phenomenon in a tunnel fire, the critical velocity

T T

= =

for preventing backlayering thermal fumes has been extensively studied using a number of
methods: theory analysis""®, fire experiments®
other hand, the backlayering distance of the thermal fumes, which flow under the tunnel

, and numerical simulation®'?. On the

ceiling against the wind of the longitudinal ventilation, is also an important characteristic.
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Approaches to studying the backlayering distance include model experiments
numerical simulation!*'

TN T
e
T

, and an expression to calculate the backlayering distance by
theoretical analysis"**'®. However, compared to research on the critical velocity, there
have been few studies on the backlayering distance. A parametric study using a wide range
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of heat release rates and longitudinal ventilation velocities is required.
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Previously, we studied the flow phenomenon of thermal fumes based on the
temperature distribution inside the tunnel'”. In the present paper, in addition to the critical
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velocity, we report the backlayering distance of the thermal fumes as one of the
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backlayering characteristics of thermal fumes in a tunnel fire. Tunnel fire experiments were
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conducted using a large-scale model, and a new expression was proposed to calculate the

dimensionless backlayering distance based on the dimensionless heat release rate and
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Froude number. The new expression can determine not only the backlayering distance but
also the critical velocity.

2. Nomenclature

A: Cross sectional area of tunnel [m?]
As:  Aspect ratio As = B/H [-]

B:  Width of tunnel [m]

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

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

Fr: Froude number Fr = US/\/g7 [-]

g Gravitational acceleration [m/s*]

H:  Height of tunnel (characteristic length) [m]
h Heat-transfer coefficient [W/m’K]

L,: Backlayering distance of thermal fumes [m]
Q: Instantaneous heat release rate [W]

O, : Average quasi-steady heat release rate [W]
O;: Quasi-steady heat release rate [W]

0O ., Dimensionless average quasi-steady heat release rate 0'=0./( £oCpToA Jei ) [-]

Reynolds number Re = UH/ v [-]

Ambient temperature [K]

Instantaneous velocity of longitudinal ventilation [m/s]

Average velocity of longitudinal ventilation (characteristic velocity) [m/s]
Temperature rise [K]

Dimensionless temperature rise 67 = 8T/T, [-]

Thermal diffusivity [m?/s]

Thermal conductivity [W/mK]

Scale ratio [-]

* ..

IR YFESIP

Kinematic viscosity [m?/s]
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po:  Air density at ambient temperature [kg/m’]

3. Experimental equipment and measurement methods

3.1 Model tunnel

Figure 1 shows the experimental equipment of the large-scale model tunnel, which is
basically the same as used in our previous study'”. The model tunnel is scaled down to 1/5
of the size of a full-scale tunnel. The origin of the coordinates is the position of the fire
source. The size of the model tunnel 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.

The heat release rate, temperature distribution, and wind velocity were measured
similarly to the previous study''”. The heat release rate was calculated from the burning rate

(% and the amount of radiant heat flux of fire was

of fuel measured by an electronic balance
measured by a radiometer’”. The temperature inside the model tunnel was measured by
thermocouples fixed at 297 points on the ceiling and the central longitudinal section of the
model tunnel. K-type thermocouples of 0.1-mm diameter with a small time constant were
used to measure the temperature distribution. The temperature was acquired at 1.0-s
intervals. Thermocouples at 8 locations in the vertical direction of the tunnel were
positioned at 2-m intervals in the central longitudinal section of the model tunnel.
Thermocouples at 128 locations were installed in the central longitudinal section.
Thermocouples at 9 locations in the width direction were installed at 2-m intervals under
the ceiling of the model tunnel. These thermocouples were placed 20 mm directly below the
ceiling. In addition, the thermocouples under the ceiling were installed in the central line
(y =0 m) at 1-m intervals. Thermocouples at 169 locations were installed under the ceiling.
Laser units to visualize smoke fumes were positioned in two locations on the upstream side
of the fire: x =32 m, y = 0.15 and 0.65 m, z = 0.9 m. The laser unit irradiates laser beams
parallel to the ceiling toward the fire source direction from the opening of the model tunnel.

3.2 Experimental conditions

The scale of the fire in the experiments was 65, 170, 240, and 390 kW (burning area of
combustion vessel: 0.079, 0.15, 0.18, and 0.22 m?), respectively. n-Heptane (lower heating
value: 44.56 MJ/kg), which is the main ingredient of gasoline, was used as the fuel of the
fire source. The longitudinal ventilation velocity was examined in the range from 0.61 to
1.67 m/s. In total, 39 fire experiments were conducted.

3.3 Longitudinal wind velocity

The longitudinal ventilation velocity through the model tunnel was measured by an
anemometer as well as by using particle image velocimetry (PIV). The PIV method was
used to verify the measurement accuracy of the anemometer in the range of low wind
velocity of less than 1.0 m/s.

As shown in Fig. 1, the anemometers were placed in four locations on the upstream side
of the fire in the model tunnel: 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. A charge-coupled
device (CCD) video camera was installed at one location on the upstream side of the fire: x
=25m, z=0.6 m. A window was installed in an outer wall of the model tunnel; the images
for PIV were taken through the window at 0.01-s intervals using the CCD video camera
from the exterior of the model tunnel. Sheet lighting was used for visualization inside the
model tunnel. The coordinates of the source of the sheet lighting were x = 25 m, y = 0 m,
and z = 0.0 m. Silica particles of 1.7-um average diameter were used as tracer particles for
PIV. The silica particles were scattered by the longitudinal wind from the upstream side of
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the sheet lighting. Images were taken for 10 s as the initial condition before fire ignition,
and then images for 5 s were taken every 90 s in the time range from ignition to
extinguishing. The range of the image was from z = 0.4 to 0.85 m, and the width of the x
direction was 0.55 m. The open-source PIV program (MatPIV) was used as the software for
PIV analysis®. MatPIV is based on the cross-correlation method using the fast Fourier
transform (FFT). The average value of all of the velocity vectors for 5 s was used as the
value measured by the PIV method.

The upper parts of Figs. 2 and 3 show the time curves of the average value measured by
the anemometers at four locations and the diamond-shape points measured by the PIV
method as the velocity U of the longitudinal ventilation. The time curves of the velocity
measured by the anemometers show a steady value after ignition, which is in agreement
with the diamond-shape points measured by the PIV method. Therefore, the measurement
accuracy of the anemometers was reliable in the range of low wind velocity of less than
1.0 m/s. Judging from this, the measurement result by the anemometers was used as the
velocity of longitudinal wind through the model tunnel in a fire.

Fig. 1 Schematic diagram of the model tunnel

3.4 Quasi-steady condition

The lower parts of Figs. 2 and 3 show the time curves of the instantaneous heat release
rate Q. The average value for 15 s of the instantaneous heat release rate is marked by a
white circle. The time period during which the fluctuation of the average value is less than
5% was defined as the time period of a quasi-steady condition. This definition is basically
the same as that in our previous paper''”. The quasi-steady condition is shown as the time
period between the dashed lines in the lower parts of Figs. 2 and 3. In the range of the
experimental conditions of this research, the quasi-steady condition was maintained for 30 s
or more in all of the experimental cases. Here, the quasi-steady heat release rate Q; was
defined as the average value of the last 30 s within the time period of the quasi-steady
condition.

The upper parts of Figs. 2 and 3 show the time curves of the instantaneous velocity U of
the longitudinal ventilation. The average velocity U; of the longitudinal ventilation in the
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same time period as the quasi-steady heat release rate was defined as the characteristic
velocity. The difference between instantaneous velocity and the average velocity was
defined as the fluctuation of the velocity of longitudinal ventilation. The fluctuation range
for the time period of the quasi-steady condition was small: 5% or less of the average
velocity.

The distance of the backlayering thermal fumes becomes the maximum distance for the
time period of the quasi-steady condition in the lower parts of Figs. 2 and 3. The
backlayering distance of the respective experiments was defined as the maximum value of
the time curve of the backlayering distance.

When the size of the combustion vessel of the fire source was the same, the average
value of the quasi-steady heat release rate of the respective experiments, which changed the
average velocity of the longitudinal ventilation, was defined as the average heat release rate
O,.- The values of the average heat release rate were 66.2, 165.3, 229.4, and 377.4 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 3.7, 9.3, 12.8, and 21.1 MW in a full-scale
tunnel (scale ratio y = 5). In the case of 3.7 and 21.1 MW, it is equivalent to one passenger
vehicle and one bus on fire, respectively, as suggested by the PIARC Committee®".

In the following sections, the discussion focuses on these parameters: average heat
release rate Q,, average velocity U, of the longitudinal ventilation, and backlayering
distance L.

3.5 Backlayering distance

Two methods were used to measure the backlayering distance L, in our tunnel fire
experiments. The first is a temperature distribution method using the thermocouples under
the ceiling. The other method visualizes the tip position of the backlayering smoke by the
laser beam from the laser units installed in locations on the upstream side of the fire. As
shown in the schematic representation of Fig. 4, it was determined that the backlayering
smoke can be visualized by the scattering of the laser beam. Several video cameras were
installed on the floor of the model tunnel, and the tip position of the smoke fumes was
calculated from the images captured by the video cameras.

Figure 5 shows the distribution of the temperature rise 67 from the ambient temperature
at the center of the tunnel ceiling. The distribution in four cases that changed the average
heat release rate Q,, and the average velocity U, of the longitudinal ventilation is shown in
Fig. 5. The temperature rise o7 increases rapidly at the tip position of the thermal fumes.
The tip position does not change sharply even if the judgment value of the temperature rise
OT changes: 0T = 5, 10, and 30 K. From this figure, the tip position of the thermal fumes
was defined as the position at which the temperature rise exceeds 5 K. Likewise, we defined
the domain of the temperature rise above 5 K as the domain of the thermal fumes. The
backlayering distance was defined as the distance from the tip position of the thermal fumes
to the origin of the x-coordinate in this study.

The lower parts of Figs. 2 and 3 compares measurement results between the laser beam
and temperature distribution methods. Apart from the case where the backlayering distance
is less than one meter, the measurements obtained by the two methods are in reasonable
agreement with each other. For the backlayering distance below one meter, the
measurement accuracy of the temperature distribution method decreased due to the effect of
radiant heat from the fire source. Accordingly, the laser beam method was used for
measuring backlayering distance below three meters. The temperature distribution method

was used to measure backlayering distance of three meters or more.
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Fig.2 Time curves of the heat release rate Q measured by electronic balance, ventilation velocity U

measured by anemometer and PIV method, and backlayering distance L, measured by temperature
distribution and laser beam methods, in the case of a burning area of 4= 0.079 m’
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Fig. 3 Time curves of the heat release rate Q, ventilation velocity U, and backlayering distance L, in the

case of a burning area of 4,=0.15 m’
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Fig. 5 Definition of the tip position of the thermal fumes based on temperature rise: 87'=5, 10, and 30 K

4. Backlayering characteristics of thermal fumes

4.1 Formula for calculating the backlayering distance

Figure 6 shows the relationship between the average velocity of the longitudinal
ventilation on the horizontal axis and the backlayering distance on the vertical axis in the
four cases of the average heat release rate. The backlayering distance decreases rapidly as
the average longitudinal ventilation velocity increases in all cases.

Kunikane et al. conducted a numerical simulation of a fire in a tunnel with a large cross
section by using computational fluid dynamics. Under constant conditions of the average
heat release rate, an empirical formula between the backlayering distance and the average
longitudinal velocity was developed by Kunikane et al. as Eq. (1). The constants a and b in
the equation were calculated by the least squares method from the results of the numerical
simulation. However, the equation has insufficient generality because the heat release rate
of the fire is not taken into consideration.

a

L,= U b M

Calculation formulas for the backlayering distance including the heat release rate of the
fire have been developed by several researchers. Thomas'' indicated that the dimensionless
backlayering distance L,/H is a function of the combined parameter Q'/Fr°. The parameters
Q" and Fr are the dimensionless heat release rate of a fire and the Froude number based on
longitudinal ventilation velocity and tunnel height, respectively. This combined parameter
Q'/Fr is the governing parameter of a backlayering phenomenon and indicates the ratio of
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the buoyancy of thermal fumes to the inertial force by longitudinal ventilation wind in a

; F tunnel.
] : + Vantelon et al."" conducted an experimental tunnel fire using a heat-resistant glass
| . model tunnel with a semicircular cross section. The experimental conditions are shown in
'
1
¢ ie
-
M

IFU‘- il *: ;Eg Table 1. Based on the experimental results, Vantelon et al. developed a formula for the
.-F E t E ik ;‘-‘ E ._ .' ;' g dimensionless backlayering distance as Eq. (2) with the exponent 7 set to 0.3.
. 11 ’ L o) !
i iiii 1 il {5 &
! FRISER 44 1 Saito et al."? and Yamada et al.”®) conducted tunnel fire experiments using ceramic

fiberboard model tunnels with a rectangular cross-section for which the aspect ratio was
k& 1" unity. The experimental conditions are shown in Table 1. Saito et al. indicated that the
[: | E exponent 7 in Eq. (2) gradually approached 0.3 as the parameter O'/Fr increased. Yamada
¥ et al. indicated that the exponent 7 in the equation was one-third in the range of L,/H > 10,
f and the value of n did not depend on the heat release rate of the fire. Moreover, the
parameter ¢ in Eq. (2) ranged from 0.6 to 2.2. However, the equation has the following
disadvantage: The dimensionless backlayering distance becomes zero when the Froude
number is infinity or the dimensionless heat release rate is zero. In actuality, the
dimensionless backlayering distance becomes zero when the Froude number is a finite
value or the dimensionless heat release rate is higher than zero. Therefore, the equation is
not able to calculate the backlayering distance with sufficient accuracy when the
dimensionless backlayering distance approaches zero.

In this study, we proposed a new equation to calculate the backlayering distance.
Equation (3) includes new parameters d and e. Parameter d has the same role as parameter ¢
in Eq. (2). Parameter e is introduced to calculate the backlayering distance with sufficient
accuracy by using a finite Froude number or a dimensionless heat release rate that is higher

than zero when the dimensionless backlayering distance approaches zero.

52%23 %=4Qm}e 3)
H Fr Fr

Figure 7 shows the relationship between the dimensionless backlayering distance and

the combined parameter Q*'*/Fr. The dimensionless backlayering distance is approximately
proportional to the combined parameter in the four cases of the dimensionless heat release
rate. The constants d and e in Eq. (3) were calculated by using the least squares method
from the measured data except the dimensionless heat release rate Qm* =0.182. As a result,
the constants were d = 20 and e = 18, respectively. The solid line calculated by using these
constants is shown in Fig. 7 and is in accord with the experimental results in the case of O,
=0.0316, 0.0775, and 0.111, respectively. In the case of the maximum heat release rate Qm*
= 0.182, compared with the heat release rate Q,, ranging from 0.0316 to 0.111, the
proportionality coefficient of L,/H to O0"'"”/Fr is small because the flames of the fire source
reached the tunnel ceiling. As a result, the temperature under the ceiling above the fire
source was nearly the maximum value because the average temperature of the flames was a
constant of about 800°C. In this case, the temperature rise under the ceiling was not
proportional to the increase of the heat release rate. As a result, the proportionality
coefficient of L,/H to O "*/Fr became small. The flames of the fire source did not reach the
ceiling in the case of the heat release rate 0, ranging from 0.0316 to 0.111. The
temperature rise under the ceiling above the fire source increased as the heat release rate
increased. As a result, the proportionality coefficient of L,/H to O0""*/Fr was larger than that
of the case of the maximum heat release rate 0,, = 0.182. Equation (3) derived in the
present study can be used to determine the backlayering distance in the dimensionless heat
release rate ranging from 0.0316 to 0.111.

The chained line representing Vantelon et al.’s Eq. (2), in which the exponent # was set
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to 0.3, is also shown in Fig. 7. The chained line is not in agreement with our experimental
data. Hu et al. developed the semiempirical Eq. (4) to calculate the backlayering distance in
a tunnel fire. The equation is based on Thomas’ theory, according to which the backlayering
distance depends on the buoyancy of the thermal fumes and the inertial force by the
longitudinal ventilation wind, and the empirical relationship of temperature in a tunnel fire.

) . CkiH o AS-Q* 2/37¢
Lb—ln{Kz (Uf ﬂ /).019, K,=g 7/[( - J ] (4)

Figure 7 also shows the double-dashed chained line representing Eq. (4). The constant
C; in the equation ranges from 0.2 to 0.4. Here, we used 0.3 as the constant C; in Eq. (4).
The parameters y and ¢ are decided by the parameter (4,0"/Fr)*” as follows:

2
*\3
y =177, g=§, (ﬂj <1.35

5 Fr

2
*\3
0, (ﬂJ >1.35
Fr

The double-dashed chained line representing Eq. (4) is in agreement with the black
circle in the case of Q,, = 0.0316 as shown in Fig. 7. Furthermore, Eq. (4) is in agreement
with our newly proposed Eq. (3). The parameters d and e in Eq. (3) were determined based

6))

y=254, ¢

on the fire experiments using the large-scale model tunnel. Likewise, Hu et al. determined
the parameters y and ¢ of Eq. (4) based on the fire experiments of a full-scale tunnel: a
two-lane horseshoe tunnel of 7.2 m in height, 10.8 m in width, and aspect ratio of 1.5. As a
result, Eq. (3) and Eq. (4) are similar to each other, as shown in Fig. 7.

Figure 8 shows the relationship between Q,, and L,/H when the Froude number is
0.319. The dimensionless backlayering distance increases as the dimensionless heat release
rate increases. The dimensionless backlayering distances indicated by the solid line and the
double-dashed chained line have a tendency to approach about 20 when the dimensionless
heat release rate is in excess of 0.2. Moreover, the backlayering distance calculated by Hu et
al.’s Eq. (4) is longer than that calculated by our newly proposed Eq. (3) in all ranges of
0,.". Equation (3) is in agreement with the black circle showing the experimental results
over a range of the dimensionless heat release rate Qm* from 0.0316 to 0.111. However, both
Eq. (3) and Eq. (4) overcalculate the backlayering distance when the dimensionless heat
release rate is not less than 0.111. This is because the proportionality coefficient of L,/H to
O0""*/Fr becomes small when the heat release rate 0,,” = 0.182, as shown in Fig. 7.
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Table 1 Comparison of experimental conditions and dimensionless number
Present - Vantelon"" Saito!'? Yamada® Lee® (¥ Roh®
T Model Full-scale Model Model Model Model Model
Ipe tunnel tunnel tunnel tunnel tunnel tunnel tunnel
Section Rectangular | Rectangular | Semicircular Square Square Rectangular | Horseshoe
Height H [m] 1 5 0.15 0.3 0.3 0.4 0.4
Width B [m] 1.93 10 0.3 0.3 0.3 0.4 0.4
Sectional area A [m?] 1.93 50 0.0353 0.09 0.09 0.16 0.143
Total length / H 414 - 20 72 72 26 25
Fire source upstream 32.1 y 10 36 36 18.5 133
distance / H
R 41000— 450000~ 1900— 5800— 3900— 8100— 18000—
¢ 110000 1200000 2200 8300 13000 26000 27000
Fr 0.19-0.53 0.19-0.53 0.16-0.21 | 0.175-0.25 | 0.12-0.40 0.19-0.34 0.22-0.85
O*n 0.032-0.182 | 0.032-0.182 0600251284_ 0.13 0.037-0.146 0.089 0.065-0.14
Fuel n-Heptane - No data Methanol LPG Ethanol n-Heptane
Lower calorific value
[MJ/ke] 44.56 - - 19.86 50.2 26.89 44.56
Material ALC Concrete Heat-resistant| Ceramic Ceramic A((:E}yllcSlr;iln Acrylic resin
(Near the fire source) glass fiberboard fiberboard b?),zr d) (Steel)
Bi (1=H) 41-118 22-66 0.88-2.7 7.9-64 7.9—-64 19-55 19-55
_ < < 3.7x10°- 2.5x10°- 2.5x10°- 5 .
Fo (1=H) 6.4x10 2.4x10 4.0x10° 3.7x107 3.7x107 1.2x10 1.2x10
Z —0,,= 662kW
-==0,=1653kW
8 —-—0,,=229.4kW
== 0,,=377.4 kW
. 4
ANONE
N A Q ® 1
1.5 2

cases of average heat release rate Q,,. The symbols indicate the following: black circles, 66.2 kW; white

triangles, 165.3 kW; white diamonds, 229.4 kW; double circles, 377.4 kW. The solid line, dashed line,
chained line, and double-dashed chained line were drawn by using Eq. (1), respectively. The constants of
Eq. (1) were calculated from the experimental data, using the least squares method.
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Fig. 7 Relationship between Ly/H and Q""”/Fr. Four types of symbols show the dimensionless average
heat release rate Q" in the range from 0.0316 to 0.182. The solid line, chained line, and double-dashed
chained line represent Egs. (3), (2), and (4), respectively.
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Fig. 8 Relationship between Q,, and Ly/H when Fr = 0.319. The solid line, double-dashed chained line,
and black circles represent our newly proposed Eq. (3), Hu et al.’s Eq. (4), and the experimental results

calculated from Fig. 7, respectively.

previous work

0.2

Figure 9 shows the relationship between the dimensionless backlayering distance L,/H

and the combined parameter Q"'*/Fr, which is the governing parameter of the backlayering
phenomenon, in the present study and in previous work by other researchers. A tunnel cross
section of any shape was used in the previous work. Table 1 shows the experimental
conditions of the present study and previous work, and the dimensionless parameters of the

Froude number Fr, Reynolds number Re, dimensionless average heat release rate O, Biot
number Bi, and Fourier number Fo. As in the case of the solid line indicating our study, the
dimensionless backlayering distances of the previous work are proportional to the combined
parameter Q"'/Fr regardless of the shape or aspect ratio of the tunnel cross section, as

shown in Fig. 9. However, the value of the proportionality constants of the previous studies
is not in agreement with that of our study.
The plots of down-pointing double triangles in Fig. 9 show the results by Vantelon et al.
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The plot data indicates that the constant of proportionality of the backlayering distance to
the combined parameter O"°*/Fr was especially smaller than that of other researchers. In
other words, the backlayering distance was shorter in the results of Vantelon et al. compared
to the other researchers under the same value for the combined parameter Q""*/Fr. The
reason for this is as follows: The model tunnel made by Vantelon et al. was especially small
in comparison with that made by other researchers, as shown in Table 1. The Reynolds
number based on the tunnel height and the longitudinal velocity inside the model tunnel was
about 2000. In this case, the flow regime inside the tunnel became almost laminar.
Furthermore, the Fourier number Fo and Biot number Bi were considerably greater and
smaller than those of the other tunnels, respectively, because the material of the tunnel wall
was heat-resistant glass with high thermal conductivity. The characteristics of heat
absorption through the wall were very different from those of a full-scale tunnel. The
dimensionless average heat release rate Q°,, in the range from 0.0218 to 0.0524 was smaller
than that of the other experiments. In the case of the model tunnel made by Vantelon et al.,
the length from the fire source to the tunnel opening was only ten times the height of the
model tunnel. The backlayering distance in the fire experiment was more than five times the
height of the model tunnel. The length of the model tunnel was too short to be used in a
backlayering distance experiment. The tunnel opening affected the experimental results
because the entrance length for the longitudinal ventilation wind was too short.

The experimental data by Saito et al. is shown as the plots of white circles in Fig. 9. In
their model tunnel, the length from the fire source to the tunnel opening was 36 times the
height of the model tunnel, which was long enough to conduct an experiment on
backlayering distance. The tunnel opening did not affect the experimental results. The
proportionality coefficient of the backlayering distance to the combined parameter Q™"*/Fr
by Saito et al. was similar to that by Vantelon et al., because the Reynolds numbers of the
flow in the tunnel were similar. Furthermore, the Fourier number of the wall of the model
tunnel made of ceramic fiberboard was greater than that of a full-scale tunnel made of
concrete, so the heat conductivity of the wall of the model tunnel was greater. The
measurement accuracy in the research by Saito et al. was lower than that of the other
researchers because the distance between the installed thermocouples under the tunnel
ceiling was too large for accurate measurement of the backlayering distance. Furthermore,
the velocity of the longitudinal ventilation was only present in four cases.

The plots of white squares in Fig. 9 show the experimental data by Lee et al. and those
of the up-pointing double triangles and black triangles show the data by Yamada et al. The
proportionality coefficients calculated from the data of the backlayering distance measured
by Lee et al. and Yamada et al. were smaller than that of the present study. Therefore, the
backlayering distance was shorter than that of the present study for the same value of the
combined parameter O '*/Fr. Similar to the model tunnel of Vantelon et al., the Fourier
number Fo of the wall of the model tunnel made of ceramic fiberboard or acrylic resin was
greater than that of a full-scale tunnel made of concrete, and the heat flux through the wall
of the model tunnel was greater. As a result, the backlayering distance became short.
Furthermore, when the backlayering distance was zero, the value of the combined parameter
O"'*/Fr was greater than that of the present study, because the aspect ratio of the
cross-sectional shape of the model tunnel was different from that of our model tunnel. The
aspect ratio of the model tunnel introduced by Lee et al. and Yamada et al. was unity; that of
the model tunnel in the present study was 2.0. The backlayering distance in the present
study (4, = 2.0) was longer than that in the previous studies by the other researchers (4, =
1.0) under the same conditions of heat release rate and velocity of longitudinal ventilation,
as shown in Fig. 9. Furthermore, the critical velocity and critical Froude number in the
present study (4, = 2.0) were larger than in the previous studies (4, = 1.0) under the same
conditions of heat release rate, as shown in Fig. 9. Namely, the backlayering phenomenon
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against the longitudinal ventilation wind was easily generated in a tunnel fire when the
cross-sectional shape of the tunnel had a large aspect ratio.

The experimental data by Roh et al. is shown as plots of black down-pointing triangles
in Fig. 9. The test range of the backlayering distance of their fire experiment was smaller
than that applied by other researchers, because Roh et al. investigated not the backlayering
distance but the critical velocity. The value of the combined parameter O0""”*/Fr when the
backlayering distance was zero, was close to that of combined parameter Q""*/Fr in the
present study. The cross-sectional shape of the model tunnel made by Roe et al. was a
horseshoe, which easily generated the backlayering phenomenon, similar to our tunnel with
a large aspect ratio.

The experimental conditions of the present study were compared with those of the
previous studies by using the data shown in Table 1. It is important to achieve completely
turbulent flow in a model tunnel as well as a full-scale tunnel in the case of a model
experiment. The model tunnel in this study was at least three times larger than that in other
studies, as shown in Table 1. Therefore, the Reynolds number Re of the ventilation flow in
the model tunnel was 40,000 or more, and completely turbulent flow was achieved.
Furthermore, the Biot number Bi and Fourier number Fo of our model tunnel made of
autoclaved lightweight aerated concrete (ALC) panels were close to the values of a
full-scale tunnel made of concrete. The length from the fire source to the tunnel opening
was 32 times the height of the model tunnel, which was long enough to conduct an
experiment on the backlayering distance in a tunnel fire; the tunnel opening did not affect
our experimental results. Therefore, we concluded that our experimental results were more
accurate than those of other researchers.
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Fig. 9 Relationship between Ly/H and Q"/Fr. The comparison between the present study and previous

work by Saito et al., Lee et al., and Yamada et al. using a model tunnel with a rectangular cross section of
aspect ratio unity, by Roh et al. using a model tunnel with a horseshoe-shape cross section, and by Vantelon
et al. using a model tunnel with a semicircular cross section.

4.3 Critical velocity
Substituting L, = 0 into Eq. (3) yields Eq. (6) showing the critical Froude number Fr.,
which is defined by using the critical velocity of the longitudinal ventilation.

1
Fr, =§Q*? ©)

Figure 10 shows the relationship between the dimensionless average heat release rate
Q’,, and the critical Froude number Fr.. Critical velocity in a tunnel fire has been the
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subject of extensive research for many years. Figure 10 includes the data plots determined
by our study and that of the other researchers and the dashed line was calculated by using
the theoretical formula derived by Thomas. The solid circles showing the critical Froude
number calculated from the data of the present study increase in the dimensionless average
heat release rate range of 0.0316 to 0.111. This trend was in agreement with the theoretical
formula (dashed line) by Thomas and Eq. (6) derived in the present study. However, the
solid circle showing the critical Froude number was not in agreement with the theoretical
formula (dashed line) by Thomas and Eq. (6) in the dimensionless heat release rate O,
1 exceeding 0.111, where the solid circle shows that the critical Froude number approaches
about 0.5. Equation (6) had the ability to calculate the critical velocity in the dimensionless
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When the dimensionless heat release rate Q*,,, was the same, the critical Froude number

of the present study was greater than that of the other studies. In the tunnel fire experiments

conducted by other researchers, the characteristics of heat conduction inside the wall of the
tunnel and the heat transfer from thermal fumes to the wall differed between the
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model-scale tunnel of the present study and a full-scale tunnel. Namely, the Biot number
and the Fourier number were different from those of a full-scale tunnel. Therefore, the heat
absorption increased from the thermal fumes to the wall of the tunnel. As a result, the
critical velocity and critical Froude number measured by the other researchers decreased
compared to those in the present study, excluding the results obtained by Roh et al. The
thermal characteristics of the wall of the tunnel made by Roh et al. were different compared
to that of a full-scale tunnel. However, the cross-sectional shape of their tunnel was a
horseshoe, which easily generated the backlayering phenomenon, as shown in Fig. 9. As a
result, the critical Froude number by Roh et al. was greater than that obtained by other
researchers. The critical Froude number approaches a maximum value in the case of almost
all experimental results when the dimensionless heat release rate Q*m is greater than 0.1,
even if the cross-sectional shape is different.

Figure 11 shows the relationship between the parameter d/e in Eq. (6) and the
dimensionless heat release rate Q*m. In addition to our data, the parameter d/e was also
calculated from the experimental results of other researchers. The parameter d/e indicates
the relationship between the critical Froude number and the dimensionless heat release rate.
When Q*,,, =0.0316, 0.0775, and 0.111 in our results, the parameter d/e is almost the same.
When Q*m = 0.182, however, the parameter d/e decreases. When the longitudinal ventilation
velocity was the same, which was the condition under a constant Froude number, the
growth rate of the dimensionless backlayering distance decreased when the dimensionless
heat release rate Q°,, was greater than 0.111. This was in agreement with the tendency of the
growth rate of the backlayering distance as shown in Fig. 8. The value of the parameter d/e
of the results by Yamada et al. and Lee et al. was smaller than that of our results. The reason
for this is that the aspect ratio of the cross-sectional shape of the model tunnel made by
Yamada et al. was 1.0 (our model tunnel is As = 2.0). The value of the parameter d/e of the
results by Roh et al. was close to that of our results, because the cross-sectional shape of
their model tunnel was a horseshoe.

5. Conclusions

Tunnel fire experiments were conducted using a large-scale model tunnel to produce
completely turbulent flow in the tunnel and considering the heat transfer characteristics of
the tunnel wall. The main results of this research are as follows.

1. Equation (3), which is used to calculate the backlayering distance, is proposed as a

function of the dimensionless heat release rate Q*m and the Froude number Fr.

2. Equation (6), which is used to calculate the critical velocity, is proposed as a function
of the dimensionless heat release rate Q.

3. The growth rate of the dimensionless backlayering distance decreases when the
dimensionless heat release rate O, is greater than 0.111.

4. The backlayering distance in which the aspect ratio of the model tunnel is 2.0, is
longer than when the aspect ratio of the model tunnel is unity, under the same
conditions of heat release rate and velocity of longitudinal ventilation.

5. Equation (4) developed by Hu et al. is in agreement with our newly proposed Eq. (3).
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