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Abstract

Pressed-in ventilation provides the possibility of implementing fire smoke control in tunnels
during construction. In this study, the impact of the velocity at the air duct outlet, the heat
release rate (HRR), and the tunnel geometry on the longitudinal temperature decay of the
ceiling (AT) and smoke’s back-layering length (SBL) is investigated, using a reduced-scale
experiment and the Fire Dynamics Simulator (FDS, version 6.7.6). The results indicate
that an increase in the velocity at the air duct outlet and a decrease in the HRR lead to a
reduction in the value of both AT and SBL in the main tunnel. Predictive models for the
dimensionless longitudinal temperature decay of the ceiling and the dimensionless SBL
are proposed. Near the fire source, the predicted SBL is relatively high due to thermal
radiation. The research results provide valuable references for preventing tunnel fires
during construction.

Keywords: Fire; Tunnel under construction; Pressed-in ventilation; Numerical simulation;
Smoke diffusion characteristics

1. Introduction

As the number of tunnels under construction increases, fire accidents have become
more frequent, often resulting in significant casualties and property losses [1-3]. The fires in
the Da’an Tunnel and Xiamen Metro Line 2 resulted in six and three deaths, respectively [4].
The accumulation of smoke in tunnels is a major factor in casualties. Previous research on
tunnel fires during construction mainly focused on natural ventilation scenarios. Ye et al. [5]
conducted full-scale fire tests in a one-dead-end tunnel and found that the closed-end
wall altered the jet flow structure of the ceiling and accelerated longitudinal temperature
attenuation. Xu et al. [6] performed experiments in an L-shaped tunnel model with a scale
of 1/20. They proposed a prediction model for the vertical temperature distribution of
two-layer smoke. Yao et al. [7] analyzed the smoke diffusion in a two-closed-end tunnel
model. The smoke exhaust system in the shaft of the construction tunnel was upgraded,
resulting in an increased smoke exhaust flow.

Pressed-in ventilation is the predominant mechanical ventilation technology in the
modern construction of tunnels due to its following advantages: cost-effectiveness, con-
venient transportation, and simple installation [8-11]. A pressed-in ventilation system
operates through external fans that deliver fresh air to the working face using air ducts. The
fresh air impinges on the working face, creating a backflow that drives the airflow toward
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the tunnel portal. This backflow is similar to the airflow formed by longitudinal ventilation.
Therefore, pressed-in ventilation has the potential to inhibit the diffusion of smoke to the
working area. Lee [12] analyzed the ventilation characteristics influenced by air ducts’
diameters and positions, and then performed flow analysis using the air age concept to
identify optimal ventilation conditions. Jalali and Forouhandeh [13] proposed a method
for assessing the reliability of long tunnel ventilation systems by determining the failure
probability of active jet fans based on their failure rate time and the repair probability of
shut-down fans based on their repair rate time. Menéndez et al. [14] utilized forced venti-
lation to assess blasting energy consumption and re-entry time under various ventilation
conditions. A CFD model was developed to predict the migration time of harmful gases
and to enhance the analysis of the ventilation system’s energy consumption. Chang et al. [8]
investigated the impact of duct position, diameter, and ventilation velocity to derive the
spatio-temporal distribution of CO concentration and its flow fields. Liu et al. [11] studied
the effectiveness of the forced ventilation system, introduced the concept of combined fans,
and developed a theoretical model for long-distance air supply calculations, considering
the impact of air leakage in the ducts. However, most of these studies focused on dust
suppression during construction, and the control of fire smoke was not paid attention to.

Lonnermark et al. [15] constructed a T-shaped tunnel model with a scale of 1/40 to
study smoke diffusion with different ventilation rates and fire locations. The experimental
results showed that the O, concentration near the working face remained largely unaffected
when the fire source was distant from the working face. This means that the smoke had
not reached the O, concentration measurement point. Evidently, it is the backflow that
prevents the smoke from spreading towards the working face. As the fire source moves
further from the working face, a larger smoke-free zone is expected to form between
them. This can provide a temporary safe environment for the personnel trapped in the
tunnel. Therefore, investigating fire smoke diffusion in a tunnel during construction using
pressed-in ventilation is crucial.

The smoke temperature of the ceiling has been a key focus for engineers and re-
searchers in the research on tunnel fires [16-21]. This parameter is critical for evaluating
fire risk assessments. Smoke, being a high temperature, harms both people and the stability
of the passage’s structure. A passage may collapse due to the smoke’s high temperature,
resulting in significant casualties. For instance, most concrete loses its strength when the
temperature exceeds 300 °C [22]. Meanwhile, the smoke’s back-layering flow, a unique
form of smoke diffusion under ventilation, significantly impacts personnel evacuation
efficiency and is a key focus in smoke control research. Li et al. [23] conducted reduced-
scale experiments to study the impact of longitudinal ventilation on SBL in tunnels. In
the study, two scenarios were compared: with or without obstacles. Based on the exper-
imental results, corresponding empirical formulas were derived. Meng [24] studied an
experimental bench with two fire sources with a scale of 1/20 to examine the effects of the
separation distance (distance between two fire sources) and heat release rate on SBL under
longitudinal ventilation. Huang et al. [25] utilized FDS to study the SBL by longitudinal
ventilation in bifurcated tunnels and established a correlation model with airflow velocity
from the chimney effect. However, the above-mentioned studies focused on operational
tunnels that were open at both ends and there are few studies on smoke diffusion under
the effect of pressed-in ventilation.

To fill this research gap, this paper studies the effects of the velocity at the air duct
outlet (V), HRR (Q), and the tunnel geometry on smoke’s diffusion characteristics. Firstly,
the feasibility of this method is studied through a reduced-scale experiment; then, the
FDS is utilized to quantify the effects on both the longitudinal temperature decay of
smoke on the ceiling and the SBL. This study is original in that it develops prediction
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models that accurately capture ceiling temperature decay and SBL in tunnel fires during
construction under pressed-in ventilation. These results are vital for improving tunnel fire
safety, offering valuable insights for the optimization of ventilation systems and structural
protective measures.

2. Materials and Methods

To research fires inside tunnels, the methods of both reduced-scale experiment and
numerical simulation (FDS) have been widely applied [6,26-30]. FDS software solves the
Navier-Stokes equations and is ideal for low-speed, heat-driven smoke flow and heat
transfer during fires. To calculate the diffusion characteristics of smoke, FDS employs the
Large Eddy Simulation (LES) method, which can effectively address the problems caused
by turbulence and buoyancy effects.

2.1. Reduced-Scale Experiment
2.1.1. Experimental Bench Setup

The purpose of conducting the reduced-scale experimental research was to explore
the feasibility of fire smoke control through the pressed-in ventilation. The experiment was
scaled to 1/20 according to the Froude similarity criterion [23]. The proportions of relevant
parameters are shown in Table 1.

Table 1. The proportions of relevant parameters.

Type of Unit Scaling
Geometry (m) Linodet / L
HRR (kW) Qmodet/ Qputt = Linoder / Lpun)>*
VelOCity (m/s) Umodel/ Ofull = (Linodet/ qull)l/2
Time (s) timodel / tun = (Linodet/ qull)l/2
Temperature (K) Tonodet/ Tt = Linodet / Lyun

Note: Subscripts “model” and “full” refer to the reduced-scale experimental bench and the full-scale
tunnel, respectively.

As shown in Figure 1a, the bench consists of a main tunnel (6.38 m long, 0.6 m wide,
and 0.4 m high) and an inclined shaft (8 m long, 0.38 m wide, and 0.28 m high). Here, x is
the distance from the upstream closed end, in m; y is the distance from the fire source, in
m; and z is the height from the floor, in m. Both ends of the main tunnel are closed. The
inclined shaft is the only ventilation opening in the tunnel. In this paper, Tunnel Geometry
A represents the section of the inclined shaft, and Tunnel Geometry B represents the section
of the main tunnel. Fireproof gypsum boards (11 mm thick) clad the ceiling, floor, and one
side wall of the main tunnel. The other side wall features fireproof glass which is 8 mm
thick, providing a clear view for observation.

The schematic diagram of pressed-in ventilation is shown in Figure 1b. Pressed-in
ventilation is a primary method used to provide fresh air and maintain a safe working
environment in a tunnel during construction. A powerful fan installed outside the tunnel
pushes fresh air through a large air duct directly to the working face. This jet of clean air
dilutes hazardous gases and air dust, forcing the contaminated air back along the tunnel to
the entrance, thereby providing a safe breathing environment for workers.

In the research conducted in this paper, the influence of flames on air ducts is tem-
porarily not taken into account for the following reasons:

(1) In pressed-in ventilation, PVC air ducts are usually adopted as the air supply channels;
(2) The flash point of PVC material is approximately 240 °C to 270 °C. PVC air ducts have
good fire resistance and are not easily burned directly;
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(3) When the air duct has not failed, the influence of the airflow generated by the forced
ventilation on the diffusion of flue gas becomes the main factor, which is precisely the
focus of this study.
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Figure 1. The bench of the reduced-scale experiment. (a) Schematic diagram of reduced-scale
experiment (in m). (b) Schematic diagram of pressed-in ventilation. (c) The position of the air duct

(in cm).

The jet flow generated at the air duct outlet is crucial for establishing the airflow
within the tunnel. Therefore, in this study, a simplified representation of the air duct system
is adopted. The long-distance duct extending from the inclined shaft opening to the air
duct outlet is omitted from the bench of the reduced-scale experiment. The pressed-in
ventilation system is simulated using a variable frequency fan connected to a PVC duct
with a diameter of 0.12 m x 0.12 m, as illustrated in Figure 1c. The velocity at the air duct
outlet (V) can be precisely adjusted by controlling the fan’s frequency.

The HRR is a critical parameter that must be taken into account during the design of
numerical simulation scenarios. Numerous engineers highlight that HRR not only serves
as a key factor in determining fire severity but also acts as a crucial criterion for evaluating
the scale of a fire [29]. According to the similarity criterion, in this study, a 4.47 kW HRR
(Q) was selected in the reduced-scale experiment to correspond to an 8 MW fire in the
full-scale target scene [31]. For the fire source, a square propane burner (0.1 m x 0.1 m)
placed 5.5 m away from the upstream closed end and located on the centerline of the main
tunnel is adopted.

In the main tunnel, thermocouples are arranged 0.02 m below the ceiling at intervals
of 0.1 m. The combustion time for each experimental condition is 600 s. Approximately
400 s after ignition, the smoke flow under all cases reached a stable state. Unless otherwise
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specified, the data from this quasi-steady-state stage will be adopted in subsequent studies.
In this paper, the range of 450 s to 550 s with stable parameters is selected as the data
analysis period. The specific experimental condition settings are shown in Table 2.

Table 2. Experimental case conditions.

Case No. Q [MW] V [m/s] Tunnel Geometry
T1 2.87
T2 4.47 kW 4.92 A+B
T3 7.38

2.1.2. Feasibility Analysis

Figure 2 illustrates the longitudinal temperature decay of the ceiling (AT) at different
values of V, where xg is the location of the fire source (xg = 110 m), in m; lx — x|
is the distance from the fire source to the upstream closed end, in m; and AT is the
temperature rise, in K. As the value of V decreases, the overall value of AT drops. When
V =7.38 m/s, the smoke temperature rise drops sharply at 1.4 m. The smoke shows a
back-layering flow phenomenon. This proves that the smoke from fires in construction
tunnels can be effectively controlled by adopting pressed-in ventilation. The SBL (L) is
the key to studying the back-layering flow phenomenon. The SBL is determined by the
longitudinal temperature distribution of the ceiling [24]. In this study, the SBL is defined
as the longitudinal distance from the fire source to the smoke front. According to this
definition, when V = 7.38 m/s, the measured SBL is 1.4 m (i.e.,, L = 1.4 m).

180

V (m/s)
—1—2.87 —0—4.92 ——7.38

150 -

pe=x| (m)

Figure 2. The longitudinal temperature decay of the ceiling under different velocities at the air
duct outlet.

2.2. Numerical Simulation
2.2.1. Fire Dynamics Simulator

In this study, FDS is employed to examine fire smoke’s diffusion characteristics in
tunnels during construction under pressed-in ventilation. The theoretical basis of this
software is the three fundamental conservation laws (conservation of mass, conservation of
momentum, and conservation of energy). The control equations are as follows:

9 _
E—FV-pu—O (1)

d
g(pu)—l—V-puu—l—szpg—i—f—FV-W ()
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2.2.2. Physical Model Setup

In this study, FDS is employed to examine fire smoke’s diffusion characteristics in tun-
nels during construction under pressed-in ventilation. According to the experimental setup
described in Section 2.1, a full-scale numerical model with a scale of 1:20 was established.
As shown in Figure 3, this model consists of a main tunnel (127.6 m long, 12 m wide, and
8 m high) and an inclined shaft (160 m long, 7.6 m wide, and 5.6 m high). Both ends of the
main tunnel are closed.

Downstream closed end
Air duct

e

Tunnel portal

Figure 3. Schematic diagram of the numerical tunnel model.

2.2.3. Fire Scenarios Settings

The material of the tunnel’s sidewalls is concrete, with a density, conductivity, and
specific heat of 2280 kg/m3, 1.8 W/(m-K), and 1.04 k] / (kg-K), respectively. The surface of
the air duct is set as “INERT” to prevent it from being burned by flames. This paper only
focuses on the smoke diffusion in the main tunnel; thus, the pressed-in ventilation system
is appropriately simplified (the air duct in the inclined shaft is neglected). As shown in
Figure 3, the air duct is used to supply fresh air to the upstream closed end. Additionally,
the cross-sectional dimensions for the air duct are 2.4 m in width and 2.4 m in height. The
distance between the air duct outlet and the upstream closed end is 15 m. The range of
the airflow velocity at the cross-section in the main tunnel is specified by the Technical
Specifications for Construction of Highway Tunnel (JTG/T 3660—2020) [32]. Based on the
dimensions of the air duct and cross-section, the value of V should be within the range of
10 to 40 m/s.

The HRR is a critical parameter that must be taken into account during the design
of numerical simulation scenarios. Numerous engineers highlight that HRR not only
serves as a key factor in determining fire severity but also acts as a crucial criterion for
evaluating the fire scale [29]. Ingason et al. [31] showed the HRR for different vehicles in
the evacuation analysis, such as a blast hole drilling rig (Q = 6 MW), two cars (Q = 8 MW),
and an articulated hauler (Q = 12 MW). In view of the above, the HRR is set as 6, 8, and
12 MW in the simulation. In this study, the most unfavorable situation where the fire source
occurs in the main tunnel is considered. Therefore, a square propane burner (2 m x 2 m)
is set at the junction of the main tunnel and the inclined shaft, i.e., 110 m away from the
upstream closed end of the main tunnel.

The ambient temperature is set as 20 °C. The pressure is set as 101.325 Pa. All of the
grid boundaries are set as “OPEN". Two temperature slices, at y = —2 m and y = 0, are
positioned in the main tunnel to observe the smoke diffusion range. A total of 52 cases
are simulated, as shown in Table 3. The simulation duration for each case is 600 s. About
400 s after ignition, the smoke flow under various cases tends to stabilize. In this paper, the
range of 450 s to 550 s with stable parameters is selected as the data analysis period.
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Table 3. Simulation case conditions.

Case No. Q [MW] V [m/s] Tunnel Geometry
1-13 6 A+B
14-26 8 A+B
2739 12 0/10/15/17.5/20/22.5/25/27.5/30/32.5/35/37.5/40 A+B
40-52 12 B

2.2.4. Analysis of Grid Sensitivity and Model Verification

The grid size has a direct impact on the accuracy of the FDS results. Selecting the right
grid size in FDS fire simulations is crucial to ensure its accuracy, improve its efficiency, and
reduce the calculation time. The ratio of D*/J, is commonly employed to determine the
suitable grid size, where D* represents the fire characteristic diameter and Jy refers to the
grid size. The formula is expressed as follows:

o 2/5
Df = ——— 4
(panTag1/2> 4)

where Q is the HRR, in kW; p, is the ambient air’s density, in kg/ m3; Cp is the air’s specific
heat capacity under constant pressure conditions, in kJ /kg-K; T, is the ambient temperature,
in K; and g is the gravity acceleration, in m/s?.

The FDS user’s guide describes the range of values for D*/J [33]. In this study, for an
HRR of 6-12 MW, the corresponding grid size should range between 0.65 m and 0.12 m.

Figure 4 illustrates the comparison of different grid sizes. The simulation case was
setas Q =8 MW and V =22 m/s, whose corresponding reduced-scale tunnel bench was
Q=447kWand V =4.92m/s. A comparison was made of the longitudinal temperature
distribution of the ceiling for grid sizes of 0.5 m, 0.4 m, 0.3 m, and 0.2 m. It was found that
the simulation values are relatively close between grid sizes of 0.3 m and 0.2 m. With a grid
size of 0.2 m, the total number of grid cells is around 5,035,200, which greatly increased
the simulation time and affected its efficiency. Considering the calculation accuracy and
efficiency, 0.3 m (grid size) was used for the subsequent research.

140 -

120

60

40 1 L L 1 L
0 20 40 60 80 100

he=x| (m)

Figure 4. Comparison of different grid sizes.

In order to validate the simulation results, experiment case T2 was used for compar-
ison with the simulated case (Q = 8 MW and V = 22 m/s), as shown in Figure 5. The
values measured in the experiment have been converted according to the Froude similarity
criterion. The comparison shows that the attenuation trend of the simulation results is
basically consistent with the experimental results, with an error not exceeding 16%. This is
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sufficient to prove that the numerical simulation method adopted in this study can be used
for research on the diffusion of fire smoke under pressed-in ventilation conditions.

160

¢} O Simulated value
140 F O Experiemntal value

120 |

60 -

40

pe—x,| (m)

Figure 5. Comparison of AT and Ix — xp .

3. Results and Discussion
3.1. Smoke Diffusion Characteristics

Figure 6 shows the smoke diffusion of fire in the tunnel during construction by pressed-
in ventilation (Q = 12 MW, V =30 m/s). Due to the pressed-in ventilation, the spread of
smoke is restricted, and the smoke front is located 50 m from the fire source. In the area
in the smoke front (Ix — xp| <50 m), the smoke declines to the tunnel floor, forming a
thick smoke layer. The vertical temperature shows significant differences, and the smoke
is confined within a limited height under the ceiling. In the inclined shaft, the smoke
mixes vigorously across the cross-section and gradually flows to the tunnel portal. Due
to the temperature slice at ¥ = 0 m, where the main tunnel is blocked by the air duct, it
is impossible to accurately analyze the ceiling smoke. As the smoke gradually recedes
from the fire source, the longitudinal temperature decay of the smoke on the ceiling enters
a one-dimensional diffusion state, and the smoke diffusion at different sections remains

consistent. In view of this, the temperature slice at y = —2 m is subsequently selected to
analyze the SBL.

Figure 6. The smoke diffusion characteristics of the tunnel fire during construction under the
pressed-in ventilation (case 35).

Figure 7 illustrates the temperature at Tunnel Geometry B in the temperature slice at
y = —2 m (see Figure 3) at different V when Q = 12 MW. When V =0, the smoke arrives at
the upstream closed end. After that, the smoke declines and flows toward the fire source.
This creates a backflow of smoke, opposite to the ceiling jet [6,34]. The smoke disperses
throughout the entire cross-sectional area of Tunnel Geometry B. The airflow created by the
pressed-in ventilation combines with the smoke, leading to a substantial decrease in smoke
temperature at V = 10 m/s. At this velocity, the smoke continues to occupy the entire
cross-sectional area of Tunnel Geometry B. As the value of V increases to 20m/s, a further
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reduction in smoke temperature occurs, and the smoke layer exhibits a noticeable upward
displacement. At V =30m/s, the continued increase in value of V causes backflow of the
smoke in Tunnel Geometry B, with the smoke front reaching 50 m from the fire source.
The smoke layer is elevated to a range of 2.4 to 4.8 m and does not descend to the floor.
At this stage, the smoke is effectively controlled. Finally, when V = 40m/s, the backflow
phenomenon in the main tunnel disappears, and the smoke between the fire source and the
upstream closed end is fully controlled.

r(°C) J25 50 75 100 125 150 175 200 225 250 275 300

=8 ;—-—""
E 4 :
N

0 \100 80

Fire source

- 8
E 4
Yo

20 0

=10 m/s

z (m)

0

z (m)
'S

0

z (m)

S B

120 100 80 60 40 20 0
x (m) V=40 m/s

Figure 7. Temperature distribution in the temperature slice at y = —2 m in Tunnel Geometry B under
different velocities at the air duct outlet (cases 27-39).

Figure 8 shows that the distance between the smoke front and the fire source signifi-
cantly shortens as the HRR (Q) decreases (from 50 m at 12 MW to 12 m at 6 MW), which
reflects that a higher HRR will significantly increase the difficulty of smoke control.

T(°C) 25 50 75 100125 150 175 200 225 250 275 300
!

E.
)
120 [X 100 80 60 40 20 0
Fire source X (m) 0=12 MW
g
Y0
120 100 80 60 40 20 0
X (m) 0=8 MW
8
: -
Y0
120 ' 100 80 60 40 20 0
X (m) 0=6 MW

Figure 8. The temperature slice at y = —2 m in Tunnel Geometry B under different heat release rates
(cases 9, 22, and 35).
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3.2. Longitudinal Temperature Decay of the Ceiling

Since the temperature section at y = —2 m is selected as the research section in this
paper, its temperature distribution inevitably differs from that of the y = 0 m section.
Therefore, to study the longitudinal temperature decay of the ceiling, it is necessary to
determine the starting position of one-dimensional spread (xs) [10]. Ji et al. [10] define
the starting position of the one-dimensional spread as the location where the temperature
difference between two sets of measurement points at the same cross-section is below
5 °C. Based on this definition, they established the relationship between the value of xs
and HRR:

xty = 7 =3.8727(Q") (5)

where xg* is the dimensionless xs; H is the height of Tunnel Geometry B, in m; and Q* is
the dimensionless HRR.

According to Equation (5), the value of x; in this paper can be obtained, as shown in
Table 4:

Table 4. The value of xg.

xst [m] Ix — x5 | [m] Q [MW]
107.45 2.55 6
106.87 3.13 8
105.82 4.18 12

Note: |x — x4 | is the distance from xg, in m.

Figure 9 illustrates the comparison of AT and |x — x| under different V (Q = 6 MW,
Tunnel Geometry A + B). As the smoke continuously moves away from the starting position
of one-dimensional spread, the temperature gradually decays. When V = 0, there is no
mechanical ventilation in the main tunnel, and the temperature rise at the starting position
of one-dimensional spread reaches 142 K. When V = 10 m/s, the smoke is influenced by
the pressed-in ventilation in Tunnel Geometry B, and the value of AT drops significantly.
The value of AT at x5 decreases to 82 K. Meanwhile, near the upstream closed end, the
temperature rise drops sharply, and the smoke begins to show the back-layering flow
phenomena. As the value of V increases from 10 m/s to 30 m/s, the AT value gradually
decreases, and the back-layering flow phenomenon becomes more and more obvious.
When V =35 m/s, the temperature rise at xs; drops to 27 K. When V = 37.5 m/s, the back-
layering phenomenon disappears, and the smoke is completely controlled downstream of
the fire source.

Figure 10 shows the comparison of AT and |x — x5 | in Tunnel Geometry B under
different Q (V =30 m/s, Tunnel Geometry A + B). As Q increases from 6 MW to 12 MW, the
temperature rise at x5 increases from 40 K to 73 K, and the longitudinal temperature rise
in smoke on the ceiling increases significantly. By observing the position where the value
of AT increase decreases abruptly, it can be concluded that the smoke front is gradually
distancing itself from the fire source [24].

Figure 11 takes cases 39 and 52 as examples to show the effect of the tunnel geometry
on the value of AT. When the smoke is discharged from the tunnel via the long inclined
shaft, the upward slope of the inclined shaft creates a stack effect. This intensifies air
convection and further reduces the smoke temperature rise. This results in a relatively
small value of AT in Tunnel Geometry B. In the case of Tunnel Geometry A + B (case 39),
the ceiling smoke longitudinal temperature rise is between 48.6 K and 73.5 K. In the case
of Tunnel Geometry B (case 39), the longitudinal temperature rise in smoke on the ceiling
is between 49.7 K and 77.7 K. It means that the inclined shaft increases the longitudinal
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temperature distribution of smoke on the ceiling, but it does not increase the difficulty of

smoke control.

160
V (m/s)

—0—0 —0—10 —A—15 —y—17.5--20
—]—22.5-D>—25 —0—27.5-%—30 —O—325
—O0—35 —+—37.5-X—40

140

120

100

AT (K)

0 20 40 60 80 100
|x_xxt| (m)
Figure 9. The longitudinal temperature decay of the ceiling at different velocities at the air duct outlet

(cases 1-13).

80

|x7xst| (m)
Figure 10. Comparison of AT and |x — x| in Tunnel Geometry B at different heat release rates

(cases 9, 22, and 35).

80 Tunnel geometry

Pe—x| (m)

Figure 11. The influence of the tunnel geometry on the longitudinal temperature decay of the ceiling

(cases 39 and 52).
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Figure 12 shows the relationship between dimensionless distance from the starting
position of one-dimensional spread (| x — xg | /H) and dimensionless longitudinal temper-
ature decay of the ceiling (ATy/ATst) from the starting position of one-dimensional spread,
where AT, is the value of AT at a distance from the fire source, in K; ATy is the value of
AT at x4, in K. It can be observed that the dimensionless temperature rise distribution of
smoke on the ceiling conforms to the same law, regardless of V’s value. Previous research
has demonstrated that the longitudinal temperature decay of the ceiling can be effectively
represented by a simple exponential function [35,36]. The relationship of ATy /ATy and

Ix — x5t | /H can be expressed by Equation (6) [10]:

ATlx*xstl /ATSt =a- eb(xfof)/H +c (6)

where a, b, and ¢ are the constants.
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Figure 12. Comparison of ATy/ATs and |x — x5 | /H. (a) Q = 6 MW, Tunnel Geometry A + B.
(b) Q =8 MW, Tunnel Geometry A + B. (c¢) Q = 12 MW, Tunnel Geometry A + B. (d) Q = 12 MW,

Tunnel Geometry B.

According to Equation (6), the predictive models for the relationship of AT, /AT, and
Ix — x5 | /H in this study are shown in the following Table 5:

Table 5. The relationship of ATy /AT, and | x — x| /H in this study.

Q[MW]  Tunnel Geometry a b c R?
6 A+B 0.75 —-0.1 0.24 0.95
8 A+B 0.86 —0.086 0.14 0.97
12 A+B 0.61 —0.127 0.37 0.95
12 B 0.79 —0.103 0.21 0.97
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By taking the average of a, b, and c in Table 5, we can yield the following formula:
ATjy_y, |/ ATs = 0.75¢ H040—x0)/H 1 004 7)

As illustrated in Figure 13, the predictive model proposed in this paper has a strong
correlation with the simulation value. This indicates that the predictive model developed
in this study is accurate and dependable. In references [10,37], the predicted values were
relatively higher when |x — x| /H > 10.4. This occurred because the heat exchange
between the smoke and airflow was limited under natural ventilation conditions, resulting
in a relatively higher temperature. Therefore, the predictive model proposed in this paper
is suitable for forecasting the decay of longitudinal temperature rise in smoke on the ceiling
under forced ventilation conditions.

® Zhong et al. (Natural ventilation)
A Jietal. (Natural ventilation)

0N °

0‘,93 ) A ®

0.4 |- Tunnel geometry A+B <

o 6 MW AT X*xm I ]

—0.1047 5

A =075 7 +0.24

02 <O 12MW A

Tunnel geometry B
o 12MW

1 1

0.0

0 4 8 12 16 20
e /H

Figure 13. Comparison of the predictive model and the simulated value (Ji et al. [10] and
Zhong et al. [37]).

When the longitudinal velocity applied to the smoke is high enough, the smoke will
be controlled directly above the fire source. At this time, this longitudinal velocity is called
the critical velocity [23]. The value of each critical velocity would be associated with its
corresponding velocity at the air duct outlet (V), as detailed in Table 6.

Table 6. The value of V' at different tunnel geometries and Q.

Tunnel Geometry Q [IMW] V’ [m/s]
A+B 6 37.5
A+B 8 37.5
A+B 12 40

B 12 40

3.3. Smoke Back-Layering Length

Figure 14 illustrates the comparison of the SBL at different Q and V (Tunnel Geometry
A + B). When L > 95 m, the smoke front is located between the air duct outlet and the
upstream closed end. In this area, the jet flow generated by the pressed-in ventilation flows
from the air duct outlet. Once the jet flow reaches the upstream closed end, it reverses
direction and flows back toward the tunnel portal (backflow). A vortex area is created
where the jet flow interacts with the backflow [8]. When the smoke flows into the vortex
area, it spreads throughout the entire cross-sectional area in Tunnel Geometry B under
the influence of the vortex, and the smoke control effect is poor. With the increase in the
value of V, the SBL does not decrease significantly and basically remains unchanged. When
the smoke is controlled between the air duct outlet and the fire source (0 < L < 95 m), the
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smoke is no longer affected by the jet flow. The influence of backflow on smoke is similar to
that of longitudinal ventilation. Hence, the smoke control effect is enhanced. The increase
in the smoke’s back-layering length becomes significant as the velocity at the air duct
outlet increases. Based on the above analysis, the influence of pressed-in ventilation on
the smoke’s back-layering length can be divided into two regions: Region I (L > 95 m) and
Region II (0 < L < 95 m). For instance, when Q = 12 MW, the SBL decreases only slightly
from 110 m to 102.5 m as the V value increases from 0 m/s to 25 m/s (Region I). However,
in Region II, as the velocity increases from 27.5 m/s to 40 m/s, the SBL drops significantly
from 74.3 m to 0.

120
100 |- Region I ]
e AU
80 |-
—a— 12 MW
—eo— 8 MW
g OF|l—a—6MW :
~ Region II
T T et
: Main tunnel Outlet
HAir duct H .
20 1 Region I1 iRegion |
-
1 Upstream closed-end
OF c - 2L
1 1 1 1 1

V (m/s)

Figure 14. Comparison of the SBL at different velocities at the air duct outlet and heat release rates
(cases 1-39).

As illustrated in Figure 15, the variations in SBL closely follow the changes in the
value of V; regardless of whether the smoke is discharged through the inclined shaft (in
both Regions I and II), the SBL remains basically unchanged.

120
100 Region |
80 |-
z 60 f —#— Tunnel geometry A+B
= —0— .
= Tunnel geometry B Region 1
Y0 T it
: Main tunnel Outlet :
HAIr duct ' . :
20 1 Region I1 iRegion | .
=
1 Upstream closed-end !
O - o™
1 1 1 1 1

V (m/s)

Figure 15. Comparison of the tunnel geometry on the SBL at different velocities at the air duct outlet

and heat release rates (cases 40-52).

Figure 16 illustrates the comparison of the dimensionless SBL (L/H) and the value of
Q*l/ 3/V*. In Region I, the value of L/H is constant, as follows:

L
- =13.08 (8)
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where Q* is the dimensionless heat release rate; V* is the dimensionless velocity at the air
duct outlet. Its formulae are as follows:

. Q
Q= PﬂCPTa81/2H5/2 ©)
pr— Y (10)

L &1/E
g 6 £=235.52Q ——20.2
B H 4
[ I
48 1
| [
2 L : Tunnel geometry A+B
| A‘ I = [2MW
ok : Tunnel geometry B © 8 MW
0'1§| o 12MW A 6MW
|
i

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Q*I/S/V*

Figure 16. Analyses of the dimensionless SBL.

The theoretical analysis is conducted for Region II as follows:

Feng et al. [38] found that the value of airflow velocity in Tunnel Geometry B (V)
first decreases and then tends to a constant from the air duct outlet to the tunnel portal.
Therefore, the value of V should be a monotonically ascending concave function (rising
slowly at first and then rising sharply) from the fire source to the air duct outlet. It conforms
to the form of a power function with an exponent greater than one, as shown below:

Vi=A(lx—xol +B)“+D (11)

where A, B, C, and D are the constants.

Nan et al. [39] found that the dimensionless airflow velocity in Tunnel Geometry B
(Vx/V) conforms to the same curve. It means that the normalized curve is not affected by
the value of V. Then, Equation (11) can be rewritten as the following equation:

C

Vi Ix=xl g4 p (12)

v —ATg
where |x — x| /H is the dimensionless distance from the fire source.
The velocity of the smoke front (Vsy) conforms to the following equation [40]:

/3
_ 8QTs !
Ve = 0.8 (2 CppaTazW> (13)

where T; is the smoke temperature, in K; W is the tunnel’s width, in m.
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At the interface between smoke flow and airflow, the smoke temperature can be
considered the same as the airflow temperature, i.e., Ts = T,. Meanwhile, the smoke front
and the airflow front reach a dynamic equilibrium, i.e.:

lx —xgl ¢ gQT; 1/3
Al ————+B D|V =08 —="+-— 14
( ( H ) i ) 08<2CPPaT112W (9
At this time, |x — xo!| /H = L/H. Therefore, Equation (14) can be rewritten as

1/3
IZ:D\/“X?) +B+C (15)

Substituting T, = 293 K into Equation (15), the predictive model in Region II is shown
as follows:

the following:

L Q*1/3
7 = 28552

Building on the previous analysis, the predictive model for the SBL in this paper can

—20.2 (16)

be summarized as follows:

L { 23552977 —20.2, 0 < L2 < 0.14 -
L=

13.08, 0.14 < 2 < 035

It can be seen that the error for 90% of the values is within +£20%, and the cases where
the error value exceeds +20% all occur when L/H <4, as shown in Figure 17. This is because
the smoke front is close to the fire source and is affected by the thermal radiation of the
flame when the SBL is small and the value of V is large, resulting in a larger predicted value
of the smoke’s back-layering length. However, the error caused by this assumption did
not affect the overall accuracy of the result, and the error range is still within an acceptable
range. By comparing the relevant experimental values with this predictive model, it was
found that the error was relatively small. This indicates that this predictive model is both
precise and trustworthy.

7

14 - Simulated cases +20%’/' o

Tunnel geometry A+B y Loy

2F o ® 6MW oA W )
§ o) e SMW y [ ] e
il & 4 12 MW y .7 =20%
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= v v 12MW , 4 .- g
< 8 - 7 z
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B ~a -7
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2 A - Experimental cases
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The measrued value of L/H

Figure 17. Comparison of the predicted value and the measured value of L/H.

3.4. Limitations

Reduced-scale experiments and numerical simulations were used to study smoke
diffusion under varying HRRs (6, 8, and 12 MW), velocities at the air duct outlet (040 m/s),
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and tunnel geometries. Predictive models were obtained from the analysis. However, the
study has certain limitations:

(1) The location of the fire source was not taken into account;
(2) The slope of the inclined shaft was not taken into account;
(3) A relatively short length of the main tunnel was selected.

Therefore, whether this predictive model is applicable to fire scenarios with different
fire source locations, inclined shaft slopes, and super long construction tunnels still requires
further research.

4. Conclusions

With regard to tunnel fire scenarios during construction, this paper conducts theo-
retical analysis, a reduced-scale experiment, and numerical simulation to investigate the
effects of V, Q, and tunnel geometry on the smoke’s diffusion characteristics as affected by
the pressed-in ventilation. The key findings are summarized as follows:

(1) In the reduced-scale experimental study, it was found that the smoke has a back-
layering flow phenomenon when V =7.38 m/s, with a back-layering length of 1.4 m.
This initially verified the feasibility of the fire smoke control in the tunnel during
construction under the pressed-in ventilation.

(2) Due to the pressed-in ventilation, the smoke back-layering flow phenomenon occurs
in Tunnel Geometry B. In this condition, the smoke layer is destroyed and declines
close to the floor, and the smoke in Tunnel Geometry A spreads throughout the cross-
section and is exhausted out of the tunnel. As the value of V increases and the HRR
decreases, both the longitudinal temperature of smoke on the ceiling and the SBL in
Tunnel Geometry B are reduced. When Q =12 MW and V =40 m/s (Tunnel Geometry
A + B), the smoke back-layering flow phenomenon has disappeared. There is no
longer any smoke remaining between the fire source and the upstream closed end.

(3) The dimensionless predictive models for the longitudinal temperature decay of the
ceiling and the SBL were obtained through the combination of theoretical analysis and
numerical simulation. Compared with previous studies, when |x — x5 | /H > 10.4, the
increased convective heat transfer between the smoke and airflow due to ventilation
leads to a relatively low predicted value of ATy/ATy from the predictive model.
When the smoke front is close to the fire source, the predicted value of the smoke’s
back-layering length is relatively high due to the influence of thermal radiation. The
error caused by this assumption did not affect the overall accuracy of the result, and
the error range is still within an acceptable range. Meanwhile, the results of the
simulation predictive model are close to the experimental values. The predictive
model remains accurate and reliable.

This work established predictive models for the longitudinal temperature decay of the
ceiling and the SBL under the effect of pressed-in ventilation in tunnels during construction,
which can provide certain guidance for the ventilation design of future construction tunnels.
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