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Abstract: This study focused on increasing the efficiency of the smoke exhaust system of an extra-wide (eight-lane, dual-
directional) immersed tunnel with a specific quantity of exhaust. The Shenzhen—Zhongshan immersed tunnel was selected as the
application example. A numerical simulation based on fire dynamics simulator was conducted. In the model, the concrete structure
of the main body of the immersed tubes was not altered. The adoption of supplementary exhaust ducts increased the efficiency
from 73% to 98% under the condition of no longitudinal wind. When a 50-MW fire occurred between two adjacent ducts, with a
longitudinal wind velocity of 2 m/s, the efficiency reached 88% or more when the two ducts were opened. Furthermore, a safety
evacuation path was developed. The results suggest that the addition of supplementary exhaust ducts combined with a rational

longitudinal wind velocity is necessary for an extra-wide immersed tunnel.
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1 Introduction

In recent years, underwater tunnels have drawn
increasing attention from researchers. This type of
tunnel has many advantages. For example, they do not
occupy any navigation channels and are eco-friendly
(An, 2017). Thus, underwater tunnels could be a
suitable alternative to traditional bridges in the
infrastructure development of coastal cities.

However, tunnel fires are considered a great
hazard in the operation of such tunnels. High-
temperature smoke containing toxic gases generated
by tunnel fires is the main cause of casualties
(Vianello et al., 2012), especially when firefighters
and rescuers are impeded by smoke back-layering
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from downstream to upstream. The conventional
method used to prevent smoke back-layering is to
increase the longitudinal wind velocity. Thomas
(1968) first introduced the concept of critical velocity,
which is the minimum air velocity required to sup-
press the spread of smoke. Critical velocity is con-
sidered one of the most important parameters in tun-
nel fire safety. It is influenced by factors such as the
fire heat release rate (HRR) and the cross-sectional
geometry of tunnels, and has been investigated ex-
tensively (Oka and Atkinson, 1995; Atkinson and
Wu, 1996; Wu and Bakar, 2000; Carvel et al., 2004;
Hu, 2006; Xu, 2007; Hu et al., 2008; Li et al., 2010;
Tanaka et al., 2018).

In addition, smoke control capability in long
tunnels—especially underwater tunnels—has re-
ceived considerable attention. Vauquelin and Mégret
(2002) defined the efficiency of an exhaust duct as the
ratio of the extracted smoke volume flow rate (VFR)
to the produced VFR. After performing tests in a
1:20-scale model tunnel, Lee et al. (2010) asserted
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that smoke extraction systems play a critical role in
the maintenance of visibility during a tunnel fire.
Ingason and Li (2011) suggested that smoke flow
from even a very large fire in a tunnel could be con-
trolled by an appropriate extraction ventilation sys-
tem. Chen et al. (2013, 2015) noted that it would be
more rational and effective to combine ceiling ex-
traction with longitudinal ventilation in the design of
a tunnel ventilation system. Furthermore, they pro-
posed a model for predicting the back-layering flow
length for different distances between a ceiling ex-
traction opening and a heat source under the com-
bined effect of ceiling extraction and longitudinal
ventilation. Critical velocity decreases with increas-
ing smoke exhaust flow rates for a given dimension-
less HRR (Tang et al., 2018). While strong longitu-
dinal ventilation will destroy hot smoke stratification
(Yang et al., 2010), a combined mode of ventilation
would be more beneficial for safe evacuation.

As for an immersed tunnel, the lateral central
exhaust mode is considered a rational scheme. The
lateral central exhaust mode is a more specific ter-
minological expression of central exhaust mode,
primarily to distinguish it from a ceiling exhaust. In
the lateral central exhaust mode, the smoke is ex-
hausted from one side of the tunnel, not the middle of
the tunnel ceiling, where the tunnel here refers to one
road traffic tube, not the whole immersed tunnel tube.
Examples of tunnels that employ such a scheme are
the Busan-Geoje immersed tunnel in the Republic of
Korea and the Hong Kong-Zhuhai-Macao bridge
immersed tunnel in China (Jiang, 2018). When a pipe
gallery is set up between two road traffic tubes with
unidirectional traffic, the upper part of the pipe gal-
lery is used as an independent smoke extraction duct,
whereas the lower part is for electric cables and
evacuation (Fig. 1). However, with a smoke exhaust
efficiency of only 45.94% (Chen et al., 2017), the
lateral central exhaust mode is not suitable for
eight-lane, dual-directional, extra-wide immersed
tunnels as it is unable to meet the requirements for
safe evacuation. Significantly increasing the exhaust
quantity is unfeasible because of the plug-holing
effect (Mei et al., 2017).

To prevent the plug-holing effect and excessive
entrainment of fresh air, supplementary exhaust ducts
have been adopted. Such additional ducts hinder the
flow of fire-induced smoke along the ceiling and

concurrently weaken the effect of longitudinal venti-
lation near the ceiling. Studies on the efficiency of
smoke exhaust systems have all been based on ceiling
extraction ducts (Vauquelin and Mégret, 2002; Lin
and Chuah, 2008; Yang et al., 2010; Ingason and Li,
2011; Chenetal., 2013,2015; Yietal., 2015; Lietal.,
2016; Mei et al., 2017; Tang et al., 2018) or lateral
central extraction ducts (Lee et al., 2010; Chen et al.,
2017; Jiang, 2018), although no obvious obstacles to
the flow of smoke or fresh air exist. However, studies
devoted to the blocking effect of smoke exhaust sys-
tems are scant.

To enhance understanding of smoke exhaust
systems and longitudinal ventilation engineering of
tunnels, it is essential to study the efficiency of mod-
ified lateral central exhaust systems combined with a
rational longitudinal wind velocity. This will provide
theoretical support to guide smoke control and safe
evacuation. Therefore, in this study we conducted a
series of simulations with a fire dynamics simulator
(FDS) to investigate the effects of the mode of
opening of supplementary exhaust ducts and longi-
tudinal wind velocity. Furthermore, the efficiency of
smoke exhaust was analyzed by varying the longitu-
dinal wind velocity.
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Fig. 1 Cross-sectional schematic of an eight-lane, dual-
directional, immersed tunnel

2 Background

The Shenzhen—Zhongshan immersed tunnel is
6.8 km long, and is part of the Shenzhen—Zhongshan
river crossing channel (Song et al., 2020). The
standard cross-section of this immersed tunnel is 46 m
wide and 10.6 m high with eight lanes, and the
cross-section of one road traffic tube is 3.75 m wider
than one of the Hong Kong-Zhuhai-Macao bridge
immersed tunnels (Fig. 1). The net height of the
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emergency access tunnel is 2.65 m, which is shared
by two road traffic tubes. Moreover, the set interval of
each fire door is 82.5 m, which is half the length of the
standard tube section. The area of the central exhaust
duct is more than 15 m’.

To prevent a plug-holing effect and excessive
entrainment of fresh air, supplementary exhaust ducts
are adopted to divide the exhaust for dispersing the
negative pressure (Fig. 2). Supplementary exhaust
ducts, which are 18.3 m long and 7.2 m wide, can be
bottom opening or side opening. There are two big
dampers on each duct in the bottom opening mode
and six smaller dampers in the side opening mode.
The set interval of each duct is 60 m. These dampers,
which are driven by electric motor, are controlled by a
specific system.
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4.75y 7
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Fig. 2 Schematic of supplementary exhaust ducts
(a) Bottom opening; (b) Side opening

183 m

3 Numerical modeling
3.1 Theoretical basis

FDS (version 6) is a computational fluid dy-
namics (CFD) open source software package devel-
oped by the National Institute of Standards and
Technology (NIST) in the USA, which has been
widely adopted to simulate tunnel fires. Lee and
Ryou (2006) compared the results from an experi-
mental study and those from a numerical study using
FDS, and noted that FDS can be used to predict
smoke propagation in tunnel fires. Wang (2012)
investigated the influence of fire scale, blockages,
and ventilation rate on the propagation of smoke as
well as flame length using FDS and both of its ex-
perimental models. A good agreement was achieved
between the simulation and experimental results.

Relevant studies have shown that FDS is an effective
and reliable numerical tool for studying tunnel fires.

FDS includes a direct numerical simulation
(DNS) model and a large eddy simulation (LES)
model. Both models were developed based on basic
conservation laws, such as the conservation of mass,
momentum, and energy combined with turbulent
modeling equations. The governing conservation
equations employed are as follows (Anderson et al.,
1984).

Conservation of mass:

a—pw-pu:mg', (1)

ot

where p is the density (kg/m’), ¢ is the time (s), u is
the velocity (m/s), and my," is the mass production
rate per unit volume (kg/(m’-s)).

Conservation of momentum (Newton’s second
law):

d
a(pu)+V-puu+Vp=pg+fb +Ver, (2

where p is the pressure (Pa), g is the acceleration of
gravity (m/s®), f; is the external force vector
(kg/(m*s%)), and 7; is the viscous stress tensor
(kg/(m-s?)).

Conservation of energy (the first law of
thermodynamics):

Dp
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where £ is the enthalpy (kJ/kg), ¢" is the heat release

"

rate per unit volume (kW/m’), g, 1s the energy

transferred to the evaporating droplets (kW/m’), ¢ is
the heat flux vector (W/m?), and ¢ is the dissipation
rate (W/m’).

Equation of state for a perfect gas:

= ; (4)

_ PRT
W

where R is the universal gas constant (J/(mol-K)), T'is
the temperature (K), and w is the molecular weight
of gas mixture (kg/mol).
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The LES model is derived by applying a low-
pass filter of width 4 (m) to the DNS equations. In
FDS, the filter width is taken to be the cube root of the
cell volume, i.e. A=(Vc)1/ 3, and V.=0xdydz. Then, for
any continuous field, @, a filtered field is defined as
follows (McGrattan et al., 2013a):

#(x,y,z,1)
1 px+dx/2 py+dy/2 pz+dz/
e N N I A R

x—dx y=dy. z=0z
dx/2 dy/2 8z/2
c

)

The filter width 4 is closely related to the precision of
the FDS simulation results. Studies on grid size sen-
sitivity have shown that the accuracy of the model
depends on the characteristic fire diameter D’
(McGrattan et al., 2013a), which is defined as

*

0 5
D= —=—|, (6)
{pon%x/g]

where Q is the heat release rate from fire (kW), py is
the density of ambient (kg/m’), C, is the constant
pressure specific heat (kJ/(kg'K)), and Ty is the tem-
perature of ambient (K).

It is suggested that the cell size near the fire
source should be in the range of 0.05D"—0.1D", while
the larger grid size used in the far field should not
exceed 0.5D° (Patterson, 2002). According to the
relevant requirements of the project, the fire load in
the present study was set as 50 MW. For a 50-MW
fire, D'=4.4 m, 0.1D"=0.44 m, and 0.5D"=2.2 m.

Fig. 3 presents a schematic of the mesh near the
fire. The maximum cell size was 0.25 m near the fire
source and supplementary exhaust ducts, and 0.5 m in
other domains. The fire source was set in the center of
the model tunnel at different longitudinal positions
(Fig. 4), and the effect of a traffic jam while the fire
occurred was considered. To better present the actual
fire situation, the area of the fire source was set to
approximate the actual size. The actual size was ob-
tained from the following equation (Karlsson and
Quintiere, 1999):

0= A (1-e"") yAH, (7

where Ay is the horizontal burning area of fuel (m?),

"

m. 1is the fuel burning rate for a large diameter

(kg/(s'm?)), kg is the material constant for liquid fuels
(m™"), D is the diameter (m), y is the combustion
efficiency (%), and AH. is the complete heat of
combustion (kJ/kg).

—~Supplementary duct 3 m
_/Fire bm|8m

| 30m ) J
60 m

Fig. 3 Schematic of the mesh near the fire

Fig. 4 Schematic of the overall view
Y represents the location in the longitudinal direction; Di is
the serial number of the ith duct

The calculated fire area was 15.96 m2, so the fire
source was set to 4 mx4 m and the fire source surface
was 1 m above the ground. Regardless of the growth
and decay phase of the fire, only the steady phase was
considered. The HRR was set to 50 MW to consider
the worst case condition.

Heptane (C7H,¢) was chosen as the reaction type,
where CO_YIELD=0.006, SOOT_YIELD=0.015,
and the hydrogen fraction is 0.1. The default reaction
equation was defined as

C,H,, +10.8620, — 6.855CO, +7.993H,0
+0.0214C0O+0.1376 Soot.

The energy release per unit mass oxygen is
13100 kJ/kg, and thus the quantity of soot produced
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per second in a 50-MW fire can be calculated as
16.47 g/s. The ratio between the quantity of soot ex-
tracted and the quantity of soot produced is termed the
efficiency of the smoke exhaust, and is given as fol-
lows (Chen et al., 2017):

me

n=—-x100%, ®)

m,

where 7 is the efficiency of smoke exhaust (%), m. is
the extracted soot quantity (g/s), and m;,, is the pro-
duced soot quantity (g/s).

3.2 Case introduction

Studies on the efficiency of smoke exhaust sys-
tems have all been based on ceiling extraction ducts
or lateral central extraction ducts, with no obvious
obstacle to the flow of smoke or fresh air. However, a
blocking effect will cause the accumulation of smoke
between two supplementary exhaust ducts; therefore,
opening more than two ducts is not recommended.
Through establishing two area statistics to monitor
the mass flux of soot in the two ducts (Fig. 5), it is
easy to obtain these specific data in a numerical study.

Area statistics

Fig. 5 Schematic of the exhaust surface and area statistics
Al is the area statistic of the corresponding duct Di

Different opening modes might have an impact
on the efficiency of smoke exhaust. To compare two
types of opening mode of supplementary exhaust
ducts—namely bottom openings and side openings,
corresponding to the vertical direction and longitu-
dinal direction, respectively—three cases were ex-
amined in this study: bottom openings, side openings,
and the absence of supplementary ducts. These three
cases were modeled over 600 s for a 500-m length of

model. Other cases were established to ascertain the
effect of longitudinal wind velocity on the smoke
exhaust efficiency. Each case was modeled over 300 s
for a 350-m length of model, as summarized in Ta-
ble 1. The maximum longitudinal wind velocity
(3.2 m/s) in the cases was slightly lower than the
critical velocity (3.44 m/s) of this immersed tunnel,
which was calculated using the formula of Wu and
Bakar (2000) without considering the effect of smoke
exhaust. Because the critical velocity decreases with
increasing smoke exhaust flow rates for a given di-
mensionless HRR (Tang et al., 2018), it is rational to
reduce the computational load.

The ambient temperature was set as 20 °C and
the pressure as 101 kPa. The construction material of
the tunnel was specified as “CONCRETE,” and its
density, specific heat, and conductivity were set as
2280.0 kg/m’, 1.04 kl/(kg'K), and 1.8 W/(m'K),
respectively. The volume flow of the exhaust surface
was 250 m’/s, the same as the value of the Hong
Kong-Zhuhai-Macao bridge (Jiang, 2018); the acti-
vation time of the 50-MW fire was =0 s, and the
start-up time of the smoke exhaust system was =20 s.

4 Results and discussion

To verify the effectiveness of supplementary
exhaust ducts, it would be rational to take the total
quantity of soot extracted as the main criterion.
Adding the quantity of soot extracted estimated by the
two area statistics (A2 and A3 in Fig. 5) until the
value becomes steady, the efficiency can be calcu-
lated using Eq. (7). Because this represents a change
from traditional disposal methods in dealing with
smoke during tunnel fires, it is essential to confirm the
security of evacuation under the adoption of supple-
mentary ducts.

4.1 Comparison of different opening modes

As shown in Fig. 6 (p.402), the mean values of
extracted soot quantities during the stable stage under
the different types of opening modes from large to
small were 16.18 g/s, 14.02 g/s, and 12.06 g/s, which
corresponded to side openings, bottom openings, and
no supplementary ducts, respectively. Furthermore, a
peak value was observed in the curves of the two
opening modes. These two curves became steady
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earlier than the curve for the absence of supplemen-
tary ducts. This demonstrated that the blocking effect
of supplementary ducts caused the accumulation of
smoke, which could increase the smoke exhaust effi-
ciency by up to 98%. Moreover, the efficiency of the
side opening was 13.2% higher than that of the bot-
tom opening, as a result of the longitudinal flow of
smoke. Notably, the efficiency of no ducts was

73.2%. However, this does not suggest that the effi-
ciency (45.94%) of the same immersed tunnel model
obtained by Chen et al. (2017) was wrong, because
the volume flow of the exhaust surface in the present
study was 61 m’ higher.

Fig. 7 shows the top view of the smoke flow with
different types of opening modes when =500 s. The
case of the side opening was clearly better able to

Table 1 Description of different fire scenarios

Case Location of the Supplementary ducts Length of the Longitudinal wind Total cells
No. fire, Y (m) opened model (m) velocity (m/s)
1 100 D2, D3 (side) 500 0.0 994560
2 D2, D3 (bottom) 0.0
3 Absence of ducts 0.0
4 65 D2, D3 (side) 350 1.8 775680
5 2.0
6 2.4
7 2.8
8 32
9 70 D2, D3 (side) 350 1.8 775680
10 2.0
11 24
12 2.8
13 32
14 85 D2, D3 (side) 350 1.8 811520
15 2.0
16 2.4
17 2.8
18 32
19 100 D2, D3 (side) 350 1.8 802560
20 2.0
21 24
22 2.8
23 32
24 115 D2, D3 (side) 350 1.8 811520
25 2.0
26 2.4
27 2.8
28 32
29 125 D2, D3 (side) 350 1.8 775680
30 2.0
31 24
32 2.8
33 32
34 130 D2, D3 (side) 350 1.8 775680
35 2.0
36 2.4
37 2.8
38 32
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contain the spread of smoke. Even without longitu-
dinal wind velocity, the length of smoke back-layering
downstream was shorter than that upstream because
of the shorter distance from the exhaust surface. The
D3 duct extracted more smoke than did the D2 duct.

N
N

—l— Absence of supplementary ducts
—@— Bottom opening
—A— Side opening

N
N
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Time (s)
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Fig. 6 Extracted soot quantity with different opening
modes and without longitudinal wind

Exhaust surface

om i Side opening
19.8 m L )
Bottom opening
X
D2 — Absence D3
-150 m Om 70m 130m 350 m

Y

Fig. 7 Top view of smoke flow with different opening
modes and without longitudinal wind (=500 s)

4.2 Influence of longitudinal wind velocity

Fig. 8 shows the efficiency of the exhaust system
with side openings in different locations with various
longitudinal wind velocities, corresponding to cases
4-38. The efficiency generally decreased with fire
locations from D2 to D3 (Fig. 8a). When the wind
velocity was small (1.8 or 2.0 m/s), as the distance of
the fire from D2 (Y=70 m) increased, the efficiency
showed a linear downward trend and declined sharply
after Y=125 m. This showed that under a lower wind
velocity, the main factor affecting the efficiency was
the distance of the fire from D2. The greater the dis-
tance, the greater the amount of fresh air that was
extracted by D2. This suggests that regulating the
dampers of D2 and D3 in different flow volumes
could be beneficial for increasing the efficiency.
When the fire location was further than Y=125 m, the

smoke was divided into two parts by duct D3 because
of a deviation of the fire plume caused by longitudinal
wind. Only part of the smoke was gathered between
D2 and D3 before being extracted by these ducts. The
other part of the smoke flowed easily downstream
under duct D3. This was the reason for the downward
trend obviously increasing after Y=125 m. Moreover,
when the longitudinal wind velocity was high (2.4,
2.8, or 3.2 m/s), the relationship between the effi-
ciency and distance of the fire location from D2 was
nonlinear. This showed that the main factor affecting
the efficiency became wind velocity (Fig. 8b). Except
for the two curves of fire location at Y=125 m and
Y=130 min Fig. 8b, the rate of decline of efficiency of
other curves increased with the wind velocity, which
means that the effect of wind velocity was nonlinear.
Higher wind velocities hindered the stratification of
hot smoke, causing more fresh air to be extracted by
the exhaust system. As for the other two curves
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Wind velocity (m/s)

(b)
Fig. 8 Efficiency of the exhaust system at different loca-
tions with various longitudinal wind velocities
(a) Fire location; (b) Wind velocity
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(Y=125 m and Y=130 m) in Fig. 8b, because the ducts
did not work well in accumulating smoke, higher
wind velocities exacerbated this phenomenon.

4.3 Evacuation path development

For the safe evacuation of people from the tun-
nel, the air in the evacuation path is required to be
clear of smoke to a height of at least 2.0 m. In mod-
eling methods, a height of at least 2.5 m must be
maintained above the evacuation path for the reason
of precision (NASEM, 2011). Figs. 9-15 present the
temperature profiles in the middle of the tunnel (X=
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Fig. 9 Temperature profiles when the center of the fire is
located at Y=65 m. References to color refer to the online
version of this figure
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Fig. 10 Temperature profiles when the center of the fire
is located at Y=70 m
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Fig. 11 Temperature profiles when the center of the fire
is located at Y=85 m

10 m) under a steady state where the temperature of
the grey area is below 40 °C, and the solid line is
2.5 m above the evacuation path. The maximum ex-
posure time without incapacitation at 40 °C is
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Fig. 12 Temperature profiles when the center of the fire
is located at Y=100 m
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40.2 min (NASEM, 2011), which is enough for safe
evacuation. Notably the application of tenability cri-
teria at the perimeter of a fire is impractical. The zone
of tenability must be defined to apply outside a
boundary away from the perimeter of the fire, which
depends on the HRR and radiation, and could be as
much as 30 m (NASEM, 2011). Therefore, the
boundary of the evacuation path that should be con-
sidered is about 15 m upstream from the center of the
fire. Apparently, every case shown in Figs. 9-15
would satisfy this criterion. In addition, as for cases 4,
5, and 9 (corresponding to 1.8 and 2.0 m/s in Fig. 9
and 1.8 m/s in Fig. 10, respectively), smoke continued
to flow upstream after being extracted by D2, and was
not controlled well between D2 and D3. This shows
that opening the adjacent two ducts and providing an
appropriate wind velocity was essential.

Moreover, as shown in Figs. 14 and 15, when the
longitudinal wind velocity was 2.4, 2.8, or 3.2 m/s,
the plume from the fires located at Y=125 m and
Y=130 m did not reach the other duct (D2); no smoke
was extracted by D2. In addition, the length of the
smoke back-layering flow decreased with the increase
of wind velocity. This showed that an excessively
high wind velocity greatly suppressed smoke
back-layering flow, which further explains the re-
duction in efficiency.

Fig. 16 illustrates the profiles of soot in the
middle of the tunnel with a 2-m/s longitudinal wind
velocity and at various fire locations. For 8 h at work,
9 ppm (4 mg/m’) is the permissible concentration-time
weighted average (PC-TWA) (MOH, 2007). Alt-
hough there was back-layering in all situations to
some extent, a tenable environment was still available
for safe evacuation.

Ground: Z=0 m 70 85 100 115 130
Longitudinal velocity=2 m/s Y (m)

Fig. 16 Soot profiles with a 2-m/s longitudinal wind veloc-
ity at different fire locations

When considering visibility in an evacuation,
smoke obscuration levels need to be continuously

maintained below the point at which a sign internally
illuminated at 80 Ix is discernible at 30 m, and doors
and walls are discernible at 10 m (NASEM, 2011).
The visibility distance V' (m) can be estimated using
the extinction coefficient K (m™') of the air smoke
mix:

_A4
s )

where A4 is a constant between 2 and 6 depending on
the signs to be seen (reflecting or illuminated). The
default value of 4 in FDS is 3 (McGrattan et al.,
2013b). Fig. 17 illustrates the horizontal profiles of
visibility at a height of 2 m from the ground with a
2-m/s longitudinal wind velocity and at various fire
locations. The red area indicates the location where
the visibility is greater than 30 m, implying no visual
obscuration at all. When the fire location was at
Y=115 m or Y=125 m, yellow areas appeared up-
stream of the fire source, indicating visibility between
30 and 20 m. Even if we let the value of 4 change
from 3 to 2 (reflecting) to convert the visibility dis-
tance, the result is still greater than 10 m. If 4 is 6
(illuminated), then the visibility in these areas will be
much greater than 30 m. This indicates that the visi-
bility of the yellow area is also consistent with a safe
escape.

Visbitty (m) I ——
0.8m

19.1m

Wall: X=0.8 m, 19.1 m
Longitudinal velocity=2 m/s

70 85 100115130

Y (m)

Fig. 17 Horizontal profiles of visibility with a 2-m/s longi-
tudinal wind velocity at different fire locations. References
to color refer to the online version of this figure

Overall, this smoke extraction system guarantees
that the temperature, concentration of toxic sub-
stances, and visibility needed for escape are within
safe limits. Note that a 1.8-m/s or even lower wind
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velocity would be fine with a fire located at Y=85,
100, 115, or 125 m. For other fire scenarios, there
would be other optimal combinations of wind veloci-
ties and exhaust systems.

5 Conclusions

In this study, a numerical investigation of smoke
control during a fire in an extra-wide immersed tunnel
was conducted using FDS. The effects of different
opening modes of supplementary exhaust ducts on
smoke control were analyzed, as were the effects of
various longitudinal wind velocities. Several conclu-
sions were drawn, as follows:

1. The addition of supplementary exhaust ducts
increased exhaust efficiency from 73% to 98% under
the lateral central exhaust mode without longitudinal
wind.

2. The efficiency of side openings was 13.2%
higher than that of bottom openings.

3. To increase the efficiency of an exhaust sys-
tem, using a lower longitudinal wind velocity and the
blockage of supplementary exhaust ducts offers a new
approach in the design of tunnel ventilation systems
for extra-wide immersed tunnels. When a 50-MW fire
occurred between two ducts, by regulating the lon-
gitudinal wind velocity at 2 m/s and opening the two
adjacent ducts, the efficiency could reach 88% or
more. Additionally, a safety evacuation path was
ensured. For an extra-wide immersed tunnel, the ad-
dition of supplementary exhaust ducts combined with
a rational longitudinal wind velocity is necessary.

Notably, for smaller HRRs of fire in extra-wide
immersed tunnels, more work is needed to determine
a rational longitudinal wind velocity. Future studies
should investigate the appropriate adjustment of
dampers of supplementary exhaust ducts under dif-
ferent fire conditions.
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