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Abstract: In this work, a number of experiments were conducted in a reduced scale bifurcation
tunnel with a ratio of 1:10 to explore the influence of the position of longitudinal fires (placed in
branch tunnel) on smoke temperature profile under forced ventilation. Three heat release rates, six
ventilation velocities, and three fire locations were considered. The main findings are summarized
below, as follows: The temperature of smoke downstream of the main tunnel decreases with the rate
of ventilation and longitudinal fire location. In contrast, the smoke temperature downstream of the
fire source inside the branch tunnel drops with the ventilation velocity; the maximum temperature
of the flame under the ceiling of the tunnel rises with longitudinal fire location. The dimensionless
longitudinal smoke temperatures downstream of the main tunnel decrease exponentially with
longitudinal distance, and the same observation is found in the branch tunnel. The attenuation
coefficient k in the main tunnel increases with longitudinal ventilation velocity according to a power
law but does not change significantly with longitudinal fire locations. However, the exponential
coefficient k’ in the branch tunnel decreases linearly with ventilation velocity, whereas it increases
with longitudinal fire location inside the branch tunnel. Lastly, modified models are established
for estimating the longitudinal profile of temperatures downstream of the main tunnel and branch
tunnel, where the influence of the rate of ventilation and location of the fire are taken into account.

Keywords: bifurcated tunnel; fire location; forced ventilation; temperature distribution of smoke;
tunnel fire

1. Introduction

Tunnel construction can be destroyed by high-temperature smoke produced by a
tunnel fire, and, in these situations, the accumulation and propagation of hot smoke can
make evacuation arduous. Meanwhile, smoke is a huge challenge to the extinguishing
and controlling of a fire, which may lead to immeasurable loss of personnel and property.
For instance, 38 people were killed in the Mont Blanc tunnel fire after baking for 53 hin a
scorching heat [1], and the Futuyu Tunnel fire in China resulted in 15 fatalities and three
injuries [2]. Therefore, smoke characteristics, especially temperature distribution, have
been investigated widely as a classical problem [3-10]. However, previous research mostly
concentrated on the influences of longitudinal ventilation [11-13], sealing ratio [14-16]
and fire location [17-19] on temperature profile in single tunnels. In addition, full-scale
fire tests of battery-electric vehicles were conducted to investigate fire behavior, and new
approaches to fighting a BEV fire were suggested [20]. In addition to experimental studies,
the numerical simulation approach is also a common method used to investigate tunnel
fires, for example FDS [21] and Large Eddy Simulations [22]. In the past few years, with
the acceleration of urbanization, tunnel structure has become increasingly complicated. A
bifurcated tunnel, one of said complex tunnels, can be understood as a tunnel structure
composed of a main tunnel and a branch tunnel, commonly used in tunnel traffic conversion
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belts and urban connection tunnels [23]. Figure 1a-c demonstrate that smoke dynamics
and smoke movements of a fire ignited in a bifurcated tunnel are more complex than when
a fire develops in a conventional single tunnel.
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Figure 1. Differences in smoke flow between conventional single-bore tunnels and bifurcated tun-
nels: (a) smoke flow in a conventional single-bore tunnel; (b) smoke flow in a bifurcated tunnel
(fires occurred in the main tunnel); (c) smoke flow in a bifurcated tunnel (fires occurred in the
branch tunnel).

As a result, a bifurcation tunnel will have a different temperature profile from a
conventional single tunnel [24,25], which leads to new problems and challenges in tunnel
safety. Therefore, a study of the temperature distribution of smoke in bifurcated tunnel
fires is necessary.

As is well known, a longitudinal ventilation system is extensively used as a smoke
exhaust system in tunnel fires, where it is applied to control the smoke and guarantee
life safety. The profile of the temperature of a tunnel ceiling under longitudinal ventila-
tion conditions has been both theoretically and practically investigated by Li [8], Hu [9],
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Tang [26], Li [27], and Zhao [13]. Moreover, the impact of longitudinal ventilation on
flame smoke back-layering length [11,28,29] and critical velocity [30,31] have also been
extensively investigated. Kurioka et al. [32] proposed a model for predicting the maximum
temperature rise in tunnels under the effect of longitudinal ventilation, and verified the
prediction results of the model through reduced-scale tunnel fire experiments. Wu and
Bakar [33] investigated the effect of different tunnel cross-sectional areas on the critical
wind velocity using reduced-scale experiments, and predicted the critical wind velocity for
ventilation and smoke extraction. Unfortunately, the above studies have mainly focused
on the characteristics of smoke in conventional single tunnel fires, while relatively few
research results have been conducted for bifurcated tunnel fires.

In recent years, bifurcated tunnel fire has increasingly gained significant attention.

Lei et al. [34] conducted small-scale experiments to investigate the longitudinal ventila-
tion for fire in a branched tunnel, and proposed two critical ventilation modes for different
rates of ventilation in the branch and the main tunnel with its fire source arranged at
the tunnel intersection. Chen et al. [35] experimentally studied the distributions of peak
temperature increases and the distribution of heat flux longitudinally below the ceiling
under multidirectional ventilation. A model was developed to evaluate the peak tempera-
ture increase below the tunnel ceiling inside a bifurcated tunnel, under multi-directional
ventilation. Tao et al. [36] conducted a number of reduced-model tests in a two-part tunnel
to investigate the change in maximum temperature, temperature decay, and smoke spread
under conditions of ventilation of the upstream tunnel section. Chen et al. [37,38] compared
the differences between ordinary tunnel fire and bifurcated tunnel fire and investigated the
profile of temperature in a bifurcated tunnel affected by the effect of a ramp slope. It was
found that the existence of a bifurcated tunnel would result in a smaller maximum ceiling
temperature than a single tunnel above the fire source and that the longitudinal temper-
ature in the main tunnel will increase with the ramp slope. Liu et al. [25] experimentally
analyzed the smoke temperature of a subway tunnel connection area considering the uphill
and downhill slope effect, and the dimensionless temperature profiles were proved to be
mainly linked to the slopes of the current tunnel. Moreover, Liu et al. [39] evaluated the
temperature of smoke under the influence of a transverse fire source position in bifurcated
tunnel fires and proposed an adjusted model for forecasting temperature profile of a trans-
verse and longitudinal direction. Lei et al. [2] discovered that, while the fire source is placed
at the tunnel’s intersection, the maximum flame temperature under the tunnel ceiling is
a little lower than the temperature of the fire elsewhere in the main tunnel. Li et al. [40]
noted that the longitudinal temperature in the main tunnel raises first and then reduces as
the distance of the fire source from the sidewall grows by studying the impact of transverse
fire locations in a main tunnel. From a set of longitudinally ventilated bifurcated tunnel
combustion experiments, Chen et al. [41] found that the flue gas temperature under the
tunnel roof decreases as the rate of longitudinal ventilation increases. The maximum smoke
temperature is significantly influenced by the bifurcation angle under forced ventilation
according to the research on the impact of the angle of bifurcation on the distribution of
smoke temperature under natural and forced ventilations of Huang et al. [42]. Moreover, a
predicted model was put forth for maximum excess temperature considering the bifurca-
tion angle and forced ventilation. At present, there are few studies focusing on the impact
of longitudinal ventilation on fire characteristics in bifurcated tunnels, especially on cases
in which the fire occurred in a branch tunnel. Therefore, it is imperative to research the
role of a fire’s position in affecting the longitudinal distribution of smoke temperature with
forced ventilation in a bifurcated tunnel.

A variety of experiments were carried out in the current work in a 1:10 reduced-
scale bifurcated tunnel to explore the impact of fire location on the distribution of smoke
temperature under conditions of fires in a bifurcated tunnel with a longitudinal airflow.
The variables of fire location, longitudinal ventilation, and heat release rate of fire were
considered. In this paper, the smoke temperature profile is analyzed and compared, and a
predicted model for the temperature profile of smoke in bifurcated tunnel fires is proposed,
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taking the impact of fire location and longitudinal ventilation into account. There-fore,
the conclusions drawn in this work are not only practical in fire prevention and in the
control of bifurcated tunnel fires, but also provide more basic theoretical information for
future research.

2. Experiment Setup

A reduced-scale bifurcated tunnel with a ratio of 1:10 served as the experimental de-
vice, as illustrated in Figure 2a, a model which has been used in previous studies [40,41,43].
The bifurcated tunnel [44,45] is composed of a main tunnel and a branch tunnel. The
conjunction area is located be-tween the 4.5 m and the 5.5 m of the main tunnel. The
lengths of the main and branch tunnels are, respectively, 10.0 m and 5.0 m. In addition,
the cross-section of the bifurcated tunnel is 1.0 m in width and 0.6 m in height. The angle
between the main and branch tunnels is set to 45°. The longitudinal ventilation rate in the
tunnel is controlled by altering the frequency using a fan with adjustable wind velocity
installed at the left entrance of the main tunnel. In addition, the experimental tunnel is built
based on Froude’s scaling law, which is applied extensively in reduced-scale experiments
to fit real-scale models. The law can be expressed as follows [46]:

Q (k)3

Q <1f> @

bt (L)

b (1) @
Tr :Tf (3)

where Q represents the heat release rate of the fire; t represents the burning duration;
T represents the temperature of the flame; subscript f represents the full-scale model
parameters, and r represents the reduced-scale model parameters.

The size of the burner used in this work was 0.2 m x 0.2 m x 0.2 m, and lique-
fied petroleum gas was selected to ignite it, which has been widely used in previous
work [40,42,43]. Three kinds of heat release rates (HRR) of 15.9 kW, 23.9 kW, and 31.9 kW
were designed. The fire was arranged on the centerline in the tunnels that branch off, and
the longitudinal distances (D) of the ignition source from the bifurcated junction were 0.5 m,
1.0 m, and 1.5 m, respectively. Also being taken into account were the longitudinal venti-
lation rate (V), including 0 ms 1,045 ms™1,0.6 ms™1,0.75 ms™1,1.0 ms~!, and 1.3 ms~1.
The experimental conditions of ambient temperature and pressure were 18°C and 101 kPa,
respectively. Table 1 includes all the experimental situations. In this work, two or three
repetitive tests were carried out for each set of conditions.

Table 1. Experimental conditions in this work.

HRR D A%
Test No. kW) (m) (ms—1)
1-18 15.9 0.5, 10, 1.5 0, 0.45, 0.6, 0.75, 1.0, 1.3
19-36 23.9 05, 1.0, 1.5 0, 0.45, 0.6, 0.75, 1.0, 1.3
37-54 31.9 0.5, 1.0, 1.5 0, 045, 0.6, 0.75, 1.0, 1.3

In order to detect the smoke temperature, several thermocouples were arranged in
the tunnel as displayed in Figure 2b. Five thermocouple trees with an interval of 0.2 m
were placed within a square with sides of 1.0 m at the intersection of the main tunnel
(M;~Ms5) and the bifurcated tunnel (B;~Bs), and each thermocouple tree was made up
of eleven thermocouples, with an interval of 0.1 m. A set of thermocouples were spaced
at 0.25 m intervals along the center line of the main tunnel on the left and right sides of
the intersection (J; and J,), respectively, which was encrypted with an interval of 0.1 m
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in some parts. Another set of thermocouples (J3) was positioned at intervals of 0.1 and
0.5 m following the center line of the branch tunnel. In order to ensure that the temperature
measured by the thermocouple was close to the highest temperature of the flue gas in
the vertical direction, the thermocouples were arranged 2 cm beneath the ceiling of the
main tunnel and the branch tunnel, which is similar to previous works [35]. All the
thermocouples used in this work, with a diameter of 1.5 mm, had a response time of 0.03 s
and a temperature measurement range of 0 °C to 1200 °C. Before each experiment, the
accuracy of all thermocouples was calibrated by detecting boiling water, and the standard of
measurement tolerance was less than 3% [5,40]. According to Froude’s similarity criterion,
the heat release rates of the single fires in this scaling experiment were converted to the full-
scale experimental values of 5.04 MW, 7.56 MW, and 10.08 MW, respectively. In addition,
the corresponding longitudinal ventilation velocity values in a full-scale experiment were
0m/s, 143 m/s,1.9m/s, 2.38 m/s, 3.17 m/s, and 4.12 m/s, obtained by converting the
longitudinal ventilation velocities in our reduced-scale experiment.

1:10-scaled bifurcated tunnel = |

(a)
0.1 m->”<-
Main tunnel E 00000000000 MI1~M5 0.25m 0.1m
“i L]
® O O O & 00000000000 o o o o o .Q. L] e O o o o 14-. L 1] 0000000 o o ¢ o o
T Ventilation T2
—>

Axial fan e Thermocouple

(b)

Figure 2. Schematic diagram of a 1:10 small-scale tunnel: (a) 1:10-scaled bifurcated tunnel model;

(b) arrangement of thermocouples.

3. Results and Discussion
3.1. Summary of the Results of the Experiment

Figure 3 shows the temperature profile of smoke at the junction region under different
fire source locations and ventilation velocities, with HRR = 15.9 kW. It can be seen from
Figure 3 that, for no longitudinal ventilation conditions, the smoke will move upstream
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in the main tunnel, where the smoke flows into the junction of the main tunnel due to the
special structure of a bifurcated tunnel. However, as V increases, the smoke is gradually
blown downstream. Moreover, for fixed D conditions, the maximum smoke temperature at
the bifurcation junction decreases with the increase in V. It is remarkable that the position
of the fire source also affects the smoke flux path and the temperature distribution at the
bifurcation junction. Notably, for fixed D = 0.5 m conditions, the smoke moves upstream
in the main tunnel with V < 0.75 ms~—1, whereas the smoke is blown downstream when
V = 1.3 ms 1. Meanwhile, for fixed D = 1.5 m conditions, the smoke moves upstream in
the main tunnel with no ventilation, but flows downstream with V > 0.45 ms 1. Moreover,
under a fixed longitudinal ventilation, the more distant the fire source is from the junction,
the lower the temperature is in the junction region in the main tunnel.

—0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.
x/m

—0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 —0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 —0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 —0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2

x/m

x/m x/m Xx/m

—0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2

x/m

~0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 —0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 ~0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2
x/m x/m x/m

Figure 3. Temperature distribution in the bifurcation junction region for 15.9 kW conditions.

Figure 4 displays the temperature profile of smoke following the main tunnel roof for
typical experimental conditions. Noticeably, the maximum temperature of smoke appears
upstream of the main tunnel with no ventilation, whereas it gradually moves downstream
with increasing ventilation velocity.

Notably, when longitudinal ventilation exists, the smoke temperature upstream of the
junction in the main tunnel will be reduced to ambient temperature at a certain longitudinal
location, and the larger the value of V, the smaller the distance of smoke temperature from
ambient temperature. In addition, the smoke temperature downstream of the main tunnel
junction decreases with increasing ventilation rates. Moreover, for fixed HRR and V, the
temperature of smoke upstream and downstream of the junction in the main tunnel drops,
as D increases.

Based on the description above, the smoke of a fire would spread in different directions
after hitting the ceiling of the tunnel in question. When the longitudinal wind velocity in the
tunnel is small, driven by the thermal buoyancy generated by the fire source, the ceiling jet
upstream of the fire source moves along the ceiling against the longitudinal wind, forming
a smoke countercurrent, which is a special fire phenomenon in tunnels. In previous works,
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Tomas [47] proposed a model to evaluate the length of smoke back-layering in tunnels
as follows:

LI L LS T @

H pocpT0V3A

where L denotes the flame length; " denotes the dimensionless smoke back-layering length
in the tunnel; Q is the total release rate of the fire, v is the longitudinal wind rate. According
to previous works, the length of smoke back-layering in a tunnel is associated with the heat
release rate Q of the fire and the longitudinal wind rate. It is worth noting that the length
of smoke back-laying is positively associated with the rate of heat release from the fire, but
negatively associated with the longitudinal wind velocity. But, the impact of the location of
the fire source on the length of smoke back-layering was not mentioned.
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Figure 4. Distribution of longitudinal temperatures inside the main tunnel under typical experimental
conditions: (a) HRR = 23.9 kW,D = 0.5 m; (b) HRR = 23.9 kW,D = 1.0 m; (c) HRR = 31.9 kW,
V =045ms~}; and (d) HRR = 31.9 kW, V = 1.3 ms™ L.

A relationship between the length of smoke back-layering, the longitudinal wind
velocity, and the fire source’s location is plotted in Figure 5. It is observed from the figure
that the length of the smoke back-layering in tunnel decreases following the increasing
longitudinal wind velocity. In particular, a significant decrease in the length of smoke
back-layering in the tunnel is observed for a longitudinal wind velocity between 0.4 to
0.75 ms~!. Moreover, the increase in the length of the smoke back-layering in the tunnel
is also noticed under condition of greater HRR of a fire. For example, for conditions of a
0.45 ms~! longitudinal wind velocity with a fire location at 0.5 m, the lengths of the smoke
back-layering in the tunnel for 15.9 kW, 23.9 kW, and 31.9 kW are 2.61 m, 2.40 m, and
1.99 m, respectively. The experimental observation of a variation in the length of the smoke
back-layering with the HRR of a fire and the longitudinal wind velocity in a tunnel fits the
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results found in previous studies well. It is worth noting that the value of the length of
the smoke back-layering decreases when the longitudinal fire location is far away from
the main tunnel. As the distance of the location of the fire source and the main tunnel gets
further away, the smoke in the bifurcation tunnel faces a greater along-travel resistance,
and the rate of smoke spread is reduced. Consequently, the longitudinal wind velocity has
a significant impact on the smoke entering the main tunnel under conditions of a larger
fire location.

3.0
0 15.9kW,05m

251 g B o 159KkW,1.0m|
—_ 1 : v 159kW,1.5m)
k) % ‘ 0 23.9kW,05m
<20- B o 239kW,1.0m|
& Ton | A 23.9KW,1.5m)
E5) SRR 31.9kW,0.5m
on1.54— 4 R 31.9kW,1.0 m|
E 3 NS - 31.9kW,1.5m
> 1.0 SR
—_— ~ \\Q\ -
< 0.5 - T
M

0.0 1

0.4 0.6 0.8 1.0 1.2 1.4
longitudinal ventilation velocity (m/s)

Figure 5. Variation in length of smoke back-layering in a tunnel with longitudinal ventilation velocity.

In Equation (4) the values of the coefficient of Q, H, py, cp, Tp, and A are constant in
this work. The relationship of L" and Q/v? can be expressed as follows: L « n x % The
fitting results of coefficient n for different experimental conditions are shown in Figure 6. It
can be noted that, as the fire source moves toward the intersection region, the coefficient
n increases from 0.0069 to 0.0096, indicating that L." is proportional to Q/v3,which is
consistent with previous works by Tomas [47]. This may be attributed to the fact that the
fire source is located in the branch tunnel, and only part of the smoke spreads into the
main tunnel. The amount of smoke entering the main tunnel is reduced, and, therefore, the
length of the smoke back-layering is shorter than that in a conventional tunnel.

3.0 5 7 25
250
251 | y 20l
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¢ 15+
N , R T — . i i ,
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Figure 6. Relationship between L" and Q/v® under different conditions: (a) 0.5 m; (b) 1.0 m; and
(c) 1.5m.

3.2. Smoke Temperature profile in a Main Tunnel
Evers and Waterhouse [48] proposed a formula for predicting the longitudinal temper-

ature distribution in tunnel-like structures, shown as follows:

ATy

— —kox
AT kie ®)

where ATy indicates the rise in temperature at position x; x indicates the distance from
the measurement point to the reference point in the longitudinal direction; k; and kp
are constant and can be obtained experimentally. Subsequently, Hu et al. [49] conducted
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a number of fire experiments in a traditional single tunnel and established a modified
correlation for calculating the smoke temperature profile, which can be expressed as follows:

ATy kx
=e 6
ATmax ( )

where k is constant. Based on previous works [4,5,48,49], the dimensionless longitudinal
smoke temperature profile is exponentially decreasing as a function of longitudinal distance.
Figure 7 plots the dimensionless longitudinal smoke temperature profile downstream of the
junction with conditions of various ventilation velocity for D = 0.5 m and HRR = 15.9 kW
in the main tunnel, in which the exponentially fitted correlations are shown as black solid
lines. The squared-correlation coefficients (R?) are not less than 0.925, which indicates that
the exponential law is appropriate for determining the dimensionless longitudinal smoke
temperature attenuation in the main tunnel. The attenuation coefficient k increases with the
longitudinal ventilation velocities and is significantly different from that for a fire source
located in the main tunnel, as in the work of Li et al. [40].

Since the attenuation coefficient k when the source of the fire is situated in the branch
tunnel differs to that of when the source of the fire is located in the main tunnel, it is
necessary to study the variation of the attenuation coefficient k when the fire source is
located in the branch tunnel. Moreover, the attenuation coefficient k for various longitudinal
fire locations and ventilation velocities is summarized in Table 2 and Figure 8. It is noted
that the attenuation coefficient k in the main tunnel increases noticeably with longitudinal
ventilation velocity, but does not change significantly with longitudinal fire location. In
this paper, a power law is applied to describe the relationship between the attenuation
coefficient k and longitudinal ventilation velocity, as presented with the dotted solid line in
Figure 8.:

k = 0.30V>?% 1 0.65 7)

Table 2. Attenuation coefficient k for various longitudinal fire locations and ventilation velocities in

main tunnel.

Fire Location D Ventilation Velocity V (ms~1)

(m) 0.00 0.45 0.60 0.75 1.00 1.30
0.5 0.64 0.67 0.71 0.82 0.88 1.26
1.0 0.62 0.70 0.73 0.84 1.05 1.17
1.5 0.70 0.73 0.75 0.84 0.90 1.18
= 159 kW 1.OF wa = 15.9kW
e 239kW i ° ° 23.9kW
31.9 kW 0.8F 3 31.9kW
— Exponential fitting] “ g ¢ — Exponential fitting
3
S
<
[
<
1
x(m) x(m)
(a) (b)

Figure 7. Cont.
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Figure 7. Distribution of smoke temperature downstream of the main tunnel junction for conditions

of various ventilation velocities (D = 0.5 m,HRR = 159 kW): (a) V = 0ms~}; (b) V = 0.45 ms~};
©V=06ms1;(d)V=075ms () V=10ms L and f) V=13ms L

1.3 T T T T T T T T
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1.24 = D=05m P i
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Figure 8. Attenuation coefficient k for various longitudinal fire locations and ventilation velocities in

the main tunnel.

The R? is more than 0.94, demonstrating that the k increases with longitudinal ven-
tilation velocity according to a power law. Substituting Equation (3) in Equation (2), the
longitudinal smoke temperature profile downstream of the junction in the main tunnel can

be determined using the following:
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ATy —(0.30V228+0.65)x
=e : 8
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Figure 9 plots the contrast between the experimental values and the predicted values
of dimensionless longitudinal smoke temperature decay in the main tunnel according to
the Equation (7) and the results of k. It is noted that the predicted values of longitudinal fire
smoke temperature from a main tunnel fire fit the experimental data on smoke temperature
well, which demonstrates that the model proposed in this work predicts longitudinal smoke
temperature decay well.

104 main tunnel 9

o
o
!

measured AT/AT,,,,
o o
IN o

o
)
)

0.0 ‘ T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
predicted AT/AT,

Figure 9. Comparison between the experimental values and the predicted values of dimensionless
longitudinal attenuation of smoke temperature in the main tunnel.

3.3. Smoke Temperature Profile in a Branch Tunnel

Figure 10 shows the variations in the temperature profile of smoke as a function
of longitudinal distance in the branch tunnel for typical experimental conditions. It is
observed that the smoke temperature upstream or downstream of the fire site decreases as
the longitudinal distance increases. Notably, when there is no ventilation, the variations
in temperature attenuation upstream and downstream are noticeably different due to the
branch structure, which is different from what is observed in a traditional single tunnel,
where the smoke temperature up-stream or downstream of the fire source are essentially
similar. Apparently, for fixed HRR and D, the smoke temperature profile downstream of
the fire source drops as V rises, especially in the area around the fire source. Moreover,
with constant values HRR and V, the maximum smoke temperature in the branch tunnel
increases as the value of D increases, and the developments in the temperature profile
along the longitudinal distance vary.

Figure 11 shows the dimensionless lengthwise smoke temperature curves downstream
of the combustion source with conditions of various V for D = 0.5 m in the branch tunnel.
The dimensionless smoke temperature profile downstream of the fire source can be seen
to decrease exponentially with increasing longitudinal distance from the branch tunnel.
However, most R-square degrees of exponential fitting for the dimensionless longitudinal
temperature measured using Equation (2) are less than 0.85. Through theoretical analyses
and experimental studies, Ji et al. [4] present a modified correlation method for determining
the smoke temperature profile in tunnel structures as follows:

ATx
A'-—[‘I'I‘lEJIX

=ae ¥ +b )

where a and b are constant, which can be obtained by experiments. The results of an
exponential fit to the dimensionless lengthwise temperature in the bifurcated tunnel using
Equation (5) are plotted in Figure 11. The correlation coefficients of the fitted lines are
all greater than 0.94, which indicates that Equation (5) can well reflect the dimensionless



Fire 2023, 6,473

12 of 16

temperature decay in the branch tunnel. The values of a, b, and k are summarized in

Table 3.
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Figure 10. Smoke temperature profile in the branch tunnel for typical experimental conditions:
(a) HRR = 31.9kW, D = 0.5 m; (b) HRR = 31.9 kW, D = 1.0 m; (¢) HRR = 23.9 kW, V = 0.45 ms—;

and (d) HRR = 23.9kW,V = 1.30 ms~1.

Table 3. Fitting coefficients of a, b and k.

Vv D=0.5m D=1.0m D=1.5m

(ms™) a b K a b K a b K
0.0 0.80 0.16 2.25 0.81 0.17 3.16 0.82 0.19 4.21
0.45 0.84 0.15 2.34 0.85 0.16 2.64 0.84 0.17 3.90
0.60 0.81 0.15 2.17 0.82 0.17 2.33 0.80 0.18 3.40
0.75 0.86 0.15 1.99 0.85 0.17 2.15 0.76 0.19 2.66
1.00 0.82 0.12 1.87 0.84 0.16 2.13 0.76 0.19 1.73
1.30 0.83 0.14 1.62 0.85 0.17 151 0.75 0.20 1.54

Average 0.83 0.15 X 0.84 0.17 X 0.78 0.19 X

According to Equation (8) and the fitting result of coefficients of a, b, and k, the
predicted dimensionless lengthwise smoke temperatures for the bifurcated tunnel were
calculated and compared to the experimental values, as shown in Figure 12. As seen in
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the figure, the predicted data for the dimensionless lengthwise smoke temperature in the
branch tunnel match very well with the smoke temperature observations made in this work.

1LOF ¢ = 159 kW T LOF ¢ = 15.9kW T
° 23.9kW \ ° 239kW
0.8F 31.9 kW b 0.8+ 319 kW b
. — Exponential fitting] w — Exponential fitting]
§0.6 - b §O.6 - :
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g g
=041 b =04+ E
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0.2 b 0.2} :
gl B
0.0 Fy=0.80e7"+0.18 (g g5 1 0.0 Fy=0.84e™"+0.15 r2g 5 1
0 1 2 3 4 5 0 1 2 3 4
x(m) x(m)
T T (al) T T T T T (bl) T T T
LOF = = 15.9kW . LOF ¢ = 15.9kW .
° 23.9kW ° 239kW
0.8F 31.9 kW b 0.8F 31.9 kW b
= — Exponential fitting] = — Exponential fitting|
So6f 1 Sosf ]
&~ &~
g <
=041 b =041 E
< <
0.2+ b 0.2} :
g g 4 4 n g Ay . e
0.0y =0.81e'7+0.15 (R*=0.95) 1 0.0 Fy=0.87¢2'%+0.14  (R>=0.95) 8
0 1 2 3 4 5 0 1 2 3 4 5
x(m) x(m)
T T (Cl) T T T T T (q) T T T
1.OfF = = 15.9kW . 1.0F = " 15.9kW 1
° 23.9kW ° 239kW
0.8F 4§ 31.9 kW b 0.8 31.9kW b
= — Exponential fitting - . — Exponential fitting|
So6) 1 Zost ]
S =
| g
=041 b =041 J
< <
0.2+ b 0.2} b
0.0Fy=083¢"""+0.11 (R2=0.98) _ 0.0y =0.84e""4+0.12  (R2=0.97) T
0 1 2 3 4 5 0 1 2 3 4
x(m) x(m)
(e) (f)

Figure 11. Longitudinal temperature attenuation fitting in a bifurcated tunnel (HRR = 15.9 kW):
@V=00ms;(b)V=045ms"1()V=06ms;(d)V=075ms"1;(e) V=10ms"1;and
HV=13ms1.

It is evident from Table 3 that, for fixed D, the values of a and b do not vary significantly
with ventilation velocity, whereas the exponential coefficient of k' decreases with ventilation
velocity overall. Noticeably, the average values of a and b for different fire locations
change slightly around a constant value, which indicates that the fire source location
does not have a significant influence on the values of a and b. Figure 13 presents the
exponential coefficient k’ with ventilation velocity for various fire location conditions. It is
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noted that the exponential coefficient k’ decreases with ventilation velocity, whereas the
value of k" increases with longitudinal fire location in the branch tunnel. A linear fit is
applied to describe the relationship between the exponential coefficient k" and ventilation
velocity, which can be shown with the dotted line in Figure 13. Evidently, the linear fitting
coefficients are related to the longitudinal fire location in the branch tunnel. By substituting
the coefficients of a, b, and k' into Equation (5), a simplified model for predicting the
temperature profile downstream of the fire source in a branch tunnel can be obtained,
taking into account the ventilation rate and the longitudinal position of the fire source.

branch tunnel
1.04

% 0.8
0.6

0.4+

measured AT/AT,

0.2

00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

predicted AT/AT,,,

Figure 12. Comparison between the experimental values and the predicted data of dimensionless
longitudinal smoke temperature attenuation in a bifurcated tunnel.

45 .
= D=05m
4.0 bosm
D=15m
3.5 .
_304 el N K'=452-2360
~ S .
PR A N
209 4 240-05% e AN
1.59 "\\\...
;

T T T T T T
00 02 04 06 08 10 12 14
Ventilation velocity (m/s)

Figure 13. Exponential coefficient k’ with ventilation velocity for various fire location conditions.

4. Conclusions

This experiment investigated the effects of ventilation rate and the position of longi-
tudinal fires in a bifurcated tunnel on the smoke temperature distribution in said branch
tunnel. The temperature profile of the smoke downstream of the main tunnel decreases
with the ventilation rate and the location of the longitudinal ignition source. In addition,
the smoke temperature profile downstream of the bifurcated tunnel fire decreases with the
ventilation rate, but the maximum smoke temperature increases with the lengthways fire
source position. The dimensionless smoke temperature decreases exponentially in both
the main and branch tunnels. The variations of the exponential attenuation coefficient in
the main and bifurcated tunnels were quantitatively analyzed and revealed with respect
to the fire location and ventilation velocity. Moreover, this paper proposed the modified
model of smoke temperature distribution downstream of the main and bifurcated tunnels
considering the effects of ventilation rate and fire source positioning. However, the angles
of the main tunnel and the bifurcated tunnel have a significant effect on smoke flowing
and temperature, which need to be investigated in order to gain a better understanding.

A further study is in progress to investigate the effects of bifurcation angle on flame
behaviors and temperature profiles.
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